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Abstract

Current practices for power systems operations and planning rely on an approximate optimal power

flow formulation known as DC Optimal Power Flow (DC OPF). Results from DC OPF are not

implementable, requiring feasibility checks and adjustments from AC power flow analysis. Current

methodologies do not guarantee convergence, feasibility, or robustness, and they rely heavily on

operator knowledge and intervention. This work uses AC Optimal Power Flow (AC OPF) to

directly obtain feasible dispatch signals that guide enhanced grid operations and planning within

the context of Puerto Rico’s grid decarbonization efforts.

A comprehensive application of AC OPF is used to assess the robustness of the Puerto Rican

power grid and explore an array of scenarios involving the retirement of existing generating assets

and integration of solar PV. A public model was assessed by analysing of several operational

equilibria obtained via economic dispatch and loss minimization. Additionally, a Jacobian-based

N-1 screening was performed, identifying critical contingencies requiring corrective actions.

These insights, as well as considerations from the Puerto Rico 100 Study and PREPA’s 10-

Year Plan, were used to assess the deployment of potential solar assets at various stages of re-

tirement for the San Juan, Palo Seco and Aguirre assets, in that order. Results provided loca-

tional, quantitative, and timely insights into optimal deployment strategies that align with Puerto

Rico’s decarbonization goals. The findings confirm the ability for Puerto Rico to transition to a

high-renewable deployment scenario, and provide guidance on where to strategically incentivize

renewable deployment and reactive power support, in what quantities, and in response to which

generator retirements.
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Chapter 1

Introduction

Decarbonization has become a de�ning challenge of the twenty-�rst century, reshaping industries
and infrastructure worldwide, with a major focus on electric power systems. Power systems deliver
electricity from generating assets to customers and require supply to equal demand at all times to
maintain acceptable electromechanical operating conditions. The core objective of power system
operations is to reliably deliver electricity to customers at the lowest possible cost.

Achieving this in today's power systems requires nonstop operations and careful planning of
existing and future assets considering policies, regulation and expected demand growth. Decar-
bonization poses several challenges including the retirement of carbon-intensive generation and
the commissioning of low- or zero- carbon-intensive generation while maintaining reliable service.
Renewable generation, which commonly refers to wind and solar photovoltaic (PV) generation, is
currently both non-dispatchable and intermittent. Introducing more renewables, coupled with in-
creasingly hard-to-predict demand exacerbates the challenge of e�ciently dispatching generation.
Current practices use tools that provide only approximate dispatch solutions which need to subse-
quently checked for physical feasibility. These routines thus provide no guarantees on convergence,
feasibility, or robustness, relying heavily on operator knowledge and intervention.

This thesis utilizes improved methodologies to obtain physically feasible dispatch solutions for
a real-world model of the Puerto Rican electric power system, built with publicly available data.
In particular, we aim to develop an understanding of the key system bottlenecks and use this to
determine where new zero-carbon generating assets should be placed as existing carbon-intensive
generation is decommissioned.

The rest of the Introduction sets the context for the modeling performed in subsequent chapters.
First, standard practices for generator dispatch in North America are introduced. Their limitations
are discussed, as well as advanced methods found in literature. We present the formulations
used in this thesis to study the Puerto Rican public-data system and present the grid-related
challenges in Puerto Rico currently faces. We outline the studies we will conduct to assess key
system bottlenecks, and optimal corrective actions for operations under contingencies. After having
assessed the base system and developed analysis techniques, we extend these to show how they
can be adapted as a basis for scheduling solar PV in optimal locations and quantities in response
to decommissioning existing carbon-intensive generation.
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1.1 Practices in Today's Power Systems

In North America, power system operation is performed by Balancing Authorities (BAs), either
Independent System Operators (ISOs) and/or Regional Transmission Organizations (RTOs)[1].
Within these organizations, several functions are required that are divided among di�erent o�ces,
depending on the regional regulatory framework. These include power systems operation, admin-
istration of wholesale electricity markets where applicable, and power system planning. These
o�ces are responsible for the generation mix available and their dispatch signals throughout each
day [2].

1.1.1 Electricity Dispatch

The way in which generators and load-serving entities interact with BAs vary signi�cantly between
operational territories. In regulated territories a single utility company typically controls the
generation, transmission, and distribution of electricity. These utilities are monopolies closely
regulated by state Public Utility Commissions (PUCs) or Public Service Commissions (PSCs).
The utility has centralized control over its power plants and dispatches electricity based on its own
system's operational needs and the regulatory guidelines [3].

