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ABSTRACT

The damage caused by Hurricane Maria to Puerto Rico left this American
territory ill-equipped to rebuild—or even maintain—ts aging power grid. As
reconstruction is in ordethis tragedy presents an opportyrio design a more resilient
and efficient power grid for PuertdRico. A sustainable distributegower plan that
includes renewable energy, distributed generation, and smart grid technology could
be the answer to Puerto Rico s energy problems. This grid could incorporate features
that exploit the wunique environment of Puerto Rico and include maintenance
fees commensurate with the financial abilities of the island. The prospect of a new
power grid is not simply a question of opportunity or need; it is pad homeland
security mandate. The exploration of alternative and sustainable power options for
Puerto Ricocan serve as a test bed for new technology, systems, and protocols that

could affect other jurisdictions under similar economic or natural haratanstances.
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EXECUTIVE SUMMARY

Resiliency is the ability to bounce back from adversity and return to the previous
norm. This term not only describes a quality in people but also the aifildigjects or
placego recover to their original shape or function. In the case of the Puerto Rico Electric
Power Authority (PREPA), its antiquated infrastructure, its centralized power production
anddistribution network, and Puerto Rico’s financial bankruptcy all hindered its ability to

return to its original functioning state after the destruction by Hurricane Maria in 2017.

PREPA expanded rapidly in the 1970s to support an industrialization move in
Puerto Rico, but whrefederal incentives were peeled batck 996, factories left the island
and PREPA lost its custome¥g he decrease in revenue forced PREPA to borrow funds
from international creditors to sustain its operations, patitical patronage, corruption,
andinefficiency’ led PREPA to a $9 billion defic#.Due to PREPA'’s budget deficit and
lack of maintenance, electrical cables deteremt@nd generatos failed. The company,
failing to conform to environmental standards and experiencing weteiked disabilities
and deaths among its workforéecurred costly fine.Furthermore, power outagagre

four times more frequeim Puerto Rico than in the continental United Stétes

On September 20, 2017, Hurricane Maria brought 150 mph winds to Puerto Rico
and dunped 25 inches of rain while following a northwesterly track and entering the island
through the southeast correlike all other previous hurrican@Ruerto Rico’s power grid

was categorically destroyed, with 19€rcenof PREPA’s customers without powetigh

1+Be PREPAed: The Story of Puerto Rico’s Power Grid Is the Story of Puerto Rico,” Economist
October 19, 2017, https://www.economistréanitedstates/2017/10/19/tkstory-of-puertericospower
grid-is-the-story-of-puertarico.

2“Be PREPAed.”
3“Be PREPAed.”
4“Be PREPAed.”

S Puerto Rico Energy Resiliency Working Group, Build Back Better: Reimagining and Strengthening
the Power Grid of Puerto RiogiNew York: New York State Power Authority, 2017), 10, https://www.
governor.ny.gov/sites/governor.ny.gov/files/atoms/filessPRERWG_Report PR_Grid_Resiliency_Report.
pdf.
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winds massively destroyed the transmission lines and lattice towers running through the
mountains of Puerto Rico because@3centcould not survive a Categodyhurricane,

owing to decades of serviceeglecté Furthermore, reduced standards had hessd to

build the remaining 1percentof the transmission lines in Puerto Rico; then again, almost
all power lines were already “cracking, cainmog and collapsing thus making them
vulnerable to hurricane forces such as Mdrim the end,Hurricane Maria caused
approximately 2,975 deathsost of which were traced the lack of electricity that
crippled all medical, emergency services, communications, and basic utited as

water and seweron the island®

To improve PREPA'’s ability toecoverrapidly in the future and tavoid or
minimize the loss of property and lives, this thesis explores the incorporation of new
measures to enhance its network communications, decentralize its power production and
distribution and insert new electity storage capacity as part of a new operational
strategy. Therefore, new technolegin the form of renewable energy production and
storage, the insertion of the smart grid concept, and the establishment of independent
microgrid systems-was utilized to dsign a system that could improve PREPA’s ability
to recover aftea natural or manmade disastelsing available electricity imegawatts
andtime to recoveras the measured performancea decentralized grid provesore
resilient to PREPA'’s centralizesystenbecauseynder the proposed decentralized system
more electrical power igvailable in the shortest amount of time, thus making this system

able to recover faster after a natural or manmade disaster.

This thesigound that the combination of oceidal power, a smart grid, electricity
storage, microgridsand solar energy couichprove Puerto Rico’s power grid reliaiby,
resiliency, and efficiency, thus improving hemeland security readine3he roadmap

for an improved power grid in Puerto Rico is noted in this thesid it is now up to

6 puerto Rico Energy Resiliency Working Group, 17.
7 puerto Rico EnergRResiliency Working Group, 17.

84GW Researchers: 2,975 Excess Deaths Linked to Hurricane Maria,” George Washington
University, August 29, 2018, https://gwtoday.gwu.edufgaearcher@975excessdeathdinked
hurricanemariahttps://gwtoday.gwu.edu/gvesarchers2975excessdeathslinked-hurricanemaria
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policymakers to implement its findinggfectively, not only forPuerto Rico buélsoas a
test bed for new technology, systems, and protocols thataffest other jurisdictions

under similar economicircumstancesndnatural hazards.
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INTRODUCTION

This thesis addresses Puerto Rico’s homeland security readiness by investigating
how the island’s power grid might bedesigned to improve resiliency. But besides being
the focus of this thesis, it is important to define what resiliency is to allow @ rafned
focus for this investigation. MerriatWebsterDictionary defines the word resiliencgs
“an ability to recover from or adjust easily to misfortune or chah@enerally resiliency
is not defined as the ability to be impervious to misfortunghangebut asthe aptitude to
recuperatérom such calamity. Therefore, it is implied that an adverse event must happen

before one can experience or test resiliency.

When applying this term to infrastructure designofessor AbiSamraof the
University d California in San Diego and president of Electric Power & Energy Consulting
maintains that resiliency is the “characteristics of the infrastructure and operations such as
strength and the ability to make a fast recovery, which help utilities minimize or altogether
avoid disruptions during and after an extreme weather &¢esamra further argues that
resiliency begins, when speaking about power grids, with a new grid dasdafforts to
harden the infrastructure are simply not enogigfinessence, Sam claims that an electric
power grid will fail regardless of theeasures taken, but there are actions that can be taken
to minimize power interruption and expedite rep4&i8upporting Samra’s arguments, the
National Infrastructure Advisory Council defines infrastructure resiliencthasability to
reduce the magnitude and/or duration afraiptive event$® The National Infrastructure
Advisory Council further maintains thaesiliency is dependent on the infrastructure’s

1 pavid Wagman, “How to Build a More Resilient Power Grid,” IEEE Spectrum, December 14, 2017,
https://spectrum.ieee.org/energywise/energyéiartergrid/learningfrom-grid-failuresa-conversation
with-nicholasabisamra.

2 Wagman.
3 Wagman.
4 Wagman.

S Aaron ClarkGinsberg, “What's the Difference between Reliability and Resilieh&&partment of
Homeland Security, March 2016, https:/faesrt.uscert.gov/sites/default/files/ICSIWG chive/QNL _
MAR_16/relability%20and%20resilience%20pdf.pdf.
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ability to predict adjust and swiftly recover froma hazardous evefitThere is one
important aspect ofesiliency not clearly defined in the literature that proved to be an
obstacle during this investityan: How do we measure resilien@ndwhat metrics should

be used?

While there are differences definitions,Henry H. Willis and Kathleen Loaf the
RAND Corporation were able to identify four elements that are common among all criteria

that attempt to measure resilience:

X Establish if the service provided has been reduced.
X Quantify the anount of serviceeduction.

X Measure how fast service has been reestablished.
X Measure the amount of servieestablished

Accordingly, this investigation did not focums finding new methods to make Puerto
Rico’s power grid invulnerable to hurricanes but concentrated on suggesting new designs
and technological measures to increase its capacity to recover after a catastrophic natural
event.To accomplish this, the flolwing measures of performance (M§®vere analyzed

to compare resiliency differences between Puerto Rico’s current power grid and a

reconfigured grid as proposed in this thesis:

X Amount of electrical service reduced after Hurricane Maria;
X Time to restorelectrical service aftarurricane Maria;
X Amount of electrical service restored after Hurricane Maria.

In the end, the goal of this thesistcs provide an alternative to Puerto Rico’s
electricity power grid problerand increase its resilienctaking intoaccount the island’s
fiscal situation and the vulnerability of this system to future natural hazards.

6 Clark-Ginsberg.

7 Henry H. Willis and Kathleen Loa, Measuring the Resilience of Energy Distribution SyRBms
883-DOE (Santa Monica, CA: RAND Corporation, 2015), https://www.rand.org/pubs/research_reports/
RR883.hml.Kathleen Loa and Henry H. Willis, 2015.
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A. BACKGROUND AND PROBL EM STATEMENT

In early May 2017, the territory of Puerto Rico wa@glarecbne of the biggedi.S.
municipalityinsolvenges, with anapproximateb123 billion in obligation@ndretirement
fund commitments, exceedinige 2013 Detroit bankruptcy of $18 billior® While the per
capita debt for each of Detroit's 690,000 people was approximately $26,086, Puerto Rico
has approximately 3.337 hion people, resulting ia debt of roughly $36,859 per persbn.
To make matters worse, from September 19, 20t@ugh the evening of September 21,
2017,Hurricane Maria devastated the island of Puerto Rico, unleashing winds of 175 mph
and leaving an agalyptic path of destruction across the 3,5Qaremile island.Besides
the humanitarian crisis, Maria’s legacy |Pfierto Rico with an additional $30 billion in

damages, represémg 30 percentof the island’s annualrgss domestic produéf

The damag caused byHurricaneMaria, compounded by Puerto Rico’s current
fiscal crisis, has rendered the American territorgdltiipped not only to rebuild but even
to maintain its aging power gritHowever, as a near total rebuild is in order, this tragedy
presents an opportunity to design and build a more resilient, dawlagent power grid
for Puerto Rico. This new grid could incorporate design features that exploit the unique
environment of Puerto Rico while also requiring low generation and maintenance fees
commensurate with the financial abilities of the island. A sustaindisteibuted power
plan that includes renewable energy, distributed generation, a smart grid, and electric

vehicle energy storage could be the answer to Puerto Rico’s energy problems.

The prospect of a new power grid is not simply a question of opportunity or need,
however; it is also part of a homeland security mandate. The Quadrennial Homeland
Security RevieWQHSR to Congress provides an analytic and strategic foundatidrofor

8 Mary Walsh, Puerto Rico Declares a Form of Bankruptdyew York Times, May 3, 2017,
https://www.nytimes.com/2017/05/03/business/dealbook/puiedebt.html.

9 “Quick Facts: Puerto Rico,” U.S. Census Buremacessed February 15, 2019, https://www.census.
gov/quickfacts/fact/table/pr/PST045218

10 julia Horowitz,“Hurricane Maria Is Nightmare for Puerto Rit® Economy’ CNN, September
25, 2017, http://money.cnn.com/2017/09/25/news/economy/hurricaneeconomiedamage/index.html.
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the Department of Homeland Security (DHS) operates and accoagiissimission!! The

most recent QHSRtates that one of DHSfsve basic homeland security missioissto
“strengthen national preparedness agsiliencé with special emphasis dhe nation’s

critical infrastructurel2 The CNA Military Advisory Board indicates “Electricity
underpins every facet of American lives. Without it, our homes, our businesses, and our
national security engine would grind to a kaéispecially when so much of shpower is
becoming “smart” and integrated¥According to the NationaElectric Grid Security and
ResiliencyAction Plan,” Thereare three strategic goals to reduce the systemic risk to the
electric grid through combined and aligned organizational, teehrand policy efforts

across the public and private sectb¥é The three essential goals aefollows

X Improve readiness and safeguard the national electric power network.

X Improve reaction and recuperation undertakings and direct arising
eventualities

X Construct a power grid that can be more reliable and dutable.

As the island is located in the Caribbean, the last goal is particularly important to
Puerto Rico. Located in a hurricane hazard zone, Puerto Rico is threbyemadicanes
every year. The potential impacts of this threat are exacerbated by Puerto Rico’s bankrupt
economy, which hinders efforts to maintain and update an aging power grid that dates back
to 1941. It is evident that the Federal Emergency Management Agency is repairing Puerto
Rico’s power grid; however, this process does not incorporate new technptogtesds,

or infrastructure to minimize the effects of future catastrophic events such as hurricanes

11 Department of Homeland Security, The 2014 Quadrennial Homeland Security Review
(Washington, DC: Department of Homeland Security, 2014), https://www.dhs.gov/sites/default/files/
publications/2014thskfinal-508.pdf.

12 Department of Homeland Security.

13cNna Military Advisory Board, National Security and Assured U.S. Electrical P@Asington,
VA: Center for Naval Analyses, 2015), httpswWw.cna.org/CNA _files/PDF/NationgecurityAssured
ElectricatPower.pdf.

14 Executive Office of the President, National Electric Grid Security and Resilience Action Plan
(Washington, DC: White House, December 2016), https://www.whitehouse.gov/sites/whitehouse.gov/
files/images/National_Electric_Grid_Action_Plan_06Dec2016.pdf.

15 Executive Office of the President.



Even if or when power is fully restored in Puerto Rico, it could be arguet itha
government does not have the economic ability to operate effectimelymaintain an
outdated power grid. Hence, there is a real and pressing need to find alternative sources of
sustainable power if Puerto Rico is to maintain a strong and resibem¢land security

posture.

B. PURPOSE AND SIGNIFICANCE OF THE STUDY

Based on DHS'’s strategic mission and PPD 21, the power grid in Puerto Rico must
be studied to identify the crux of its vulnerabilities, develop solutions that can increase
response and recovery efforts, and construct a more robust sustainable power grid—all
within the context of Puerto Rico’s financial predicament and geographical loé&fitre.
development of these potential solutions will be framed within the reproduction of current
commercialbest practicesuch as solar energy, miegoid systems, smart energy storage,
and integration systems. However, there is the potential for integrating current best
practices with uncharted technological opportunities by combining them into a single
powerproduction plant’ Renewable energy sources and smart electrical grids are
technologies that already exist and have been praféective. However, these
technologies have not been incorporated and some not even considered in solving the
vulnerabiities of the electrical grid in Puerto Rico. Therefore, this thesis levethgss

existing technologies to propose a solution that could transform Puerto Rico’s power grid.

Finally, the importance of exploring alternative sustainable power options for
Puerto Rico surpasses the local benefits for the island. It can serve as a test bed for new
technologies systems, and protocols that may affettier jurisdictions under similar

economic circumstancesd natural hazards.

16 Interagency Security Committee, Presidential Policy Directive 21 Implementation: An Interagency
Security Committee White Pap@Vashington, DC: Department of Homeland Security, February 2015),
https://www.dhs.gov/sites/default/files/publications/{BE€D211mplementatioAWhite-Paper2015-
508.pdf

17 New technological opportunities to be explored in this research consist of Puerto Rico’s natural
reources as potential platforms for energy production. For example, Puerto Rico has abundant access to
salt water and synergic wave power from the ocean. These could be converted into electricity using new
technologies currently under development.
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C. RESEARCH QUESTION AND HYPOTHESIS
1. Primary Question

How can Puerto Rico’s power grid be restructured to improve its reliability,

resiliency, and efficiency, thus improving the island’s homeland security readiness?

2. Hypothesis

A decentralizegrenewable energy smart gridnsre efficient and resilient than a

centralized conventional power grid.

D. LITERATURE REVIEW

In his monograph,Jose Bolivar Fresneda prominent Puerto Rican historian,
provideswhat appears to be one of the ohlgtoricalanalysesof Puerto Rco’s power
production dating bk to the mid1930s. Fresneda argues that prior to and during World
War Il, the U.S. federal government initiated in Puerto Rico industrializéitagnncluded
the expropriation of private utilities anobndmeasures$o subsidize the establishment of
the Puerto Rico Electric Power AuthoriffPREPA)18 Fresneda further maintains that
PREPA originated from the government’s purchase of the only three private power
companies on the island: Ponce Electric Company, Porto Rico Railway Light & Power
Company,and Mayagiiez Light, Power & Ice Compad$ Fresneda notes that by 1946,
the electric power production in Puerto Rico was 152,913 kVA,; fPREPA was created
to increase production capacity by constructing more efficient power glaRtesneda’s

analysis is impdant as it provides a historical baseliménich can be usetb showhow

18 jose Bdlar Fresneda,El banco de dmento de Puerto Rico y lagmperasemisiones de bnos de
la Autoridad de las Fuentes Fluviales 194948,” Revista de Ciencias Sociald® (2008)

19 Fresneda, 10Q27.

20 Fresneda, “El banco de fomento de Puerto Rico”; and Juan Ruiz Toro, “Puerto Rico’s Operation
Bootstrap,” Brown University Library, accessed March 30, 2018, https://library.brown.edu/create/
modernlatinamerica/chapters/chagi@rstrategiedor-economicdevelopmen/puertgicos-operation-
bootstrap/Operation Bootstrap was a strategy to develop and modernize Puerto Rico’s economy, which
began in the mid 940s.Therefore, many foreign companies moved to Puerto Rico, and they required
electric power to run their factories. In light of this, Puerto Rico’s electricity production was insufficient;
hence, the need to build more efficient power plants to augment the island’s electricity production arose.
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Puerto Rico’s electricity demands are directly linked to its dependenteported fossil

fuels.

This import dependency continued to grow between thel®dds and the late
1950s, a evidenced in a 1958 report to a national planning association titled The Prospects
for Nuclear Energy in Puerto RicH The report’s author, Alvin Mayne, agrees with
Fresnedaarguing that the need for electricity in Puerto Rico was a growing trend, with oil
as its main source of energy. However, unlike Fresneda, Mayne exblaheslectric
plants as an alternate source of energy between 1945 and the 1950s, but he indicates this
kind of electricity production declined due to lack of water storage anai#iticg rainfall
on the island?? In addition, Mayne provides one of the first energy production cost

analyses for Puerto Ric&

Puerto Rico’s energy production and transmission issues continued to be a relevant
problem, as indicated by the HouSemmitteeon Interior and Insular Affairs 1984. The
committee proclaims;Dependencef the U.S. Insular Areas on oil imports and lack of
energy seksufficiencyarea burden on the Federal and insular budg&tdén’addition,the
committee specifically addressesthe climatic, geological, cultural, and economic
conditions of Puerto Rico as circumstances ltlzaemade traditional energy technology
unsuitable for the island’s requirements. Fresneda and the Committee on Interior and
Insular Affairsagree that Puerto Rico’s energy needs hatdbeenmet by traditional
power sources dependent on oil. Fresneda, Mayne, and the conagrigeethat oil has
beenthe main source of electricity production; however,abmmitteefurtherargueghat
this saurce of power has been detrimental to Puerto Rico’s economy. This appears to be

the first source to note specificallye need for Puerto Rico to seek alternate sources of

21 Alvin Mayne, The Prospects for Nuclear Energy in Puerto R Arbor: University of
Michigan Press, 1958). This report seems to be the first and only report on Puerto Rico’s electrical power
needs and the possibility of using nuclear energy on the island.

22 Mayne.
23 Mayne.

24y s. Congress, House, EneggiganningPlanning and Implementation in the U.S. Insular Areas:
Problems and Policy Optior(8Vashington, DC: Congressional Research Service, 1984). The mentioned
U.S. insular areas referred specifically to Puerto Rico and the U.S. Virgin Islands.

7



energy due to the high costs of importing fuel and its unadineatic andgeologica

conditions.

In their National Public Radio news article, Allen and Penaloza put forth another
analysis of why the cost of electricity production in Puerto Rico is high. Essentially, Allen
and Penalozargue that PREPA ha®ver upgraded its power plag&sAs 60plus-year
old power plantstheyareobsolete and inefficient, thus making the cost of energy more
than in any othel).S. state, except Hawai® Allen and Penaloza’s report confirms the
conclusions ofresneda, Mayne, and the Committee on Interior and Insular $dtadut
the inadequacy and potential issues of Puerto Rico’s electric power production and its
dependency on oil imports.

Further supporting the concerns of the aforementioned authors, arg@lerin the
Economistprovidesan analysis of PREPA'’s situation before Hurricheria destroyed
Puerto Rico’s power grid. PREPA hapanded rapidly in the 1970s to support an
industrialization move in Puerto Rico, but when in 1996 federal incentives were peeled
back, factories left the islandnd PREPA lost its custome#<.The decrease in revenue
forced PREPA to borrow funds from international creditors to sustain its operations, but
“political patronage, corruptiomnd inefficiency led PREPA ito a $9 billion deficit28
Due to PREPA’s budget deficit and lack of maintenance, electrical cables began to
deteriora¢,andgeneratasbegan tdail. The company, failing to conform to environmental
standards and experiencing wagtated disabilities and deaths among its woxdor

incurred costly fine3? Furthermore, power outagescamefour times more frequerih

25Greg Allen and Marisa Pefialoza, “Power Problems: Puerto Rico's Electric Utility Faces Crippling
Debt,” National Public Radio, May 7, 2015, https://www.npr.org/2015/05/07/403291009/poatEems
puertoricos-electricutility -facescrippling-debt.

26 Allen and Pefaloz&he average residential electricity price in the United States (excluding
Hawaii) is 12.3 cents per kWh. The residential cost for electricity in Puerto Rico is 22.7 cents per kWh.

27+Be PREPAed: The Story of Puerto Rico’s Power Grid Is the Story of Puritto,” Economist
October 19, 2017, https://www.economist.com/unitates/2017/10/19/tk&tory-of-puertericos-power
grid-is-the-story-of-puertorico.

284ge PREPAed”
29+Be PREPAed”



Puerto Rico thain the continental United Staté8 This article supports theoncerns of
the Committee on Interior and Insular Affaiadoutoil imports and dack d energy sel

sufficiency becoming a burdemm the &deral and insular budgets

Thus far, the literature agrees with the concerns over Puerto Rico’s dependency on
fossil fuel for power generation and the potential and actual problems of PREPA. Still, the
Committee on Interior and Insular Affairs the only source that indicatesncern about
Puerto Rico’sclimatic and geologicatharacteristics and their impact on the island’s
capacity to produce electricity. This concern was validatkdn Hurricane Maridnit
Puerto Ricon September 2017.

Given the recent impadaf Hurricane Maria, most of the available literature is
composed of news reports that provide estimates of what the total wgsah Puerto
Rico’s economy. One of the earliest reports afterridane Maria isn September 201Gy
Julia Horowitz, whaeports that Puerto Rico would likely face $30 billion in damages and
another $10 billion in the lossf economic productivityl Dave Graham and Robin
Respautin an article forReutersconcur with the damages estimated by Horowdtz
Regarding Puerto Rico’s power grid, Davis Ferris notes that Hurricane Maria destroyed 80
percent of its power lines, with a loss of 1.25 billion hours of electd@8i§upporting the
Committee on Interior and Insular A&ffs’ concerns aboulruerto Rico’s geography, Ferris
indicates that power lines afgulnerable because they traverse the entire island, from
generation plants in the south to San Juan in the north, crossing mountadaolsss
terrain”34 Ferris further argues that Puerto Rico’s jungle growtlong expanses,

remoteness, andind destruction causea monumental catastropfe.

30“Be PREPAed”
31 Horowitz, “Hurricane Maria Is a Nightmare.”

32 pave Graham and Robin Respatkears of Dam Collapse Add Puerto Rico's Miseryfter
Hurricang” Reuters, September 23, 20hftps://www.reuters.com/articleAssormmaria/failingdam
createsnew-crisis-on-puertarico-amid-flooding-from-hurricanemariaidUSKCN1BY05J

33 David Ferris, “Puerto Rico’s Grid Recovery, by the Numbers,” Environment and Energy
Publishing, February 20, 2018, https://www.eenews.net/stories/1060074219.

34 Ferris.
3SFerris.



The available literature regardirtdurricane Maria’'s impact on Puerto Rico’s
financial crisis concurs that it was detrimental amdld increase the burden on an already
devastatecpower grid The results of this literature review hayelded sources that
provide relevant information about Puerto Rico’s financial crisis, electric power grid
system, cost implications, PRERAossIl fud dependency and power transmission issues,

and the effects dflurricane Maria on Puerto Rico’s power grid

In conclusion,and based on the Nationglectric Grid Security and Resiliency
Action Plan, the literature demonstrates that Puerto Rico’s power generation and
distribution system are inadequate and must be reformed. The selected literature was
reviewed and deemed to have substantive information to be included in this research.
However, &hough a comprehensive search process was used, invpastant to conduct
further investigation asome noteworthy worksight have beemadvertently excluded.

E. RESEARCH DESIGN AND LIMITATIONS

Given Puerto Rico’s financial predicament and the effects of ¢turei Maria on
the island, this thesis explarBuerto Rico’s power grid to understand its current state
well as its limitations and vulnerabilities and to offer suggestions for how to mitigate them.
The goalis to provide valuable policy proposals that could invigorate Puerto Rico’s power
grid and, thus, enhance the island’s quatitiife and economic activity, which are critical
goals of the Department of Homeland SectsiBnergy SecteSpecific PlarandPPD-21.
Onemightquestion the reason why Rt@®Rico’s power grid continues to struggle without
any apparent initiative to construct a more robust and resilient system. Oneafsght
argue that a combination of government apasimynfriendly political environmentand
alack of imagination contributed to this apparent inactivity. However, the scope of this
research is limited to identifying methods to construct a more resilient electricity system in
Puerto Rico and propose policy solutions that could help accomplish the construction of a
new powergrid. This thesisevaluateghree generation method&inetic, chemicagland
geothermal), a hybridransmissionsolution, and a hybrid distribution sourcdt then

exploresthe aforementioned generation methods given the abundance of renewable natural
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resources in Puerto Rico that provide endless kinetic, chermimzhlgeothermal energy to

power a new smart grid.

This thesis explores the vulnerabilities and weaknesses of Puerto Rico’s power grid,
specifically, the causes behind the long recovery ofgeeeration, transmissipand
distribution of electricity onthe island. In addition, iinvestigats the historical facts of
Puerto Rico’s power grid to understand and identify past developnagntalaintenance
oversights that could have contributedttodollapse and long recovery. Lastlyexiplores
current coseffective powergrid hardening measures and new alternative sources of
energy which could improve electrical system response and recopeensistent witlthe
Department of Homeland SecutgyEnergy SecteBpecific Planand PPD-21.36 To
accomplish this, the thesis compares Puerto Rico’s current power grid operatios cost
existing smart renewable energy power grids currently operating in the United States and
other countries. In addition,egbmpareshe costs associated with rebuilding Puerto Rico’s
power grid after Hurricane Maria against ot to build asmart renewable energy power
grid. This thesis quantiés and analyzeshe damages of Puerto Rico’s power grid after
Hurricane Maria ané@stimateshe damages and reconstruction cost of a smart grid under
similar meteorological circumstances. Because hurricanes and similar atmospheric
conditions are unpredictable and uncaertéhis thesis usean MOP to testwhetherthe
proposed decentralized power grid is more resilient than PREPA’s old centralized grid,
specifically measuring the amount of electricity available in megawadtsme to recover
Although it has been brieflnentioned, this research neittetaminesthe reasons for
Puerto Rico’s financial bankruptcy nor scrutiriBerto Rico’s political relationship with
the United States. It only exam@éata relevant to Hurricane Maria’s effects on Puerto

Rico as theyelate to the island’s power grid.

This thesis concentratea developing and analyzing data strictly from ojgenrce
literature and unclassified materglch as periodicals, journals, books, audsual files,

internetbased informatin, and other publicecords To stay consistent with current

36 Department of Homeland Security, Energy Se&pecific Pla (Washington, DC: Department of
Homeland Security, 2015), https://www.dhs.gov/sites/default/files/publications¢appgnergy2015-
508.pdf and Interagency Security Committee, Presidential Policy Directive 21 Implementation
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homeland security practices and strategic goals, the analysis oridgimetegovernment
databases and scientific professional journals and studies. To obtain relevant information
regarding Puerto Rico’s bankruptagd Hurricane Maria’s impact on the territorpewer

grid, news reports angbvernmensponsored analytical studies were utilized.