In deregulated territories, production, transmission, distribution, and retail are unbundled,
creating a need for a market where these services can be competitively auctioned. Multiple mar-
kets are needed for adequate operations, with the most prominent being the Day-Ahead Market
(DAM) and the Real-Time Market (RTM). In the DAM, Independent Power Producers (IPPs)
and load-serving entities submit (typically) hourly bids for each hour of the next operating day.
The market is then cleared at every hour based on these o�ers, with the aim of optimizing the
generation dispatch schedule to meet the forecasted demand at the lowest cost while considering
transmission and security constraints. Locational Marginal Pricing (LMP) are obtained through
this optimization, which determine the price of electricity at di�erent locations on the grid, taking
into account the cost of energy, transmission congestion, and losses. On the day of, the RTM
is cleared in shorter intervals, typically between 5 and 15 minutes, wherein adjustments to the
schedule are made as demand forecasts become clearer [4]. This allows control room operators
to issue dispatch instructions to generators based on near real-time conditions. Market operators
then communicate with system operators to ensure all assets are aligned for nominal operating
conditions.

1.1.2 Market and System Operators

There is often structural separation between those who operate the power system from a control
room and those responsible for administering the markets. This division is designed to ensure
that the day-to-day management of the electricity grid's physical operations remains impartial
and una�ected by the commercial aspects of electricity trading, where it exists [5]. Control room
operators are focused on the real-time and near-term operational integrity of the power system.
Their primary objective is to "keep the lights on", by ensuring that electricity supply meets demand
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every minute of the day, maintaining system reliability, responding to emergencies, and ensuring
that generation matches consumption while maintaining the grid's frequency and voltage within
safe limits. Market administrators are tasked with managing the electricity markets, including the
day-ahead and real-time markets, where energy, capacity, and ancillary services are bought and
sold. These entities design market rules, oversee market operations, and ensure that transactions
are settled correctly. While they operate closely with control room operators to ensure market
decisions are feasible from a grid reliability perspective, their roles are distinct to avoid con
icts
of interest and to promote transparency and fairness in the market.

1.1.3 Power System Planning

The generation available on the market, whether in a regulated or deregulated territory, must �rst
be approved by a BA for interconnection. This involves an array of studies required to assess what
grid infrastructure is needed to support predicted demand. The process yields a Regional System
Plan (RSP) or Integrated Resource Plan (IRP) that consider a range of technical and economic
factors for multiple future scenarios, often based on interest solicited from market participants,
where applicable [6]. IRPs are dynamic and iterative in nature.

1.2 Optimal Power Flow for Operations and Planning

Whether system and market operations are separated or a competitive market exists or not, the
BA needs to decide on a dispatch signal for all participating generators that will serve the system
load. Likewise, planners need to determine the performance of various generation portfolios under
speci�c loading conditions. Planning and operations today mainly determine and assess generator
dispatch by solving an approximate Optimal Power Flow (OPC) problem known as DC OPF,
and validating with AC power 
ow. DC OPF simpli�es the power system by using linearized
power 
ow equations, ignoring losses and assuming a 
at voltage pro�le across the network. This
approximation makes it computationally e�cient and has been historically used to optimize the
economic dispatch of generation over large power systems with thousands of generation units and
demand points.
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1.2.1 Economic Dispatch with DC Optimal Power Flow

The constrained DC OPF problem can be formulated as:

minimize
X

i 2G

ci (PGi ) (1.1)

subject to: Pmin
Gi � PGi � Pmax

Gi ; 8i 2 G (1.2)

Pmin
Di � PDi � Pmax

Di ; 8i 2 D (1.3)
X

i 2G

PGi �
X

i 2D

PDi = 0 (1.4)

�
�
�
�
� i � � j

X ij

�
�
�
� � F max

ij ; 8(i; j ) 2 L (1.5)

� ref = 0 (1.6)

where

ˆ G, D, and L are the set of generators, demands (loads), and transmission lines, respectively,

ˆ ci (PGi ) is the cost function of generator at busi , typically quadratic,

ˆ PGi is the active power output of generator at busi ,

ˆ Pmin
Gi and Pmax

Gi are the minimum and maximum P-limits of generator at busi , respectively,

ˆ PDi is the power demand ati ,

ˆ Pmin
Di and Pmax

Di are the minimum and maximum P-load at busi , respectively,

ˆ F max
ij is the maximum power 
ow limit on the transmission line from busi to bus j ,

ˆ � i and � j are the voltage angles at busesi and j , respectively,

ˆ X ij is the reactance of the transmission line from busi to bus j , and

ˆ � ref is the reference voltage angle, typically set to zero for a reference bus in the system.

The DC OPF model, while valuable for economic dispatch and market clearing, is never phys-
ically feasible due to the simpli�cations made [7]. In particular, lines are assumed to be lossless.
Only reactance is considered to compute approximate 
ows. Losses thus needed to be calculated
in post processing, and added into Constraint 1.4 later. Further, voltages are assumed to be 
at
(1.0 per unit) across the networks, not accounting for real voltage pro�les in the system. Conse-
quently, reactive power, Q, is ignored, which can have a substantial impact in the feasibility of
the solution. Lastly, the linear approximation used in DC OPF does not accurately represent the
non-linear nature of power system operations, especially under stressed conditions or in systems
with signi�cant reactive power 
ows.
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1.2.2 Feasibility Assessment via AC Power Flow

Given these limitations, AC power 
ow analysis is required as a post-dispatch feasibility check to
ensure operational viability. Unlike DC OPF, AC power 
ow does not assume a 
at voltage pro�le,
considers both active and reactive power balance, and accounts for system losses by modeling lines
with both resistance and reactance. While still linearized around an initial condition, iterative
methods like Newton-Raphson are often used that approximate the non-linearity in the system at
each iteration.

The AC power 
ow problem aims to solve for the bus voltages in a power system under steady-
state conditions [8]. It uses the network's physical parameters and the known quantities (such as
power injections and demands) to calculate the unknown voltages and angles at each bus. For
each busi in the system, formulation with polar bus admittances is given by:

Pi = Vi

NX

j =1

Vj jYij j cos(� i � � j � � ij ) (1.7)

Qi = Vi

NX

j =1

Vj jYij j sin(� i � � j � � ij ) (1.8)

where

ˆ Pi and Qi are the real and reactive power injections at busi , respectively.

ˆ Vi and Vj are the voltage magnitudes at busesi and j , respectively.

ˆ jYij j is the magnitude of the admittance between busesi and j .

ˆ � ij is the phase angle of the admittance between busesi and j .

ˆ N is the total number of buses in the system.

Buses are categorized based on which two of the four quantities (P - real power,Q - reactive
power,V - voltage magnitude,� - voltage angle) are speci�ed and which two are to be determined.
The main types of buses are:

ˆ Slack (or Reference) Bus: For the slack bus, the voltage magnitude (V) and voltage
angle (� ) are speci�ed. This bus serves as a reference for voltage angles across the system
and balances the active power in the system to account for losses. Typically, there is one
slack bus per system.

ˆ PV (Generator) Buses: For PV buses, the real power injection (P) and the voltage
magnitude (V) are speci�ed, while the reactive power (Q) and the voltage angle (� ) are to be
determined. These buses represent generator buses where the generator's output real power
and terminal voltage are controlled.
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ˆ PQ (Load) Buses: For PQ buses, both the real (P) and reactive (Q) power injections are
speci�ed. The voltage magnitude (V) and angle (� ) are the unknowns. PQ buses typically
represent load buses where the consumption of real and reactive power is known.

When a solution to the AC power 
ow is found, several checks are required that are not con-
sidered in the solution. First, while PV buses have speci�ed real power (P) and voltage magnitude
(V), we must also check that the reactive power (Q) generated or absorbed by the bus does not
exceed the generator's capability. If a generator'sQ exceeds its limits, the bus may need to be
converted to a PQ bus, to maintain reactive power within its operational limits. Second, AC
power 
ow does not inherently ensure that bus voltage magnitudes remain within their speci�ed
limits. Post-solution, it is necessary to verify that all bus voltages are within acceptable ranges.
Violations indicate the need for reactive power support or adjustments in operational strategies to
bring voltages back within limits.

Similarly, while AC power 
ow does consider maximum (electrical) power transfer limits, it does
not inherently consider thermal or stability limits on transmission lines. Post-solution, line 
ows
must be checked against their thermal limits to prevent equipment damage and ensure stability.
If these limits are exceeded, generation may need to be re-dispatched, phase-shifting transformers
may need to be utilized, or demand response may be needed to manage 
ows.