This thesis develops an understanding@i Puerto Rico’s power grid is exposed
to weather hazards and how current best practices and new emerging techmalogies
enhance its reliability, resiliencgnd efficiency Based on Puerto Rico’s model, this thesis
offers a proposal to U.S. policymakesupported by a thorough analydis consider the
need for more sustainable sources of electric power in a security environment where
optimal resiliency and stronger recovery options in the U.S. critical infrastructure are a

priority.
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Il OVERVIEW OF PUERT O RICO’S POWER GRID

A. POWER GENERATION, TRANSMISSION , AND DISTRIBUTION

During the midi930s Puerto Ricts power generation, transmissioand
distributionwerehandled by three private companies, each withvits independent power
grid: the Ponce Electri€ompany, thé?orto Rico Rdway Light & Power Company, and
the Mayagiiez Light, Power & Ice CompaRy Their lack of uniformity and regulatory
oversight made themnreliable, inefficientand expensive. To make matters worsigh w
Europe at warand looming prices and scarcity of oil, b940,these companies often faced
oil shortages for their operatigrexacerbatinghe constant blackouts in Puerto Ri®In
1941, the government of Puerto Rico with the approval of the U.S. Congress authorized
the creation of Autoridad de las Fuentes Fluviales first public corporation operated by
Puerto Rico3® This corporation intended to provide a better and meliable electric

service to areas of Puerto Richeve private companies could not

With the entrance of the United StatetifVorld War 1l in 1941, many military
bases began construction in Puerto Rico, thus requiring an unprecedented and unavailable
amount of electricity for their operatio8.To rectify this problemthat same year
persuadinghenPresident Roosevelt to use his war powers, Puerto Rico Gowertord
G. Tugwell bought and expropriated all three private power companies, thus unifying
Pueto Rico into one electrical power grid.Although it was one unified electrical power
grid, Puerto Rico still did not have the electric generation capacity redairdgae multiple
military installations, not to mentiothe population. Therefore, Puerto Rico resorted to
building many hydroelectric plants that relied on artificial lakes and numerous rivers on

the island to supply the mucteeded electricity. However, by 194h extreme drought

37 Fresneda, “El banco de fomento de Puerto Rico,>109.
38 Fresneda, 16208.
39 Fresneda, 1671.09.
40 Fresneda, 167.09.
41Fresneda, 168.10.
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forced the rationing of electricity fo80 days, thus highlighting the vulnerability of
hydroelectric power as a dependable source of energy proddétipmas not until the

1950s that the San Juan, Palo Seom, Guayanilla thermoelectric plants were opeoed
aid hydroelectric planfsand by 1974, 9Bercent of dlelectricity produced in Puerto Rico

was generated by thermoelectric plants powered by petroleum prdducts.

By 2016, PREPA had becoraeertically integrated utility that provided electricity
to approximately 1.4 million customers in Puerto Rico, with faigsil fuel, seven
hydroelectric,andtwo privately owned plant@Costa Sur & AEShelpng PREPA with
electricity cogeneratiaA4 Puerto Rico is approximately 35 miles wide and 100 miles long
requiing 2,478 miles of transmission linescluding 35 milesof underground 115 kV;
approximately 31,485 miles of overhead distribution calaled334 power substatiorfs.
Figure 1 offersa better perspective of the overall transmission lines and power plant

infrastructure in Puerto Rico.

42 Fresneda, 113.

43 “History of PREPA,” Puerto Rico Electric Power Authority, accessed July 30, 2018, https://www.
aeepr.com/INVESTORS/History.aspx.

44 pyerto Rico Energy Resiliency Working GroBuild Back Better: Reimagining and Strengthening
the Power Grid of Puerto RiddNew York: New York State Power Authority, 201 Rjtps://www.
governor.ny.gov/sites/governor.ggv/files/atoms/filess/PRERWG_Report_PR_Grid_Resiliency_ Report.
pdf.

45 pyerto Rico Energy Resiliency Working Gro@p
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Figure 1. Geographic Footprint d?ower Plants in Puerto Ri¢®

Based orthe data in Figure 1, most of Puerto Rico’s soutpekmer plants generate
1,723 t0 2,681 MW of electricity. In contrast, the north side of Puerto Rico produces 1,470—
1,534 MW of electricity This information is impognt becausetheir locatiors are

significantin describing their vulnerabilities against hurricanes in Se@&iohthis chapter
and in Chaptenl .

46 Source Citigroup Global Markets Inc. and Rothschild & Co. “Puerto Rico Electric Power
Authority — Process and Opportunity Overview'tésentation, June 2018), http:// www.p3.pr.gov/assets/
prepamarketsounding201806-01.pdfwww.p3.pr.gov/assets/premaarketsounding2018.06.01.pdf
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Figure 2. Electricity Generating Capacity in Puerto Rié016+/

As previously noted, PREPA is a governmewned utility company witlsole
control over the production, transmissi@md distribution of electricity in Puerto Rico.
One might thinkhat this unique dominating posture would generate millions of dollars in
revenue, thus making PREPA a healthy andlilig enterpriseHowever,for the last
decade, PREPA has been struggling with operational inefficiencies and an impressive $9
billion debt48 Its substantial dependence on oil products, specifically bunker and diesel
fuels, makes PREPA vulnerable to fluctuating oil prices, thus making eligctetes in
Puerto Rico 21 cents per kilowdtbur.49 With such high electricity rates, Puerto Rico’s
appeal to the economic market hakeclined over the years, thus losing its

competitivenes8? In addition, PREPA’s féure to update its power plants to more

47 “pyerto Rico Electricity Generation Capacity by Region (2016),” Engineering 360, accessed
February 3, 2019, https://insights.globalspec.com/images/assets/900/6900/pr2.png.

48 steven Mufson, “Puerto Rico's Power Company Was Already Bankrupt. Then Mati€idago
Tribune September 21, 2017, http://www.chicagotribune.com/news/nationweplaéctcrico-power
company20170921story.html.

49 Mufson.
50 Mufson.
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efficient gasturbineshasmadethem obsolete and unable to meet federal environmental
standards for sulfur and mercury dioxide byprod&étsn addition, PREPA hagever
updated its aging rate structure to capture actuak,coever updated its information

technologyand never restructullats customer service infrastructure.

All of its failures haveorompted PREPA to default on its monetary obligations and
operate on a cash basis while attempting to lower ope&htiexpensessuch as
maintenancefor its power plants and lin€Z. In an attempt to cover its expenses and keep
up with financial obligations, PREPA hasrrowed massively by issuing $9 billion in
bonds since its inception in 1941. As the financial peedent of Puerto Rico and its
service degraded over the years, PREPA failed to provide adequate basic care to its
infrastructure23 On July 2, 2017, with an escalating debt, declining cash, fiowd
crippling infrastructure, PREPA filed for bankruptcy, thus prohibiting its access to bond

markets and bank financing to improve operational efficiency.

As PREPA continues to falter, in conjunction with its financial predicament, it has
been forced to increase electricity rates to sustain its basic operationste FR)

demonstrates PREPA's financial performance since 2008.

31 Mufson.
52 Mufson.
53 Mufson.
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Figure 3. PREPA'’s Financial Performanes

B. CURRENT GRID DESIGN AND TECH NOLOGY CONCERNS

During a normal day of operations, PREPA’s power generating plants burn oil to
produce steam, which spihgbines to power generators, thus sending electricity through
transmission and distribution lines. However, PREPA opstia¢ oldest equipment in the
United States, with service failure rates far surpassing comparable utilities during normal

weather coditions 5

PREPA does not conform to current business practices and has fallen behind

industry and environmental standaR$?REPA’s median plant age is approximately 44

54 puerto Rico Electric Power Authority, PREPA’s Transformation: A BaustainabilitySan
Juan: Government of Puerto Rico, 2015 http://www.gdbpur.com/documents/PREPARecoveryPldn6
15.pdft

S5 puerto Rico Electric Power Authority
56 puerto Rico Electric Power Authority
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years old compared to the industry’s average of 18 yeGRREPA's biggest expense
fossil fuel, amounting to approximately p8rcentof its operating costa8 Between 2016

and 2017, PREPA spent $2.828 billion in fuel alone, with an additional $8.361 billion in
projected fuel purchases ovére next five yearqsee Table 1)These figures are
particularly important because thegn beutilized to compare cost efficiencies against
renewable energy sources and as well as show that savings from fuel mrehasiéset

the cost of new renewable energy electricity plants in Puerto Rico

Table 1. PRER\'s Operating Expensé§

Summary of Expenditures ($ in millions)

FY16 FY17 FY18 FY19 FY20 FY21 FY22 FY23 FY24 FY25 FY26 FY27 FY28 FY29 FY30

Operating Expenses

Fuel (51,381) ($1,447) ($1,205) ($1,168) ($1,237) ($1,236) ($1,142) ($1,030) (51,035) (51,027) ($1,103) ($1,110) ($969) ($949) (%979)
Purchased Power (827) (863) (868) (923) (963) (984) (991)  (990)  (995) (1,030) (1,040) (1,045) (1,071) (1,088) (1,084)
Labor (497)  (494)  (488)  (485) (486) (491) (496) (501)  (506)  (511)  (516)  (521)  (527)  (532)  (537)
0&M and Other (223)  (199)  (197)  (199) (201)  (203) (205) (207)  (209)  (211)  (214)  (216)  (218)  (220)  (222)
Total Operating Expenses ($2,929) (%$3,003) (%$2,757) ($2,775) ($2,888) ($2,915) ($2,834) ($2,728) ($2,745) ($2,780) (52,873) ($2,892) ($2,785) ($2,789) ($2,823)

In 2016, PREPA created an integrated resource plan to incorporate new technology
into its power generation systems to reduce the utilitgisendencen crude oil. Although
a positive move toward modernizing its grid infrastructtive plan concerned the Institute
for Energy Economics and Financial AnalysiEEFA).60 The IEEFA argues that even
when PREPA explores alternative sources of fuel, its plan lacks the necessary elements to
makethe utility less dependent upon fossil ias itreliessolely on the price difference
between oil and gal IEEFA also critiques PREPA’s operatior@inbecausé does not
function in an integrated manner. For exampiieEFA points out that PREPA neither

integrats renewable energy as a primary source of electricity nor péareduce energy

57 puerto Rico Electric Power Authority
58 puerb Rico Electric Power Authority
59 sourcePuerto Rico Electric Power AuthorjtPREPA'’s Transformatiqr22

60 Cathy Kunkel and Anna Sommer, Comments on the Puerto Rico Electric Power Authority’s
Integrated Resource Plg€levelandinstitute for Energy Eenomics and Financial Analysi&pril 29,
2016, http://ieefa.org/wpcontent/uploads/2016/04/Commewtsthe-PuerteRico-ElectricPower
AuthoritysIntegratedResourcePlanApril -2016.pdf

61 Kunkel and Sommer.
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production from its conventional fossil fuel plants. Furthermore, PREPA does not even
attempt to project how much renewable energy and efficiencies could be obtained from
renevable sources to meet projected load requirements at the lowest possible cost to the
consumei®2 According tolEEFA, PREPA resists exploring renewable energy possibilities
based on flawed data and a desire to continue using thermal energy for electricity
production. PREPA does not have an energy storage plan, nor doesahbag evidence

to defend its posture about the unavailability and expense of storage b&ag&REPA
currently generates 4&ercenbf its electricity from oil, compared to thgpércenhational
average,and only 4 percentfrom renewablescompared to the 1Percentnational

averaged4

PREPA'’s antiquated systems make this utility company an unreliable enterprise

compared to itsndustry peers. Ordinarily, PREPA customers Ipswer approximately

five times per year, averaging 14.4 blackbatirs per incident and taking roughly three
hours to restorpower. In 2016, Synapse Energgnducted an audit on PREPA to examine
the status of the infrastructure of the power grid in BURIt0. Synapse’assessment prior

to Hurricane Maria showed “cracking, corroding and collapsing” power lines, further
statingthat“PREPA’s system appears to be running on fut®eg his structural weakness

left PREPA vulnerable to inclement weather hagadd given Puerto Rico’s geographical

location, hurricanes/iere a major concern.

C. HURRICANES AND PREPA

The island of Puerto Ric a tropical landmass located in the Caribbean Sea,
openly in the route of trade winds, which account for its tropical wet and dry climate. Since

its discovery in 1493, the Spanish conquistadors heard the name “Juracan” from the local

62 Kunkel and Sommer.
63 Kunkel and Sommer.
64 Kunkel and Sommer.
654Be PREPAed.”
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Tainotribes, later learning it represented a storm that destro$§ kllvasnot until the

late 1870s thaPuerto Rico started officially recard) hurricane activityand thanks to

those records, it is estimated that the island has &kected by a hurricane or tropical
storm once every 3.4 yedié Given its Caribbean location, Puerto Rico is exposed not
only to hurricanes but also to tropical storms and depressions that can cause flooding and
wind damage. Mst hurricanes tend to enter Puerto Rico through the sowthepatt of

the island and exit through the northvegatside (see Figure 4)This factis important in
ChapterlV, which suggests aew power grid with power plant locations and electricity

storage facilities as important resilience fastor

66 Mercedes Carrero Morales, “El huracan en la mitologia taina” (San Juan: Center for Advanced
Studies of Puerto Rico and the Caribbean, December 14, 2014), https://aeghcea.files.wordpress.com/2014/
12/14-€l-huracc3alrenla-mitologc3adaac3adna.pdf.