Operators have a plethora of tools at their disposal to arrive at feasible solutions which aid
in determining what actions are needed to arrive from one steady state to another. An example
of a systematic approach to debugging a solution is the DC-AC Tool in [9], a sophisticated tool
designed to "achieve a solvable AC power 
ow case by modifying the power 
ow condition and then
to try to track the AC power 
ow solution while gradually removing the adopted changes. If all
adopted changes can be completely removed, then the original AC power 
ow solution is obtained.
Otherwise, insights into actionable controls are derived to help in operation and planning." A

ow-chart of the tool is shown in Figure 1.1.
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Figure 1.1: Flow-chart of 2022 NREL state of the art DC-AC Tool presented in [9]

If AC power 
ow analysis converges and indicates infeasibilities, control room operators have
several tools and strategies to achieve a feasible dispatch, including re-dispatching generation,
reactive power support, topological adjustments, and demand response. If AC power 
ow analysis
does not converge, determining what steps to take to obtain a feasible solution often requires
additional assessment tools like the DC-AC tool shown above, as the AC power 
ow routine on its
own does not provide diagnostic outputs indicating the speci�c cause(s) for non-convergence.

1.2.3 Problem Statement

Procedures for obtaining feasible dispatch signals are often open-ended and may not result in
an adequate solution in a given time-frame. In operations, standing reserves are kept to allow

exibility for operators to exercise intervention as needed under stressed conditions. This is often
expensive and should be minimized in general. In this thesis we will challenge the use of DC OPF
as a basis for operations and planning by using full-blown AC OPF to advise both.
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In particular, we seek to address the following research questions:

"Can AC OPF be used as a basis for physically-implementable, economically-informed
dispatch signals, and can these be used to guide optimal control actions, and capacity
expansion for decarbonization?"

To answer these questions, we employ an AC OPF software package, SmartGridz, to assess a
real-world model of the Puerto Rican grid, created from publicly available data. This platform is
used to show how insights from AC OPF can be used, under both convergence and non-convergence.
We use active constraints and duality theory to guide optimal control actions, and show how this
can be used with a modi�ed model to guide capacity expansion. This analysis is performed for
various contingencies and loading scenarios, forming a robust statistical assessment of systemic
bottlenecks. We begin with a review of AC OPF models and their uses in academia and industry.

1.2.4 Economic Dispatch with AC Optimal Power Flow

The full AC OPF formulation considers as constraints the AC power 
ow equations shown in Eqns.
1.7 and 1.8. For constrained Economic Dispatch (ED), it can be formulated as:

min
PG ;QG

X

i 2G

ci (PG i ) (1.9)

subject to: PG i � PD i = Vi

NX

j =1

Vj jYij j cos(� i � � j � � ij ); (1.10)

QG i � QD i = Vi

NX

j =1

Vj jYij j sin(� i � � j � � ij ); (1.11)

V min
i � j Vi j � V max

i ; (1.12)

Pmin
G i

� PG i � Pmax
G i

; (1.13)

Qmin
G i

� QGi � Qmax
G i

; (1.14)

� min
ij � � i � � j � � max

ij ; (1.15)

where

ˆ jYij j and � ij are the magnitude and phase angle of the admittance between busesi and j ,

ˆ � i is the voltage angle at busi ,

ˆ Vi is the voltage magnitude at busi ,

ˆ PG i and QGi are the real and reactive power generation at busi ,

ˆ PD i and QD i are the real and reactive power demand at busi , and

ˆ V min
i , V max

i , Pmin
G i

, Pmax
G i

, Qmin
G i

, and Qmax
G i

are the limits for voltage, active and reactive power.
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The basic AC Optimal Power Flow (OPF) formulation can be extended to address more com-
plex and realistic scenarios encountered in power systems operation. Here, we discuss a few for-
mulations.