67+san Juan, Puerto Rico’s History with Tropical Systems,” Hurricane City, accessed August 13,
2018, http://www.hurricanecity.com/city/sanjuan.htm.
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Figure 4. Puerto Rico Hurricanes Map: Historical Viegv

On September 20, 2017, Hurricane Maria brought 150 mph wonBserto Rico
and dumped 25 inches of rain while following a northwesterly track and entering the island
through the southeasn corner, like all other previous hurricarfésPuerto Rico’s power
grid was categorically destroyed, with 19€rcentof PREPAs customers without power.
Category4 hurricane winds devastatednsmission lines and lattice towers throughout the
middle region of Puerto Rico because of their advanced age, wogr&&nbf them unable
to withstand such force® Furthermee, reduced standards were used to build the
remainingl5 percenf the transmission lines in Puerto Rico; then agdmost all power

lineshadalready beeficracking, corroding and collapsifighus making them vulnerable

68 source: “Puerto Rico Hurricanes Map,” U.S. Geological Survey, accessed February 3, 2019,
https://www.usgs.gov/media/images/puetitm-hurricanesmap.

69 pyerto Rico Energy Resiliency Working Groiuild Back Better10.
70 pyerto Rico Energy Resiliency \Wking Group 17.
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to hurricane forces such as MafiaTo complicate matters, one of the most important
transmission corridors in Puerto Rico, trmuth to north lines, were exposed to dense

foress and narrow access roads, hence making repairs diffi€ult.

According to the Puerto Rico Energy Resiliency WigkiGroup, “PREPA’s
distribution system is made up of roughly 1,200 circuits, with over 30,000 miles of
overhead and underground lines. Most circuits operate at voltages ranging from 4 kV to 13
kV, which is common among electric utiliti€$3 During Hurricae Marig galvanized
steel, concret@and wood poles were significantly damaged or destroyed by high ##nds.
Like the transmission system, the distribution structure was no match for a Category
hurricane,and most of its system lacked sufficient feeder ties, redundarmidsckup
service to restarelectricityquickly.’> The U.S. Army Cops of Engineers initially needed
50,000 new power poles and 6,500 miles of lines to start restbemyid to preHurricane
Maria conditions, but the final number of poles and cable needegehtasbe defined as
reconstruction continues and fmal government damage assessmbas not been

finalized.’6

71puerto Rico Energy Resiliency Working Grody.
72 pyerto Rico Energy Resiliency Working Grody.
73 puerto Rico Energy Resiliency Working Grod3.
74 puerto Rico Energy Resiliency Working Grod3.
75 puerto Rico Energy Resiliency Wkimg Group 19.

76 Jeannine Anderson, “Puerto Rico Needs 50,000 Utility Poles, 6,500 Miles of Cable,” American
Public Power Association, October 10, 2017, https://www.publicpower.org/periodical/article/poerto
needs50000utility -poles6500miles-cable.
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(. NEW TECHNOLOGY FOR A N OLD POWER GRID:
BUILDING RESILIENCY

Puerto Rico must havepmower grid with little to no reliance on fossil fuels for its
power generation. One of the main disadvantages of fossil fuel power plants is their
dependency on large amounts of fuel reserves to reliably produce large constant amounts
of electricity.”” In addition, fossil fuel availability dependsn market prices, controlled
primarily by the Organization of Petroleum Exporting Countries (ORB@jch controls
almost half of the world’s oil productiof® OPECscreens the amouof petroleum that is
consuned worldwide and regulates thproductionof oil to keepwanted pricesthus
controlling the available suppKp? It is reasonable to infer that a power plant that requires
no fossil fuek for its operation, such as a tidal energy plant, will have fuel indepesde
thus making itresilient to fluctuating market prices and oil availability. Although it may
sound like a novel idea, Puerto Rico will not have to invest large amounts of funding to
research tidal wave technology as an alternative solution for fossil fuel independence.
Scotland has proven the feasibility of this technology and is leading the world market in

renewable energy productih.

A. ELECTRICITY PRODUCTI ON AND FUEL RESILIENCY

With Edinburghas its capital and with a population of approximately 5,425,000
people, Scotland is “an austere land, subject to extremes of weathe3cotland has
proved a difficult home for countless generations of its people, who have nonetheless

prized it for its beauty and unique cultufe.’Scotland shares some unique commonalities

7 Crystal Ayres, “15 Most Notable Advantages and Disadvantages of Fossil Fuels,” Connect US
(blog), July 2, 2015, https://connectusfund.orgiéstnotableadvantagesinddisadvantagesf-fossik
fuels.

78 Ayres.
79 Ayres.

80 Derry Alldritt and David Hopwood, “Renewable Energy in Scotland,” Renewable Energy Ebcus
no. 3 (May 2010): 2830, 32-33, https://doi.org/10.1016/S179884(10)700648.

81 Encyclopedia Britannica, s.vStotland; last modifiedMay 18, 2018, https://www.britannica.
com/place/Scotland.
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with Puerto Ricq thus making it a suitable and reasonable comparison. Like Puerto Rico,
Scotland has vast shorelines and access to ocean currents, a source that is currently being
used as part of its renewable energy policies. Strong coastlines give Scotland an
unprecedented advantage over many countries racing for renewable, aner@gottish

politicians are using such bensfits a tool to promote and incentivize their econ&y.

So far, Scotland has had enormous success withrniesvable energy production,
supplying 68.1 percentof its energy demand witlyreen energy initiatives, which
contributedarenewable electricity capacity 89 gigawdts in 2017. This indicates a surge
of about10 percentsince201683 However, its success is not an isolateshdomevent
but a wellplanned process that culminated in the legislation and enactmentttaras
Climate Change Act of 2009vhich

creates the statutory framework for greenhouse gas emissions reductions in

Scotland by setting an interim 42 per cent reduction target for 2020, with

the power for this to be varied based on expert advice, and an 80 per cent

reduction target for 2050. To help ensure the delivery of these targets, this

part of the Act also requires that the Scottish Ministers set anmgelgain

secondary legislation, for Scottish emissions from 2010 to 8650.

In essence, mandating the reduction of greenhouse emissions bip&@DScotland to

look for alternate methods of electricity prodantthat could meet demand yadtide by

the newly enactedaw. In doing so, new forms of energy production were sought, and
innovative technological systems became available on the open market, thus increasing
competitivenesandinvestment opportunities as well as stimulating its economy. But what
began as a greenhouse reduction initiative also became a movement toward fuel

independeneand security that has impralés power grid resiliency.

This competing environment created green industries that captured Scotland’s

natural elements in itguestto quench electricity demand. As such, wind farms,

82 Alldritt and Hopwood, “Renewable Energy in Scotland.”

83 Rob Smith/*Scotland Produced a Record Amount of Renewable Energy Last Year,” World
Economic Forum, April 10, 2018, https://www.weforum.org/agenda/2018/04/scqitaddceda-record
amountof-renewableenergytastyear/.

84 «Climate Change: LegislatighScottish Governmenguly 11, 2017https://www.gov.scot/
publications/climatechangelegislation/.
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hydroelectric dams, tidal and wave farmend solar farms-among others-were
introduced and areurrently used to supply electricity. Figure 5 depicts Scotland’s

diversified renewable energy production.

INSTALLED CAPACITY Q4 2017 (MW) TOTAL = 10,048MW

B ONSHORE WIND
W WAVE/TIDAL

OFFSHORE WIND

SEWAGE SLUDGE DIGESTION
B SOLAR PHOTOVOLTAICS
M ANAEROBIC DIGESTION
LANDFILL GAS
ENERGY FROM WASTE
HYDRO

ANIMAL BIOMASS

PLANT BIMOASS

Figure 5. Current Installed Capacity of Renewable Energy in Scoffand

Notably,only 18 percentof the renewable energy produced in Scotland is derived
from wave and tidal energgnd most iproduced by windarms however, those energy
sources contributaboutl1,808.64megawattof electricity, whichis more than half of the
electricity demand in Puerto Rico. It could reasonably be argued that exploring wind and
solar energy for Puerto Rico, given theccess in Scotland, & more viable option;
however, it couldalso be argued that becauBeotland’s wind farmsre not exposed to
Category5 hurricane windssuch as duringdurricane Maria, they could bailnerable to

such extreme forces

The Scottish Gvernmenthas committed to confronting climate change with a

robust backing for renewable energy expansion through governmental lawmaking and

85 source: “Renewdbs in Numbers,” Scottish Renewables, accessed February 3, 2019, https://www.
scottishrenewables.com/sectors/renewalsiesumbers/.
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strategie$$6 The Scotland Climate Change Act of 2009 plans to have dé@entof
Scottish electrical energy requirements supplied by renewable technology b$§72820.
such, Scotland has resorted to its 16,500 km of coastline to use the ocean’s abundant wave

and tidal energy to produce electricity.

The MeyGen project in the Inner Sound of Scotland is an array of underwater
turbines that generatepproximately 400 MW of electricity-enough to power 40,000
houses8 By comparison, Puerto Ricmaldimplement similar renewable energy policies
and use &501 km of coastline for energy production. With a requirement of 3,060 MW
of electricity, Puerto Ro’s power demand could be satisfied with eight underwater turbine
arrays that could potentially generate 3,200 MW of electrf@t{figure 7 presents a
rendering of a tidal turbine currently deployed in Scotland.

86 Scottish GovernmentClimate Change: Legislatioh
87 scottish Government.

88 MeyGen Limited MeyGen Tidal Energy ProjectPhase 1 Non-Technical Summar{Edinburg:
MeyGen Limited, 2010), https://www.iema.net/assets/nts/Xodus/Meygen_Tidal_Energy Project NTS
August_2011.pdf.

89 puerto Rico Energy Resiliency Working Group, Build Back BeBts.
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Efficient, Cost-effective and Easy-to-Maintain

- Optimized cost-effective and reliable installation, operation and maintenance
- Reduced levelized cost of electricity thanks to its optimized drivetrain that
helps maximize the use of tidal stream resources

Figure 6. Tidal Stream Turbin®

This new electrical power generation method should make Puerto Rico less
dependent on fossil fuels that require constant foreign imports of oil, miningaese of
seaports for their delivergspecially if those ports are inoperable after a hurridhas,
making thegrid more resient and theecovey faster91 Most of Scotland’s power sites
are located around remote islands, in channels between islands, or between Scottish islands
and the mainlan82 Scotland’s Pentland Firth Project is composed of a tidal array capable

of producing 200 MW while the MeyGen project in the Inner Soism@apable of

90 source: “Oceade 1-28 Tidd Stream Turbine,” General Electric, accessed February 15, 2019,
https://siemreapnews.files.wordpress.com/2016/10/enamgpuctiontidal-oceadeechnology 02.jpg?
w=816.

91 For tidal current technology, the stream speed needs to be at le@snlpsdr seond (m/s). Ruud
Kempener and Frank Neumann, Tidal Eng@ylyu Dhabi: International Renewable Energy Agency,
2014, 21 https://www.irena.org/mwg
internal/de5fs23hu73ds/progress?id=jVcyxT9WFJojksIBURKEH6s5QskAPWE8AOJErO,

92 Simon P. Neill et al., “The Wave and Tidal Resource of Scotland,” Renewable Eddrgyt. A
(March 2017), https://doi.org/10.1016/j.renene.2017.03.027. Neill, 2017.
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producing 400 MW-all because of the strong ocean currents available at thes83sites.
Similarly, and given its access to ocean resources, Puerto Rico can cappereditof

its wave energy ithe inner coastal waters, thus producing 6.7 MW per kilometer with a
single 10 MW array and can capture up top&@centper kilometer of deep water wave
energy, accordingly producing 17.8 MW with a single 20 MW tidal a?faRy
extrapolating these figures and using a system similar to Scotland’s 400 MW Inner Sound
project Puerto Rico could potentially produce between 268 MW (usimeéaenof inner
coastalwater power) and 356 MWuging 89 percentof deepcoastal water powgr A
representative rendering of an underwater tidal power array that could be used in Puerto
Rico coastal waters is depicted in Figure 7.

Figure 7. Tidal Array Depictior¥>

93 Neill et al.

94p, JacobsoriMlapping and Assessment of the United States Ocean Wangy ResourcéPalo
Alto: Electric Power Research Institute, 2011).

95 source: “Tidal Array Depiction,” CNN, accessed February 3, 2019, https://cdn.cnn.com/cnnnext/
dam/assets/141211143581feygendhorizontatlarge-gallery.jpg
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For this underwater eay to work and be feasible, it must be protected as much as
possible from hurricanes and have a strodgl tcurrent First, strong maritime currents
must be available to maximize the use of underwater turbines and effectively obtain their
maximum capacyt of 400 MW of electricity. As depicted in Figure 8, within the Straits of
Florida, the looping currents feed the Gulf Stré¥nThis current is amplified by the
Antilles currentwhich passes along the northern coast of Puerto Rico, thus becoming an

ideal location for underwater turbin@s.

Location Proposal:
Future Tidal Array Location in
Puerto Rico
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Figure 8. Tidal Array Location Proposal for Puerto R¥€o

96Ocean Currents,” Nation&eospatial Intelligence Agency, accessed October 13, 2018,
https://msi.nga.mil/MSISiteContent/StaticFiles/INAV_PUBS/APN/CHzhpdf.

97 Elizabeth Rowe, Arthur J. Mariano, and Edward H. Ryan, “The Antilles Current,” Rosenstiel
School of Marine and Atmospheric Science, accessed February 3h#p$9/oceancurrents.rsmas.miami.
edu/atlantic/antilles.html.

98Adapted from: National GeospaltIntelligence Agency, “Ocean Currents”; and U.S. Geological
Survey, “Puerto Rico Hurricanes Map.”
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Secondthe array is naturally protected from hurricanes by the nature of the sub-
surface implementation and, as depicted in Figure 8, the northern area between the cities
of San Juan and Arecibo provides the best protection against the predominant track of
hurricanesTherefore, the northern side of Puerto Rico provides the optionditions for

the successful deployment of an underwater tidal ersyrsigm.

B. TRANSMISSION L INE RESILIENCE

Continuing with AbtSamré&s posture regarding grid resiliency and the inevitability
of power grid failure regardless of the amount of hardening, transmission lines must be
designed foreparabilityto decrease recovery time after a catasimpvent. Chaptel
described howhe U.S. Army Corps of Engineers nedd0,000 new power poles and
6,500 miles of lines to restotiee grid to preHurricane Maria conditiondt also described
how Puerto Rico’s aging infrastructure was a contributagolr to the total collapse of the
power system othe island, mostly caused by vegetation, inaccessikditgithe lack of
system status information. The average age of substation transforitiner United States,
including Puerto Ricojs approximatelyt2 years, with some in operation for 70 ye¥s.
Even when the age of these systene ¢sucial factor, the lack of visibility and ret@ine
data on the transmission system hinder workers from knowing the status of many

substations as part of the maintdmution network in Puerto Rico.