Extensions to AC Optimal Power Flow

The multi-time horizon AC OPF extends the single-period optimization problem to multiple peri-
ods, typically to handle the variability of demand and generation over time. This formulation can
include inter-temporal constraints like generator ramping limits and storage dynamics.

min
PG ;QG ;:::

TX

t=1

X

i 2G

ci (PG i (t)) (1.16)

Robust AC OPF formulations are designed to handle uncertainty in system parameters. They
aim to �nd a solution that is feasible under a range of possible realizations of the uncertain
parameters, such as load, generation, and network conditions.

min
PG ;QG ;:::

max
� 2 �

X

i 2G

ci (PGi ; QGi ; � ) (1.17)

Stochastic AC OPF considers the probabilistic nature of uncertainties in the power system. It
typically involves the optimization of the expected cost over di�erent scenarios, taking into account
probability distributions of said uncertainties.

min
PG ;QG ;:::

E(� � P )

"
X

i 2G

ci (PG i ; QG i ; � )

#

(1.18)

This formulation includes additional constraints to ensure that the system can withstand a
set of prede�ned contingencies, such as the failure of a generator or transmission line. Each of
these formulations adjusts the AC OPF problem to better account for reliability, e�ciency, and
resilience of the electricity supply.

Alternative Objectives for AC Optimal Power Flow

The above extensions can also be applied to AC OPF with objective functions other than Economic
Dispatch. Instead of optimizing over cost functions de�ned by active power output of generators,
one can de�ne costs associated with reactive power output, or apparent power output. Alterna-
tively, one could de�ne soft-constraints in the objective function to �nd, for example, a solution
that optimizes voltage pro�les, to minimize load shedding or optimize branch 
ows in the network.

These alternative objective functions are found in SmartGridz (NETSSWorks), a software pack-
age dedicated to solving AC OPF problems [10]. This thesis will employ the SmartGridz platform
for solving various optimization problems with two primary formulations: Economic Dispatch for
Active (Real) Power, and the Manage eXtreme bus Voltages (MXV) optimization routine, which
aims to minimize the deviation away from a range of voltages de�ned per bus.
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The MXV AC OPF can be formulated as follows. Given a set of bus voltagesf V Mi g, lower
voltage boundsf V Li g, and upper voltage boundsf V Hi g, the MXV optimization function to be
minimized is the sum of individual bus voltage violation costs:

min
X

i

8
><

>:

CL i � (VL i � j Vi j) + CQ i � (VL i � j Vi j)2 if jVi j < VL i

0 if V Li � j Vi j � VH i

CL i � (jVi j � VH i ) + CQ i � (jVi j � V Hi )2 if jVi j > VH i

(1.19)

whereCL i and CQ i are the linear and quadratic cost coe�cients, respectively.

Throughout this work, we will be using AC OPF with Economic Dispatch and MXV-based opti-
mizations to study the Puerto Rican electic power system. We �rst set context by detailing key
stakeholders, the electric power system and available assets, as well as key recent events as impetus
for current policies for grid enhancement and decarbonization e�orts.

1.3 Puerto Rico's Electric Power System

The Puerto Rican electric power grid is composed of a meshed Bulk Power System (BPS) feeding
many radial distribution systems servicing 3.0 million inhabitants, both in urban and rural settings
[11]. The majority of customers live along or near the coast with dispersed communities in the
central mountainous regions. The largest load center is the capital city of San Juan, followed by
the cities of Ponce, Mayag•uez, Arecibo and Caguas.

Electric power generation is primarily legacy fuel, oil and gas assets located near coastal ports
for import. The largest generating centers are in the south including the Aguirre complex, and the
Costa Sur complex (west of Ponce). As well, there are signi�cant assets in the capital area, namely
the Palo Seco and San Juan stations. Power largely 
ows northward through 220 kV transmission
corridors that traverse the mountainous interior of the island, with 115 kV lines also traversing
the interior of the island and providing support longitudinally.

Figure 1.2 shows the transmission infrastructure and major legacy generating assets on the
island. For the remainder of this study we refer to the 115 kV and 220 kV network as the Bulk
Power System (BPS) for Puerto Rico.

1.3.1 Key Organizations Managing the Puerto Rican Grid

The Puerto Rican power grid is managed by several key organizations. The Puerto Rico Electric
Power Authority (PREPA), a government-owned utility, has historically managed the grid but has
faced criticism for poor management and under-investment [12]. In recent years, PREPA began
privatizing parts of its operations, notably handing over transmission and distribution to LUMA
Energy in 2021 under a 15-year contract. LUMA Energy is a consortium owned by Canada's ATCO
and U.S.-based Quanta Services [13]. The grid is thus managed by both a local government-owned
entity (PREPA) and a private company (LUMA Energy), and is under regulatory and �nancial
in
uence from both local and federal government initiatives aiming to modernize the grid.
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Figure 1.2: Transmission infrastructure and legacy generation assets in Puerto Rico (2020) [14]