An article by S&P Global indicates’PREPA has 370 miles of 2X¥ line that
loops the island and bisects it from north to south in two places. It also has 731 miles of
115KV line that helps link a total of 344 substatiod8°These are the main lines that
transmit and distribute power arouttié island however, they are also the most vulnerable
because they are exposed to the elements and do not have redundancies as alternate routes

for power distribution.

99 ABB Power Products, Resiliency Planning for the Transmission @tidch: ABB, 2013),
https://library.e.abb.com/public/041ac7ae0de9e6a7c1257bfe006BBRIFS5WPO.pdf.

100Jef‘frey Ryser, “DOE Pushes to Repair Puerto Rico Power System,” S&P Global, October 2, 2017,
https://www.spglobal.com/platts/en/markesights/lateshews/electrigpower/10021 Moepushego-
repairpuertorico-powersystem.
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When addressing the issue of transmission line disruption, it is important to note
that, although possible, the breakdown of the metal line is not the most common cause of
power line failure. As depicted in Figure the collapse of the steel towers supimgy
transmissiorines takes the longest tinte repair and massive amounts of inventory to
respond properly to a catastrophic event, such as Hurricane Maria.

Figure 9. Collapsed Transmission Towigr Puerto Ricé01

In light of this, Puerto Rico should store stamlitzedlightweightreusable modular
aluminum restoration structures that are designed as temporary replacements for traditional
steel towersgee Figure 10 These flexible smaller towers are easy to trangpatinstall
and are designed to restore power in the shortest amount d%%fikese towers are also
a perfect choicdor temporary emergency communications platforms to support first
responderdecauseermanent communication structures will likelgllapse during the
storm.

101 source: “@llapsed Transmission Tower in Puerto Rico,” Environment and Energy Publishing,
accessed February 3, 2019, https://www.eenews.net/image_assets/2017/12/image_asset 25855.jpg.

102Keith E. Lindsey,Transmission Emergency Restoration Systems for Public P6We005
(Azusa, CA: Lindsey Manufacturing, 2015), http://lindaesa.com/wgcontent/uploads/2015/10/07005-
ERSPUBLIC-POWER.pdf.
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Figure 10. Lindsay Emergency Powd@owerl03

Underground power lines are another alternative methosufgplyng electricity
to consumersdigging trenches and burying miles of cablesures the power lines will be
protected from the elements and falling debris. This transmission option should be
considered in Puerto Rico as a measure to increase the transmission and distribution
network’s survivability during and after a natural disaster such as Hurricane Maria.
Usually, the question of why overhead power lines are not underground gains relevance
after a catastrophic eventhe simple answer is that they can be underground but at an
elevated cost compared to overhead lines. Regardless of gasgéralized cost ratios of
undergroundo overhead options should not be used because costisesspecific,” and

costeffectivenesslepend on the purpose and final goal of the underground dé¥le.

103 source: “ERS with Lindsey,” Lindsey Manufacturing, accessed February 3, 2019, http:/Hindsey
usa.com/ers/.

104 pyplic Service Commission of Wisconsin, Underground Electric Transmission (Nfzstison:
Public Service Commission of Wisconsin, June 2007), https://electmicgheeringportal.com/res/
Undergrounekelectrictransmissiorines.pdf.

34



Underground cable infrastructure is typically 14 times more expensive than an
overhead line. For example, “a typical new 69 kV overhead saagleit transmission line
costs approximately $285,000 per mile as opposed to $1.5 million per mile for a new 69 kV
underground lineX05In the case of Puerto Rico with its financial predicament, underground
cabling should be considered on a €agease basis to determine what portion of the cable
should be above or underground. Ken Buell, director of Emergency Response and Recovery
with the U.S. Department of Energpdicated that one of the biggest problems found in
Puerto Rico afteHurricaneMaria hit the ishnd was the catastrophic damage done to most
of the power lines that transmittetectricity from power plants to distribution centers in
major populated ared€5These principal lines crossmountainous areas angreexposed
to wind damage and falling bes; howevey two of threeunderground lines did surviitbe
storm.Thus although more expensive than traditional power lines, underground cables are
better positioned to resist inclement weather. Therefore, suggestions for underground cable
at critical points in the transmission and distribution networks in Puerto \Rnch could
improve the electric power grid's capacity to recuperate after a natural hazard such as

hurricane, ar@rovided in ChaptelV.

C. SMART GRID

Part of improving the resiliency &fuerto Rco’s power grid isdecentralizing the
electricity supply chain and implementing a closed loop multidirectional flow of electricity,
most commonly known as a smart grid. What makes this grid “smart” is itsvayo
communicationability between cosumer and provider and the capability of sensors to
provide data along transmission lines, thus allowing a rapid response tochaiuing
electricity demands. Constructing a completely new power grid in Puerto Rico is not a

reasonable proposition givehetcost and time to replace all existing infrastructure;

105Frank Alonso and Caltyn Greenwell, “Underground vs. Overhead: Power Line Installafiost-
Comparison and Mitigation,” PennWell Corporation, February 1, 2013, https://www.elp.com/articles/
powergrid_international/print/volum&8/issue2/features/undergroungs-overheaebowerline-
installatiorcostcomparisonhtml.

106 RachaeBecker, “After Hurricane Maria, What Will It Take to Turn Puerto Rico’s Power Back
On?,” Verge, September 25, 2017, https://www.theverge.com/2017/9/25/16362410/hunrésa@rguerto
rico-poweroutageselectricatgrid-destroyed.
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however, transitioning to a smart grid could be accomplished by integratinghaeess,
sensorsand synchro phaso!’ Thiswould allow the grid in Puerto Rico to provide more
efficient electricity tansmission, restore its power faster after a power outage, reduce peak
demand of electricity, allow formaeasyintegration of renewable energy such as tidal

power, and integrateonsumefowned generation systenis8

WhenHurricaneMaria hit Puerto Rico in 2017, the power grid suffered multiple
catastrophic damages that resulted in a domino effbath affected communications, the
banking industry, traffic, hospitaland securityamong others. This was partially the result
of the centralized nature of Puerto Rico’s power gridemgbyelectricity is generated and
distributed in a onavay linear transmission to the end user. In other words, if there is an
interruption at the power plant or the transmission lines, the customeo pasver until
the problem isidentified and rectified. @ the other hand, a smart grid and its loop
multidirectional flow of electricity allowfor the automatic rerouting of electricity by
detecting and isolating the problem to avoid further damage andjesadf® This
automation and ability to reroute available electricity allow for the rapid redistribution of
electricity to essential emergency services such as hospitals, police and EMS services,

traffic lights, communicationsand banking systems.

As previously mentioned, Puerto Rico’'s power grid is a centralized energy
production system with eight fossil fuélurning power plants that supply 3,060 MW of
required electricity. One of this system’s problems is its inability to easily incorporate
renewable enegginto its grid due to théencompatibility of electric stability!10 For

example, electricity from renewable energy soursesh as solar and wind power plants,

107 schweitzer Engineering Laboratories defines synchronized phasors (synchro phasors) as a tool to
“provide a reatime measurement of electrical quantities from across the power system.”
“Synchrophasors,” Schweitzer Engineering aediories, accessed February 3, 2019, https://selinc.com/
solutions/synchrophasors/.

108\what Is the Smart GridJ.S. Department of Energy, accessed February 3, 2019, https://www.
smartgrid.gov/the_smart_grid/smart_grid.html.

109y s. Department of Energy.

110Jinju Zhou et al., “What's the Difference between Traditional Power Grid and Smart+Gidfh
Dispatching Perspective,” Proceedings of the 2013 IEEE PESPasidic Power and Energy Engineering
ConferencéDecember 2013), https://doi.org/10.1109/APPEEC.2013.6837107.
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fluctuates depending on wind conditions or solar light intendityis variesn voltage and

conflicts with the main power plaist electricity. However, a smart grid cailentify
fluctuations in voltage and automatically convert or reroute renewable energy to storage
facilities where electricity could be stabilized and synchronized before it iswuoed.

Puerto Rico currently does not have the capability to store renewable and regular generated
electricity in quantities that could significantly decrease power outagie asland thus
suggestingheneed to incorporate new battery storage facldigross the island asrt of

a smart distribution gridetwork.

D. ELECTRICITY STORAGE

Lithium-ion batteriesaaregenerdly lighterandsmaller and havelaigher electricity
storage capacityll The most important characteristic of lithiior batteries is that they
canbe charged quickly, are less prone to dischargetower and have a longer lifespan
when compared to a regular acid battE¥y This characteristic makes these batteries
suitablefor permanent storage across the grid and residential and industrial storage in
Puerto Rico. These storage facilities, commonly known as trgle-energy storage, hold
back electricity when surplus energy is produced, thus exceeding demand and
consumption. This stored electricity then redistributed to the grid when energy
requirements peak and production cannot meet dedi@ndhis battery energy
configuration is designed to insert stable and regular amounts of electricity into the grid for
extended peods and although energy storage is not a statmhe solution to supply
Puerto Rico’s electricity needs, it offers to improve reliability and better utilization by
providing electricity when its needed. Batteries also offer a great opportunity, not only
because they store excess electricity produced by renewable energy sources but also
becauseheir small size isvell suitedasdistributed sources of energy that can be located

in several areas depending on Puerto Rico’s energy needs.

111 Kristoffer Bonheur, Advantages and Disadvantages of Lithium lon Battdviarch 13, 2016,
http://www.versiondaily.com/lithiumion-batteryadvantageslisadvantages/

112gonheur.

113Bruce Dunn, Haresh Kamath, Jeldarie Tarascon, “Electricaliiergy Storage,5cience334, no.
6058 (November 2011): 92835, https://doi.org/10.1126/science.1212741.
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Batterystoredelectricity systems distributed across Puerto Rico provide options to
deal with emergencies and sustain vital servidészor example, electricity storage is a
vital component used as a reserve resource to maintain a costipp8} of power during
hazar@us weather conditions or equipment malfunctioifbese battery banks serve as
electricity backup systems to supply power to remote areas of the isheard the only
power line mighbe disrupted, thus providing mudeedeaklectricity.Figure 1lillustrates
a grid battery power storage facility that could be incorporated in Puerto Rico.

Figure 11. Sample Battery Storadgank!15

The battery storage concepnhiot new in Puerto Ric@asproposaldiad been made
to introduce this system. In 2016, SAFT Industvies awarded a contract to provide three
IntensiumMax 20P highpower lithiumion batteriesor a 10MW photovoltaic facility in

1144Grid Scale Energy Storage Systems,” Electropedia, accessed February 3, 2019, https://www.
mpoweruk.com/grid_storage.htm

115s0urce: “Sample Batteryt@age Bank,” PV Tech, accessed February 3, 2019, https://www.pv
tech.org/images/made/assets/images/editorial/Nas_batteries _low_res 750 500_80_s.jpg.
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Puerto Rico(seeFigure 12).116According to SAFT officials, n remote locations and
islands, it is essential our batteries camdie substantial daily energy flows and high
power outputs irrder to stabilize solar farnidl’ However,PREPArefused toown the
batteryprojectsince previous experiences with this kind of technology were negaiigte
the plan never materialized. Indition, the solar farm took a direct hit from Hurricane

Maria’s eyewallyipping the solar panefsom their foindationsand completely destroying

them118

= W
S

Figure 12. A Solar Array in Puerto Rico prior ttis Destruction by Hurricane
Maria in 201419

116 3aft is aworld world-leading designer and manufacturer of advanced technology batteries for
industry.“Saft Lithiumlon Battery Systems Enable Domestic Renewable Energy Generation in Puerto
Rico,” Saft March 15, 2016https://www.saftbatteries.com/presdeases/safithium-ion-batterysystems
enabledomestierenewableenergygeneratiorpuerto.

117 saft.

118pakota Smith, “Puerto Rican Solar Farms Heavily Damaged by Hurricane MAléather
Junkies(blog), September 28, 2017, http://www.theweatherjunkies.com/sugi#2017/09/28/Puerto-
RicanSolarFarmsHeavily-DamageeBy-HurricaneMaria#!.

119s0urce: Rich Dana, “Update: Solar Recovery in Puerto Rico,” Solar Tribune, December 11, 2017,
https://solartribune.com/updaselarrecoverypuertarico/.
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Grid storage capacity is an essential part of a resilient power grid, but it is only
that—a portion of an overall plan to overhaul existing power grids into a modern renewable
energy smart grid. Therefore, it is important that other means of energy generation and
storgye are integrated when planning to decentralize energy production, distrilaumbn,
storage, thus increasing the chances of infrastructure survivability when confronted with
natural or manmade hazards. To help minimizectgralizationof electricity storage,
customersited energy storage should be incorporated to deliver standby power that can be
used by individuals when the grid is inoperable.

E. CUSTOMER-SITED ENERGY STORAGE

TheU.S.electric grid is ongoing technological changes toward the decentralization
of electricity production, transmissipand distribution120 As such much emphasis is
given to empower individual homeowseand businesses to produce, staed sell
electricity, which could provide cost saving, improve electricity quality, better egrid
resourcesand increas@rid resiliencyl2! Electricity storage at individual residences or
commercial buildings in Puerto Rico will not only have a positive environmental impact
due to its compatibility with renewable green sources of electtcityalsoserve asan
emergency backup source of power. Figuresi@ws how customesited energy storage

works

120“Accelerating Customer Sited Energy Storage,” Sustainable Development Technology Canada,
accessed February 3,19) https://www.sdtc.ca/en/projects/acceleratingtomersitedenergystorage/.

121 systainable Development Technology Canada.
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DURING THE EVENING, A BATTERY FILLED WITH SOLAR
ENERGY KEEPS CRITICAL APPLIANCES RUNNING DURING
GRID OUTAGES.