This privatization has faced considerable opposition due to increasing blackout frequencies and
concerns about the pace of transitioning to renewable energy [15]. The Puerto Rican government
and federal agencies, including Federal Emergency Management Agency (FEMA), are investing
heavily in grid modernization, emphasizing renewable energy to reduce dependence on fossil fuels
and improve grid resilience. This transition is governed by the 2019 Puerto Rico Energy Public
Policy Act (Act 17 of 2019)[16] which sets forth a framework for transforming the island's en-
ergy system with a strong focus on sustainability, renewable energy, and resilience, establishing
aggressive renewable energy targets for Puerto Rico, namely, 40% generation from renewables by
2025, 60% by 2040, and 100% by 2050. Additionally, the Act plans for the phase-out of coal-�red
generation by 2028 and aims for a 30% improvement in energy e�ciency by 2040.

Act 17 of 2019 mandates the phase-out of coal-based power generation by 2028, pushing the
island to adopt cleaner energy sources and emphasizes the modernization of the electrical grid
to make it more resilient against natural disasters like hurricanes. This includes infrastructure
upgrades and the incorporation of smart grid technologies. The Act restructures the regulatory
framework, strengthening the role of the Puerto Rico Energy Bureau in overseeing and implement-
ing energy policy, ensuring compliance with the Act's goals. It sets forth measures to improve
energy e�ciency across various sectors as part of the broader strategy to reduce overall energy
consumption. Lastly, the legislation promotes the development of micro-grids and distributed en-
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ergy systems, which can operate independently from the main grid during outages and are crucial
for enhancing grid resilience.

The Act was largely a response to the vulnerabilities exposed by Hurricane Maria and aims to
address both the immediate needs for reliable energy and long-term sustainability goals.

1.3.2 Severe Grid Failures Post-Hurricane Maria

Hurricane Maria, a Category 5 storm, struck Puerto Rico on September 20, 2017, and became
one of the most devastating natural disasters in the recorded history of the United States. The
hurricane in
icted severe damage on the island's infrastructure, destroying approximately 80% of
the island's power transmission lines. More than 1.5 million customers were left without power
immediately after the storm with power outages lasting almost 11 months for some areas, making
it the longest blackout in U.S. history and the second-longest in the world [17]. Figure 1.3 shows
the gradual re-dispatch of power following the landfall of Hurricane Maria.

Figure 1.3: Electricity generation in Puerto Rico following Hurricane Maria [18]

The lack of electricity had dire consequences for health services, water supply, and telecommu-
nications, exacerbating the humanitarian crisis on the island. Economic activities were severely
disrupted, with prolonged power outages signi�cantly hampering recovery e�orts [17]. In response
to the catastrophic failure of the power grid, the Puerto Rican government, with support from fed-
eral agencies and international aid, embarked on a path to not only restore but also to transform
the grid. This initiative led to the drafting of the Puerto Rico Energy Public Policy Act in 2019,
detailed above[16] and the subsequent PR100 study.
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1.3.3 Puerto Rico Grid Resilience and Energy Transition Study

Following the devastating impacts of Hurricane Maria, the Puerto Rico Grid Resilience and Tran-
sition to 100% Renewable (PR100) Study was initiated as a collaborative e�ort between the U.S.
Department of Energy (DOE) and the Federal Emergency Management Agency (FEMA) to "com-
prehensively analyze possible pathways for Puerto Rico to achieve its renewable energy goals while
incorporating stakeholder perspectives and advancing energy resilience for all Puerto Ricans" [19].
The activities and tasks led by key partners are shown in Figure 1.4.

Figure 1.4: The PR100 activities and tasks are led by six contributing national laboratories [20]

The results of the PR100 study are aimed at enhancing the grid's resilience to withstand
future natural disasters, particularly hurricanes, which are common in the Caribbean region while
transitioning to a grid powered entirely by renewable energy sources by 2050, reducing the island's
dependence on imported fossil fuels and improving the economic e�ciency of the grid to reduce the
energy costs for Puerto Rican consumers. The study leveraged extensive stakeholder engagement
to tailor the energy solutions to the speci�c needs and preferences of Puerto Rican communities and
employed advanced modeling and analysis to explore multiple scenarios for integrating renewable
energy sources like solar and wind power, alongside battery storage technologies.