Figure 13. Backup Loads in Time of Crisig?2

According to Janice Linglirector and founder of the California Energy Storage
Alliance, the continued utilizain of customesited storages for the reduction of peak
electricity demand proves its reliability and improves grid resiliency during an outage event
when compared to a standalone battery or genenatuch is used onlyduring an
outagel?3 The best examplof customesitedenergy storage is the combination of solar
panels and batteries at the residential level. With-y@and tropical weather, Puerto Rico
should take advantage of photovoltaic technology to capturegead sunlight and store
its energyin long-term batteries. Figure Bhows the average monthly hours of sunlight in
Puerto Rico. Based on these data, Puerto Rico recmivaserage of eight houper day
of strong solar light, thus making photovoltaic technology a logical resourcedioradive

electricity production

122 5purce: “Residential Battery Systems,” Sun Valley Solar Solutions, accessed February 3, 2019,
https://www.sunvalleysolar.com/tiery-energystoragetechnology.

123 janice Lin, “Renewable Energy: €Bite Energy Storage,” Facility Executive, October 3, 2016,
https://facilityexecutive.com/2016/10/renewableergyon-site-energystoragesystems/.
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Figure 14. Average Monthly Sun Hours in Puerto Rick4
As depicted in Figure 15, by capturing sunlight during peak hours of the day when

the sun is at its brightest, residences could store an average dfaighof electricity and

utilize stored electricity during evening hours when supply stops while demand continues

124 50urce: “Average Monthly Sun Hours in Puerto Ridtorld Weather and Climate Information,
accessed February 15, 2019, https://weadinérclimate.com/uploads/averagenshinepuerterico-
fajardo.png
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The U.S. Energy Information Administration estimates that the average 2016
annual electricity consumption for a typical residence in the United States was 10,766
kilowatt-hours (kWh)126 This means that the daily household consumption of electricity

wasapproximately29.28 kWper dayl27 According to EnerSys, a global industry leader

125Source:EnerSysSmart Decisions (Zurich: EnerSys, 2014), 3, http://www.eneggysa.com/
reserve/pdf/ENSR4PR003_0614.pdf.

126+Frequently Asked Questions,” U.S. Energy Information Administration, accessed September 15,
2018, https://www.eia.gov/tools/fags/faq.php?id=97&t=3

12710,766 kwh/8,760 h = 1.22 kWh; 1.22 kWh x 24 h = 29.28 kW.
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in energy staage solutions, a typical residential solar system consisting of roof solar panels

and a battery bank can store 9.2 kWh or 73.6geNday(see Table 2 and Figure 188

Table 2. Residential Storage Systé/?

48 V System 9.2

Storage System

Energy content [KWh] 9.2
Nominal voltage [V] 48
Dimensions L x W x H [mm] /80 x 350 x 1001
Weight [kg] 300
Batteries

Battery Type pure lead (TPPL)
Number of blocs 4
Nominal voltage per bloc [V] 12
Wiring 4 blocs serial
Technology pure lead (TPPL)
Capacity C10 [Ah] 190
Cyclic performance at 35% DOD 2500 cycles
Cyclic performance at 50% DOD 1800 cycles
Rounditrip efficiency 90%

Fast charge capability yes

If the average household consumes 29.28 kW per day and this solar system can
store 73.6 kW per day, the average residential consumer could sell back to the main power
grid 44.62 kWh or 60 percent of what the residential solar system produces. These figures
suggesthat the average household will have electriagyneeded during power outages,
thus improving itsability to endure natural disasters by powering emergency medical and

basic needs appliances.

1289 kwh x 8 h = 73.6 kW.
12950urce: EnerSys, Smart DecisipBs
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Another approacko determine the effectiveness and viability of solar technology
in producingelectricity is to calculate per capita daily electricity consumption and the
current solar electricity production capacity.skblar power on its ownis capable of
supplying consumer®lectricity demang it is possible to consider this renewable source
as a viable alternative to replace all fossil fuel electricity generation in Puerto Rico.
Research conducted Wyr. Thomas Makin ofCalifornia Polytechnic State University
reveals that Puerto Rico can expect XK8h/né/day using a sttionary flat panel collector,

so a solar panel area of 2.8#/person is needetO

130pr. Makin’s calculations, relayed via personal communication, were based on data from the
National Renewable Energy Laboratory Resource Assessment Program, as depicted in Figure 16.

45



Alaska

o S— Average Dally Solar Radiation Per Month

ANNUAL

Hawaii, Puerto Fico, and b
Guam are not shaded
San Juan, PR Guam, P
552 508 4
R —— ey
f‘ Flat Plate Tilted South at Latitude
Collector Orientation This map shows the general rends in the amount of solar radistion received in the
United States and its temitories. Itis & s patel imerpolaton of solar radiation velues kWhﬂﬂ’fda
derived from te 1961-1380 Natdonal Solar Radiaton Data Base (NSRDB). The dots y
on te map represent the 239 sites of the NSRDB. . 10 to 14
Flat-plats collector facing south at Maps of average values are produced by averaging all 30 years of data for each site.
fixed filt equa| to the latitude of the Maps_ﬂl LI and mivi'rl_)m vaJu_es are mr_npnsires nfspeﬂﬁcmﬂr@s_and WEEIS D 8to 10
site: Capluring the maximum amount for wehich each site achiewed its maximunm or minsmum amounts of solar rmdiation. I:l 7to 8
of solar radiation throughout the year Though u_cieful for idenifying gener;ﬂ trends, tis map _shuu:d Izgnwed with tﬁuﬁunuf_ur O 6to 7
can be achieved using a tilt angle pecic 1source ecause in solev radiagon not reflected in 5to 6
approximately equal to the sie’s e MAaps can exist, iNTOOLCNG UNCEFAINTY iNtD resource estmanes. E it &
latitude. Maps are not drawn 1o scale. |:| 3 4
- to
R Al -I O 2te 3
-
% ;’ hl?-- O oto 2
t2 [ none
National Renewable Energy Laboratory
Resource Assessment Program FLATA13-208

Figure 16. Average Solar Energy Flux Captured by a Stationary Flat Panel
Systemas aFunction ofLocatiort31

Makin argues that if Puerto Rico was to convert entirely from petroleasaduel
transportation to electric transportation, solar panels wsawgly the energy equivalent
of gasoline in addition to daily electricity needs. Utilizing data from tmergy
InformationAdministrationr—showing Puerto Rico consumed 42,000 barrels wbpper
day in 2016 for transportation—and assuming that the average driver consumes fuel at a
rate of 20 milepergallon, Makin calculated that people in Puerto Rico traveled 35 million

miles per day. Given that a 28 h battery pack has enough electrical charge to fuel a

131source: “Aveage Solar Energy Flux Captured by a Stationary Flat Panel System as a Function of
Location,” National Renewable Energy Laboratory Resource Assessment Program, accessed February 15,
2019, http://www.truthfulpolitics.com/images/averadaily-solarradiationmap.jpg
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vehicle up to 70 miles, the extra kWh required for transportation can be determined using
the following formula:

Transportation energy required/day5x 106 mile';% = 12x16 kWh/day

If 12 multiplied by106 kWh/dayis divided by 3.337 millionthe current residents
of Puerto Ricd, the result shows an additional need of 3.62 kWh/person/day, thus making
the total electric need 19kWh/person/d&y6@ + 15.5 kWh/person/day Utilizing the
aforementioned energy production of 5.52 kWHR/gay, the required solar panel area to
produce this amount of electricity can be estimated atr824# solar paned perpersonif
the vehicles can also act as battery storage. This means tham*3c44olar panel per
person could supply the current electricity and energy demand of Puert®Rita. cost
of $7-$9/wattper installed solar panel, the total installed cost to meet the needs of Puerto
Rico is approximately 31,000-$14,25@er person. If a total rebuildf Puerto Rico’s

power gridis sought, it will require approximately $48 billion to accompfidA.

F. MICROGRIDS

A microgrid is a local electricity system with independent control that can be
disconnected from the main powgrid, or macrogrig and independently produce,
transmit,and distibute electricity!33 The most important characteristic of a microgrid is
its ability to be powered by renewable energy sources such a solar gaaydrus the
potential to run indefinitely. This kind of system can power smaller commuymitedsng

them energy independemind in emergencies serve as backups to the main grid.

There are no specific guidelines that reguiet& a microgrid should operate. Each
microgrid, because it is independently operated and owned, can operate using various
comhbnations of sources of fuel to generate its own electricity. However, to be identified

as a microgrid, it must be controlled locally and must be able to operate connected to the

1323337 million people in Puerto Rico x $14,250 = $47.5 billion

133 Allison Lantero, “How Microgrids Work,” U.S. Department of Energy, June 17, 2014,
https://www.energy.gov/articles/hemicrogridswork.
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macrogridor runindependently as an electrical island. The Grid IntegratimuGat the

Berkeley Lab, indicates there are several advantagesrtg microgrids:

X Improved energy efficiency

X Minimization of overall energy consumption

X Reduced environmental impact

X Improvement of theeliability of supply

X Network operational bené$i such as loss reduction

X Congestion relief

X Voltage cotrol, or security of supply of electricity

X More costefficient electricity infrastructure replacemést

In the caseof natural hazards and catastrophic events, fuel availability and
distribution are mired due to inaccessible roads and degredeununications, as
experienced aftdrurricane MariaGiven Puerto Rico’s fiscal predicament and the high
cost of fuel powering the curregtid, it is important to deviate from energizing microgrids
with fossil fuek andresort toaltemative renewable sources of fuel. For this reason, it is
suggested that thidachinohe Project in th&omori Prefectureof Japan be used as a

template for future microgrid developments in Puerto Rico.

The Hachinohe Project was operated from 2005 to 2008 and served as a test
platform to develop new operag systems that could manage téectivenesof new
environmentdy friendly technologied3® As part of this projegta microgrid was
developed using onlyenewable sources of engrguch as wind turbines, leadid
batteriesand gas turbines fueled by sewage waste ggsdnjucs, with atotal capacity of
electricity of690 kWperday136 According to Berkeley Lab, the Hachinohe project used

the local sewage plant to install a conskgion boiler capable of producing a 907 kg of

134«ppout Microgrids,” Berkeley Lab, accessed February 3, 2019, https://building-
microgrid.lbl.gov/aboutnicrogridsO.

135 Berkeley Lab.
136 Berkeley Lab.
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heat. This boiler structure was later integrated the microgrid with a data reciprocating

system that allowed electrical current to be sent to the local community using a private

distribution linel37

Currently, Puerto Rico has 62 sewage treatment plants, similar to the Hachinohe
Project, distributed around the island (S&gure 17.
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Figure 17. Sewer Treatment Plants in Puerto Ri#d

In theory if all 62 sewage plants are converted into microgradsl following
Hachinohes model, Puerto Richas thecombinedpotential to generate 42,780 k{&2
plants x 690 kW eaclgr 42.78 MW (42,780 kW x 0.001 MWof electricity per day that
could be independently produced and distributedocal hospitals and other essential

agenciesthus minimizing customegsower outages, reinforcing the islangiswer grid,

137 Berkeley Lab.

13830urce: “Generacion y disposicién de aguas sanitarias domésticas,” Departamento de Recursos
Naturales y Ambientales, accessed Fabrd5, 2019, 2, http://www.recursosaguapuertorico.com/Cap___
tulo_9 Aguas_Sanitarias_en_Puerto_Rico.pdf.

49



and saving millions of dollars in fossil fuel purchaddewever this is only possible if

each sewage plant prodstkee same amount of waste each day; therefore, to @taone
accurate estimate of the energy generation for each plant, additional research must be
conducted to identify the number of gallons of wastewptsr plant in Puerto Rico.
Nevertheless, assuming each sewer plant produces different amountsrafitglgiven

the differential inwastewaterprocessing and capabilities, even a small amount of
electricity production and storage will augment PREPA’s abilityptaver essential
services after a catastrophic shutdown.

Because the lack of electricity is likely to lead to loss of &avitnes®din Puerto
Rico after Hurricane Maria, hospitals are great candidates to build ideawable energy
microgrid systemd$39 Lessons learned after the Boston Marathtiack, the flooding in
Houston, Hurricane Irmia Florida and Hurricane Maria in Puerto Rico haslengedhe
perspective of hospitals that econosgnot a factor irconsidering microgrichstallation
as part of their emergency p&HOMedicalinstitutionsseethemselves as the last line of
defense when the population is in crib#d.In other words, hospitals cannot fail to provide
essential services becauseadéck of power and must be able to operate independently
from the main power grid. In addition, current regulations require hospitatgintain
some sort of backup power systesuch as diesel generatot® provide essential
servicest42Nevertheless, wheBupestorm Sandy hit New York, generators and electrical
systems from the Bellevue University and Coney Island Hospitals failed. Most recently
during Hurricane Maria in Puerto Rico, most hospitals ran out of diesel fuel to run their
generatorand could noprovide requird emergency service<3 Another reason for the

inadequacy of generators is that they are not operatedegularbasis angalthough they

139George Washington University, Ascertainment of the Estimated Excess Mortality from Hurricane
Maria in Puerto RicdWashington, DC: Milken Institute, 2018).

140 PeterMaloney, “Clean Energy Microgrids for Hospitals Make Electricity More Reliable,” Buffalo
Niagara Medical Campus, November 6, 2017, https://onmc.org/eleangymicrogridshospitalsmake
electricity-reliable/.

141 Maloney.
142 Maloney.
143 Maloney
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are tested, they fail because they sit idle most of thelfrhicrogrids onthe other hand,

are constantly used and monitored, thus avoiding surprises during emerdéwncies.

An ideal example of hospitatbasednicrogrid is the kintington Hospital in Long
Island New York,where a 2.8 MW fuel cell and battery storage is part of a microgrid
project that will enable the hospital to become angaff-power islandl4é The Buffalo
Niagara Medical Campus indicatésn addition to providing resiliency and reliability, an
intelligent hospital microgrid can monitor grid electricity prices throughout the day and
switch to its own lower costnergy when grid prices spike.” Therefore, there is also an
economicincentive for hospitalgo incorporatemicrogrids as part of their emergency
planning that, with governmental incentives and tax breedwsld alleviate the initial
financial burden theynay facel4” Puerto Rico has 72 main primary hospitals around the
island, each with it®wn bag backup systemb48 Using Huntington Hospitalas an
example of fuel cell usage, each hospital has the potential to produce and store 2.8 MW of
electricity that could beombinedo generate201.6 MWof electricity (72 hospitals x 2.8
I\/IW).149

G. ELECTRIC VEHICLE S FOR ELECTRICITY ST ORAGE

As mentioned in Sectio@ of this chapterthe electric smart grid is a network of
communication and controlling structures that manage energy supply and demand more

efficiently than intraditional power grids. The goal of the gingrid is to precisely control

144Maloney.
145 Maloney.
146 Maloney.
147 Maloney.

148«pjrectorio de hospitales,” Asociacion de Hospitales de Puerto Rico, accessed February 5, 2019,
http://hospitalespr.org/?page_id=12.

149« fuel cell uses the chemical energy of hydrogen or another fuel to cleanly and efficiently
produce electricity. If hydrogen is the fuel, electricity, water, and heat are the only products. Fuel cells are
unique in terms of the variety of their potenggbplications; they can provide power for systems as large as
a utility power station and as small as a laptop computeugl Cells,” U.S. Department of Energy,
accessed February 5, 2019, https://www.energy.gov/eere/fuelceltstfisel

51



power production and distribution at specific momésfs Electric vehicles EVs)
represent an alternative method of energy storage that is able to communicate with a smart
grid, thus becoming a massive electricity storageue® that isreadily available on
demand!>1 EVs are effective storage appliances thattgpecally capable of storing the
equivalent of three days of a typical hdmenergy consumptior20.28 kWx 3 days =

87.84 kW.152In essenceEVs can collectandproduce electricity, pump extra energy to

the grid as needed, anthintain a steady and reliable flow of electricity agi@en their
geographically disperse locations, are less susceptible to collapse collectively in hazardous

weather condition$>3

EVsare a great resource to any smart grid given that they can store electricity as
neededFor example, when too much electricity is produced because of lack of demand or
additional alternative sources of energy providing electricity to the grid, EVs chn pul
electricity off the grid, thus becoming a reserved source when demand for electricity
peaksl>4When thinking about EV# is important to understand that a single EV’s battery
is small comparetb the storage needs of the power grid, but EVs must bectiaw a
collective of millions of vehicles that together have the potential to Eaye amounts of
electricity, thus becoming an effective tool for any smart &kt is projected that EV
sales in the United States could reach up to tmémn vehides by 2020and although

no specific numbers can be foreeadbr Puerto Rico, the island could see an increase in
EV purchaseg$see Figure 18}56

150BradBerman, Electric Vehicles and the Smart Grid,” Plugin Cars, October 14, 2014,
https://www.plugincars.com/guiegectricvehiclesandthe-smartgrid.html.

151Berman.
152Berman.
153Berman.
154Berman.
155Berman.
156Berman.
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Figure 18. EV Sales Targets for 8lect Electric Vehicle Initiative
Countrieg>’

However rather than relyg solelyon consumesinterested in EVs to use theas
previously mentioned, curregovernment and privatelgwned vehicle fleets could be
utilized. For example, in 2014 the URstal Service had approximately 212,500 vehicles,
42,5000f which were electric alternative fuel vehicles with battery storage capacity, as

depicted in Figure 1958

157 source: Berman, “Electric Vehicles and the Smart Grid.”

158+E|ectric Vehicles in the Postal Service,”&/Postal Service, April 2014, https://about.
usps.com/whewve-are/postahistory/electrievehicles.pdf.
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Figure 19. U.S. Postal Service Electric Vehicke$

Not only are EVs an alternative source of energy storage when peak demand
requiresadditional electricity but they also helpminimize wear and teawn the electric
grid by reducing power congestion when high demands require additional ele¢ffcity.
In addition, EVs are a great storage instrument for microgridsiépend on aalternative
source of electricity production such as solar potérFinally, EVs could be an
emergency source of electricity when power fails due to a natural disaster such as Hurricane

Maria.162

159s0urce: US.Postal Service, “Electric Vehicles in the Postal Service.”
160Berman,“Electric Vehicles and the Smart Grid.”

161Berman

162Berman.
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IV. MODELING A ND MEASURING RESILIE NCY:
OLD VERSUS NEW GRID

Measuring resiliency is a subject that continueset@tinterest at many levels of
the U.S. government and the private sector. The National Security Councif $NBfize
of Resilience has adopted resiliency as the controlling standard to increase the nation’s
safety.According to the NSC,If communities can increase their resilietiven they are
in much better position to withstand adversity and to recover more quickly than would be
the case if there were few or no investments in building community resiliédZ&le
NSC and the research comnity cannot agree on a standard guide to measure resiliency
and have not agreemh whether resilience is a process or an outcome. Without a standard
to measure resiliency, it was necessary to develop a method that could empirically
demonstrate how additional technological enhancements to Puerto Rico’s power grid could

enhancaets resiliency.

In their article for the Journal for Homeland Security and Emergency Management
Susan Cutter, Christopher Burt@nd Christopher Emrich propodeseline indicatorot
measure resiliencempirically before and after improvements are made to an existing
system or community. Cutter, Burtoand Emrich note that in the engineering realm,
resilience is often conceptualized as structural improvements, redundancies,
resourcéulness and rapidity of systems, with the ultimate goal of mitigating the
consequences and recawgrto thepre-event state. To produce a measurement for disaster
resilience,it is necessary to use a comparative method that geanesiliency as an
outcome; therefore, this research used time and quantities as indicators to produce an
aggregate measure of performance to illustrate the magnitude of change between the
current grid in Puerto Rico and the new proposed system. Specifically, this research

measured théollowing:

X Total amount of electricity available during a black.eut

163sysan Cutter, Christopher Burton, and Christopher Emrich, “Disaster Resilience Indicators for
Benchmarking Baseline Conditions,” Journal of Homeland Security and Emergency Managenuwerit
(2010).
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X Islandwide power outage percentage

X Electricity storage reservéMW capacity
X Fuel requirements to operate, if any
X Days without total electricity

To help illustrate the measurement of resiliency, a spreadsheet was created with data
that reflect the power capacity of the eight main power plants that were operating in Puerto
Rico before and during Hurricane Ma#é¢ Each power plant was identified by name and
assigned a nunealp along with its electricity production capacity in megawatts and diinted
one of two groups depending ongesographical location ahe island ¢ee Table 3

Table 3. Power Plants in Puerto RitéP

After adding all power plantgroduction potential, the combined total electricity
production of all eight power plants was 4,215 MW. Given that Puerto Rico’s power
demand is 3,060 MW, Puerto Rico was generating an additional 8r@&nbf its needed
electricity; nevertheless, witlut any electricity storage facilities and the antiquated

164gee Appendix A.
16535ee Appendix A.
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conditions of the grid, this surplus power was not available during and after Hurricane

Maria.

To exemplify the impact of each power plant in the island’s grid, 16 scenarios were
created, each one simulating the disruption of one or more power plants. The result showed
that the disruption of power plants under scenarios 9, 10aridl 15 caused electricity
production to fall below the required 3,060 MW (see Table 4).

Table 4. Scenarios 9, 10, 11, and PPower Production belowthe
Required Rat&6

After Hurricane Maria, Puerto Rico suffered islandwide power outage due to
the direct impact othe production, distributiorgnd transmission network. To simulate
this effect, scenario 16 shuts down all power plants in Puerto Rico, thus completely
disrupting all power production, distribution, amdnsmission (see Table 5).

1665ee Appendix A.
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Table 5. Scenario 16 lllustrating Complete Power Outdde

Given that Puerto Rico’s grid had npower production ordistribution
redundancies, the collapse of major power lines such as the 115 kV dad 288 during
Hurricane Maria did not allofor the provision of essential emergency serviesspitals,
police departments, ancbommunications systems relied on diesel generatopdvide

limited powerand after running out of fuel, were unaliteprovide muckneededervices.

To illustrate how alternative sources of power could be introduced to Puerto Rico’s
current power grid as a powgenerating redundancy to increase its resiliency, scenario 17

includes all alternative sources of electricitys described in Chapter Il (see Table 6).

16735ee Appendix A.
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Table 6. Proposed Alternative Sources of Electriéf§

As mentioned in Chapter ]lideally eight 400 MW underwater arrays could supply
all the required electricity in Puerto Rico. Nevertheless, for simplicity and illustration
purposespnly one underwater powarraywas considered for this scenario to demonstrate
its usefulness, even when limited, providing auxiliary power only during emergencies.
Scenario 17 includes the use of EVs as alternate sources of electricity during blackouts, but
there is little or no statistical data to show how many electric vehicles are currently in
Puerto Rico. Still, there asmple data to show how many they are in the United States and
extrapolatehow many electric vehicles could be the island. There are approximately
268.8million vehicles in the United States, including 764,666 EVs, wharhprise0.28
percentof the total vehicles 764,666 + 268,000,000 x 10099 Puerto Rico has
approximately 2,417,27Vehicles andif the same 0.2@ercentis usedas a baseline, the
resultsshowthere could be approximately 6,287 EVs in Puerto Rdc®806 x 2,417,227+
100). In theory, if every EV can store up to 89.84 kW (0.0897 MW) in its batteries, the
total potential electricity storage for all 6,287 EVs in Puéticois 563.9 MW (6,287 x
0.0897 MW).170

16835ee Appendix A.

169“Number of Motor Vehicles Registered in the United States from 1990 to 2016,” Statista, accessed
February 5, 2019, httpsvww.statista.com/statistics/183505/numioévehiclesin-the-united statessince
1990/.

170worldwide Passenger Cars,” Chartsbin, accessed February 5, 2019, http://chartsbin.com/view/
1113; and “Puerto Rico Population,” Worldometers, accessed February 5, 2019, http://www.worldometers.
info/world-population/puerteico-population/.
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In addition, under scenario 17, the same approach was utilized to determine how
many residences could be utilizing setewered electricity and could potentially be
introduced as part of a smart grid. It is estedathat approximately one million houses
have and use solar power, which is GQoé8centof the 126.2 million houses in the United
States 1,000,000 + 126,200,000 x 109941 In 2017, Puerto Rico had 1,376,531 houses
and using the U.S. ratio of 0.f#rcen, Puerto Rico could have approximately 10,874
houses using solar powé. 9% x 1,376,531 + 100%J)ith combinedmaximum electricity
storage and production of 800.32 MwEr dayl72 Figure 20 depict what the integration

of EVs and customesited energy could look like for Puerto Rico

Figure 20. Electric Vehicles and Custom8ited Energy Storage Modeling
for Puerto Rico

Regardinghospitals, all 72 main hospitals were selected for this scenario given that
all hospital facilities are required by law to haveudt-in self-sufficientpowergenerating

171Rebecca-larrington, “The US Is about to Hit a Big Solar Energy Milestone,” Business Insider,
October 13, 2015, https://www.businessinsider.com/gmaelsonemillion-houses2015410.

17210,874 x 76.6 kW/day = 800,326.4 kW/day x 0.001 MW = 800.32 MW/day.
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capacity andtheirconversion and connection to a microgrid could be quickly incorporated
with available technology/3In addition, and given Puerto Rico’s fiscal predicament, the
costcould be deferred and absorbed by individual hospitals since diesel purchases will no
longer be necessargnd life-cycle costs will make this initial investment a reasonable
business practice. Following the Huntington Hospital mad@l8 MW fuel celinstalled

in 72 hospitals could produeetotal of 201.6 MWbf electricity 72 x 2.8 MW,.

Similarly, all 62 sewage treatment plants the island were selected for this
scenario because steam boikmhnology is a readily available and proven technology that
uses byproducts typically represéng 50 percentof the boiler fuel74 Given that fuel
accounts for 9¢ercentof the operational cost, the overall investment and lifecycle cost
will be significantly less given that Jiercenof thefuel will be derived from free sewage,
thus making this alternative source of energy feasible and more affotdaflaking into
account all 62 sewer facilities @he island and following the Hachinohe Projeuidel,
each treatment plan could generate 42,780 kW (62 plants x 690 kW each) or 42.78 MW
(42,780 kW x 0.001 MW) of electricity per dayastly, one 10 MW fixed battery grid
storage was considered under scenario 17 to beimsmmhjunction with the tidal array
structure, demonstrating thiadilding resiliency does not necesbarequire thecomplete
overhaul of current systenfmit rather a gradual process of introducing new technology
with existing capabilities that can be fully integrated as much as needed or able.

When Hurricane Maria hit Puerto Rico, it crippled the existing power dnd; t
leaving the entire island without power (see Appendisdenario 16). Under scenario 17,
however, if those systems were in place and operational during Hurricane Maria, Puerto
Rico could haveutilized 65.97 percentof total capacity to power critical emergency

173NFPA 99 ‘establishes the minimum criteria for the installation, performance, and operation of a
wide range of systems and equipment in health care facilities to ensure th@spégients, staff, and the
public from electrical failures, fires, and other hazard#ahik Davoudi, “Emergency and Standby Power
in Hospitals,” Engineer, October 15, 2015, https://www.csemag.com/sinifte/emergencand
standbypowerin-hospitals/be2ba7589929868a4eal91a27e56730b.html.

1744 ndustrial Combustion Boilers,” Energy Technology Systems Analysis Programme, May 2010,
https://ieaetsap.org/ETechDS/PDF/I04ind_boilersGS-AD-gct.pdf.

175Energy Technology Systems Analysis Programme.
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response components that would haseedlives and expedité recovery efforts. Puerto
Rico is composed of 78 cities, 72 major hospijtaigl 62 water treatment plants around

the island (see Figure 21).

Figure 21. Hospitals and Wastewater Treatment PlamBuerto Ricé’6

If equally divided, each city could have received 3MIBV of emergency
electricity 177 This could have been enough to partially power essential medical services
and at least one police or EMiBpartment with their respective communication assets per
city, thus beingable to respond to immediate ptsirricanemedical needs. Figure 22
depicts how the proposed microsystem would look and how it could have powered essential

services in Puerto Rico during and after Hurricane Maria.

176Adapted fom Departamento de Recursos Naturales y Ambientales, “Generacion y disposicion de
aguas sanitarias domésticas”; and David Wagman, $17 Billion Modernization Plan for Puerto Rico’s Grid
Is Released, IEEE Spectrum, December 12, 2017, https://spectrum.iese@gwise/energy/themarter
grid/17-billion-modernizatiorplan-for-puertcrico-is-released.

17772 x 2.8 MW) + (62 x .69 MW) = 244.38 MW; 244.38 MW + 78 = 3.13 MW.
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Figure 22. Emergency Ntrogrid Sample: Isolated Community

When all recommendedhlternate sources of energy production and storage are
addedas shown in ilgure 23, a total of 2,018.60 MW65.97percenpf Puerto Rico’s total
electricity demand) coulde produced and transmittegith the combination of all
proposed alternative sources of electricity as illustrated in sceivgseeFigure 28) Even
though scenario 17 is a hypothetical concept utilizing estimates and approximations, these
figures serve to demonstrate the principle that energy sustainability, through the use of
alternative sources of electricity, is feasible arleey factoin improvingtheresiliencyof
Puerto Rico’s power gridtigure23is an illustration of the proposed alternate sources of

electricity storage and production.
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Figure 23. Scenario 17: All Recommended Sources of Energy Production and
Storage in Puerto Riéd8

Improving Puerto Rico’s power grid resiliency is a matter of establishing new
sources of alternative power not otyserve as emergency elecity reserves but also to
be available on demand as soon as practi@dtde a catastrophic event such as Hurricane
Maria. Figure 24showsPREPA’spower restoration timetable, indicating ta#ort to
restore power otthe island as power load percentaffesn October 2017 td-ebruary
2018. Note that it wasgot until November 9, 201That PREPA was able to restore more
than40 percentof Puerto Rico’s energy peak load. This agproximately 51 dayafter
Hurricane Maria hit the island

178Adapted from: Departamento de Recursos Naturales y Ambientales, “Generacion y dispiesicio
aguas sanitarias domésticas,” 2; and Wagman, $17 Billion Modernization Plan.”
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Figure 24. Puerto Rico Power Restoratiofteat Hurricane Maria 79

In contrastunder scenario 17, potentially @&rcentof Puerto Rico’s electricity
requirements could have been available immediately or within hours after Hurricane Maria
if all proposed sources of afhative power had been operational. Under the same scenatrio,
even if only the individual microgrids survived Maria’s impadtecause of their location
inside hardened structuresipproximately 7.9 percent (244 MW) of the electricity would
have been availablto provide emergency power to some hospitals and EMS services. This
could have been possible because all 134 hospitals and sewer plants would have operated
independently under a microgrid concept and could have transmitted their electricity
locally, thusbypassing major transmission lines that were knocked down by hurricane
winds. It is uncertain whethall of the hospitalgould survive a major catastrophe such
as Maria, but even if some did, their ability to provide their own electricity and help power
their local EMS systemsould bepreferableo having nonevailable aswasexperienced
after Hurricane Maria. As shown gure25, PREPAreached2 percent power capacity
on November 9, 201 While in scenario 17 ¢ee also Figure 24), the same powed|could
have been reached 40 days sooner with peBéentalternative power reserve. Witnly

179Adapted from: Ferris, “Puerto Rico’s Grid Recovery.”
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7.9percentreserves, the current grid was able to reaghe2éentaround October 26, 2017,

while in scenario 17, the same power load could have been regighédays sooner

Figure 25. Puerto Rico Power Restoration Comparisth

To improve transmission and distribution resiliereand considering how
expensive underground lineseaas described in Chaptdr—it is recommended that the
main lines from all microgrids be underground, thus assuring transmission of electricity to
local police and EMS assets. In theory, 72 hospitals and at least 72 @okMS
departments could have been operatiomadt least partiallyalmost immediately after the
hurricane, instead of 51 days latBegardless, even a restoratadl0 percentpower did
not guaranteghatit was available to hospitals and first responders becaaga power
lines were still downand there was no equitable distribution of electricity around the
island, thus highlightingthe importance of independent and interconnected power
microgrids. Lastly, note that PRER#¥asnot able to reach 1Qfercenioad capacityeven

afterfive and a halimonths of restoration effor{see Figure 24)Conversely, in scenario

180gee Appendix B for an enlargement of Figure 25.
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17, 100percentcapacity would have been reached approximately witterfirst week of
November2017 and surplus electricity by miievemberThis surplus power could have
meant that microgrid emergency power could have beeadoffias needed as the main
grid was repowering the islandA comparison of PREPA’s response to the hypothetical
decentralized power gridsingthe electricity availale in megawattend time to recover

as measure®f performance yields the resiliency graph depicted in Figure 26, clearly

indicating that a decentralized grid is more resilient than PREPA’s centralized system.
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V. CONCLUSIONS

Resilience isn't a single skill. #'a variety of skills and coping mechanisms.
To bounce back from bumps in the road as well as failures, you should focus
on emphasizing the positive.

—Financial editodean Chatzkif!

A. OVERVIEW

The ability to bounce back from adversity and return to abisrbetter known as
resiliency. However, this term describes not antyualityin peoplebut also the abilityf
objects or place® remain or recover to their original shape or function. In the case of the
Puerto Rico Electric Power Authority (PREPA), its antiquated infrastructure, its
centralized power production ardistribution network,and Puerto Rico’s financial
bankruptcy alhindered its ability to return to its original functioning state after Hurricane
Maria. In light of this, to improve PREPA'’s ability to rapidly recover in the future, Puerto
Rico must redesign its power grid with measures to enhance its network contyectiv
decentralie its power production and distributioand introduce electric storage capacity.
Therefore, new technologyin the form of renewable energy production and storage, the
inclusion of the smart grid concept, and the establishment of independent microgrid
systems—wasproposedo design a system that could improve PREPA’s ability to recover
after a natural or manmade disaster. Assessing grid performance usingpoegawatts
andrecoverytime askey measure®f performancd MOPS9, a decentrafied gridproves
more resilient thaPREPA'’s centralized systelpecause under the proposed decentralized
system more electrical power would be available in the shortest amount of tiFhes
speeds recovemfter a natural or manmade disaster. In conclusion, this research found that
the combination of ocean tidal power, implementation of a smart grid, electricity storage
through batterieghe inclusion of microgridsandsubstantiakolar energyn Puerto Rco

can improve th@ower grid’'sreliability, resiliency, and efficiencyzurthermore, the results

18143ean Chatzky,” Famous Quotes on Resilience and Leadgasiaigssed February 20, 2019,
https://wbu.gmu.edu/famotegioteson-esilienceandleadership/
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of the resiliency graphigroveour hypothesis that a decentralizezhewable energy smart

grid would be more efficient and resilient than a centralizeaventional power grid.

This research discovered the lack of a uniqgue method of measuring restiedcy
results for each design triat experimentvarieddepending on the variables and the desired
measures of performance. Furthermore, as mentioned in Chapteutter, Burtonand
Emrich argue that the research community continues to struggle in determining whether
resilience is an outcome or a process. Based on the research literature, the method used to
complete this investigation and the final resiliency graphic finds resilienbe botha
process and an outcomi determiningwhether a decentralized power gridnsore
resilient than a centralized one, Figure \Rés createdo approach the problem and

standardize the steps to produce an gnodiuct

Figure 26. Resiliency as a Process Model

This routine could be applied regardless of the kind of infrastruiilre evaluated
and could even be used when attempting to measure resiliency as a human quality.
However, a process must have a purpasdin this case, it measurése differences in

MOPs between two systems. The end product or outnmarkedlydiffers between MOPs
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as reflected in Figure 27. By definition, antcomemeans “something that follows as a
result of or “consequenceof.182 If following the outlinedprocess improvedPuerto

Rico’s grid, then resilience would be the measured difference in the MOPs

Figure 27. Resilien@ as an Outcome Model

When discussing critical infrastructure, phrasesh as “building resiliency” and
“making it more resient” are often used to describe the hardening efforts of strengthening
a structure or system. To accomplish this, a procaesst be create@ndaresultmust be
obtained. Tus resilience could be the term to encompass both principles. This
conceptualization of the term resilience could help set priorities, measure progress and aid
in decisionmaking processes across the U.S. homeland security enterprise, thus helping
policymakes understanéindidentify prevailing conditions and take corrective measures

before emergency events.

182 perriam-Webster s.v. “outcome,” accessed February 15, 2019, https://www.mewizlnster.
com/dictionary/outcome
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B. IMPLEMENTATION CHALLENGES AND RECOMMENDATIONS

This thesis aimed to find alternative renewable sources of electricity production and
management that coulde incorporated into Puerto Rico’s power grid to improve its
resiliency. Although it successfully identified suitable and efficient renewable sources of
electricity production, storagend management, major innate obstacles remain when
incorporating new technology into an existing power grid, especially one that is antiquated
and managed by a bankrupt government.

1. Cost and Funding

Renewable energg usually less expensive to operate and maintain, but its initial
cost could be higher than traditional etasity generation method&33 For example, in
2017,thetypical cost ofsolar systems ranged fro#2,000to $3,700per kilowattwhile
electricity from a new natural gas plant might castund $1,000/kW84 Nevertheless,
over the lifespan of a renewable enesggtem, the initial higher cost will be offset by its
reliability and low operational and maintenance gasbt to mention the elimination of
fossil fuel purchase Considering Puerto Rico’s financial predicament, new government
tax incentives€.qg., in the form of credits, lower rates zero duties for a specific perjod
should be enacted so that private stakeholders can invest capital and technology, thus

minimizing the government’s financial burden.

2. State Energy Policy

Puerto Rico should legislate “policies that contribute to creatimgenabling
environmenffor attracting investmentst8° To ease its transition and incorporation into
the renewable energy market, Puerto Rico could seek assistance from the International

Rerewable Energy Agency to identify policymaking best practices and trends, develop

183“Barriers to Renewable Energy Technologies,” Union of Concerned Scientists, last modified
December 20, 2017, https://www.ucsusa.org/cleaergy/renewablenergy/barrierdo-renewablesnergy.

184 ynion of Concerned Scientists.

185+pyjicies,” International Bnewable Energy Agency, accessed February 5, 2019, https://www.
irena.org/policy.
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support mechanisms to adapt to the new energy maaketsiesign new policies that could

foster the integration of the aforementioned new renewable technol8&§ies

The Intermational Renewable Energy Agencpecifically suggestshat when
developing renewable energy policies, governments should follow key specific guidelines
to maximize their successful implementatiand as suchwe recommend th&uerto Rico
implement the flowing recommendations in their new policit®’

X Puerto Rico’s new renewable energy policies must concentrate on
cusbmer benefitsnot only on power generation and management.

X New policies must also include language to incorporate financial
generatiorbased incentives and taxes on carbon emission generation.

X Puerto Rico’s new policies should also integrate the transportation sector
in an effort to decarbonize vehicles on the island, especially those used by
the government.

C. FUTURE RESEARCH

This thesis unovered methods that could enhance Puerto Rico’s power grid
resiliency. In Chapter lll, several new sources of renewable energy, storagd,
management were identified and deemed appropriate to be incorporated as part of new
resiliency measures; howeveurther research is needed to identify funding sources and
opportunities that could help finance the proposed measures. Also, further research on
other renewable sources of energlych as geothermal, wind, and other tidal technglogy
should be explored as alternative sources of energy for Puerto Rico, thus allowing the
islandto diversify its electricity production. Finally, future research should be conducted
to identify new market opportunities that could identify potential joint ventures and
alliancesto expedite tailored technological innovations tofaatk Puerto Rico’s power

grid redesign and reconstruction.

186 |nternational Renewable Energy Agency.

187 nternational Renewable Energy Agency.
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D. FINAL REMARKS

Puerto Rico is a small Caribbean islandradfighly 3,500 square milewith a
population of approximately 3.34 million residerits.unique geographical location makes
this small territory prone to devastating hurricane forces every year, and it is only a matter
of time before Puerto Rico is hit again by another natural disaster such as Hurricane Maria.
Lessondlearned after Maria haviaughtus that the inability to recover after a natural
disaster may be worse than the actual natural event. George Washington University’s
Milken Institute determined that approximately 2,975 people died because of Hurricane
Maria, most of them fronthe lack of electricity that crippled all mediGdemergency
services, communications, and basic utilitesch as water and sewen the island88
Had Puerto Rico had the power grid redundancies recommended theakis, power
recovery time could have been shortened, thiwdisands of live could have been saved.

Building resiliency in Puerto Rico is not a matter of politics, profiteppearances;
it is an obligation that governmergpresentatives must undertake to preventnaitigate
the effects of the next catastrophe because another hurricane, earthquake, or manmade
disastelis not only likely but certainto happen. Regardless, Mother Nature taught Puerto
Rico a lesson that should be viewed as an opportunity to learntfeomistakes of laziness,
inappropriateness, carelessness, underestimation, inattemttbreglect.This experience
should be valued by other regions, states, and countries so that future generations can
prepare for similar events. We canbahg back tlese2,975soulswhowere lost in Puerto
Rico, but we can certainly prevent more from being lost. The technology is here, the tools
are available, and the capabilities are certain; allishatquired is the will to change gnd
in the case of Puerto Rico, the need to restructur@dier grid. In the end, previous
mistakes can become a lesson, but making the same mistake twice becomes.a choice
Therefore, it is important for the people of Puerto Rico that policymé&aars fran history

and choose not to make the same mistake again.

188G\ Researchers: 2,975 Excess Deaths Linked to Hurricane Maria,” George Washington
University, August 29, 2018, https://gwtoday.gwu.edutg@searcher@975excessdeathdinked-
hurricanemaria.
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APPENDIX A. MEASURE OF PERFORMANCE SCENARIOS FOR PUERTO RICO
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APPENDIX B. LOAD RESTORATION COMPARISON
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APPENDIX C. ALTERNATIVE POWER R ECOVERY INFLUENCE
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