The PR100 study has identi�ed three potential scenarios for Puerto Rico's transition to a 100%
renewable energy grid, all considering Distributed Energy Resources (DERs). These scenarios are
designed to explore di�erent pathways and their implications for the island's energy future, and
are shown in Figure 1.5.
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Figure 1.5: Three scenarios modeled in PR100, di�ering in levels of DER adoption [20]

All scenarios focus heavily on distributed solar and battery as key DERs, and di�er primarily
on the scale of deployment. We adopt this direction when considering placement of new generating
assets in Chapter 3 on Decarbonization. Before outlining our modeling approach, we lastly overview
the status of Puerto Rico's grid modernization e�orts.

1.3.4 Summary of Puerto Rico's Grid Modernization E�orts

Despite progress since Hurricane Maria, the grid su�ered another complete blackout during Hur-
ricane Fiona in September 2022. This incident re-emphasized the need for accelerated grid mod-
ernization, leading to the formation of the Puerto Rico Grid Recovery and Modernization Team
under the Biden Administration [21].

A large component of the recovery strategy remains the PR100 Study, which analysed potential
pathways for achieving 100% renewable energy by 2050. This study includes extensive stakeholder
engagement and aims to improve energy justice and resilience against extreme weather [19].

Initiatives like the Puerto Rico Energy Resilience Fund and various grants aim to bolster
the grid's resilience. For example, in July 2023, over$450 million was allocated for increasing
residential rooftop solar PV and battery storage installations, focusing on supporting vulnerable
communities [22].

The DOE assists in developing project applications for FEMA's Hazard Mitigation Grant Pro-
gram. This includes designing renewable microgrids and evaluating grid investment opportunities
across the island [21].
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Tools like the Regulatory and Permitting Information Desktop (RAPID) Toolkit are being
developed to simplify the process of securing approvals for renewable energy projects, thus accel-
erating infrastructure development [23].

Programs such as the Clean Energy Innovator Fellowships are helping to build the next gener-
ation of energy sector professionals in Puerto Rico, ensuring that the local workforce is equipped
to support ongoing modernization e�orts [24].

In 2024, the Paci�c Northwest National Laboratory (PNNL) engaged the Massachusetts Insti-
tute of Technology (MIT) and SmartGridz in a study aimed at leveraging the Dynamic Monitoring
and Decision Systems (DyMonDS) framework for integrating non-conventional grid elements and
demand-side resources into Puerto Rico's power system for resilient and e�cient clean power de-
livery is described. The report outlines the evolution from traditional hierarchical control towards
a more inclusive and 
exible control structure that accommodates a variety of new technologies.
This shift aims to maintain reliability standards while adapting to the unique challenges and op-
portunities presented by the integration of distributed generation and renewable energy resources,
illustrating the potential for a dynamic and interactive grid system [25].

1.3.5 Thesis Contributions to Puerto Rican Grid Modernization

The author was involved in the use of AC OPF for assessing grid bottlenecks in [25] and for 
exible,
optimal control actions on the real-world Puerto Rican grid model. This work is protected and not
publicly available. As such, similar methods will be used here on the Puerto Rican system model
developed at the MIT Lincoln Laboratory in 2019 [26].

Furthermore, while the PR100 provides scenario modeling for DER deployment, speci�c de-
ployment strategies that detail where, when, and how much zero-carbon generation is needed as
Puerto Rico decommissions it's carbon-intensive generating assets were not provided. Further-
more, AC OPF was not used in obtaining results in PR100. As such, this thesis will build upon
the methods used in [25] to create a deployment schedule using optimal power 
ow results.

Our objectives are thus two-fold. We �rst show how AC OPF results can be used to develop
a base assessment for a power system, and how optimal control actions can be determined as
needed. Then, we show how signals for optimal control actions can be used to instead guide grid
decarbonization through replacing existing fossil generation with new renewable assets. Through-
out, we will consider various contingencies and loading scenarios to provide statistical insights on
robustness.
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1.4 Methodology for Assessing System Vulnerabilities

First the base model is assessed, to show insights gained from solving it via AC OPF. Next, we
consider several optimization realizations to show which operational features are similar, and which
di�er based on the objective function. We lastly assess the base model for robustness considering
the loss of any single element, also known as N-1 security.

Assessment of Base Model

The base model is available in the industry standard PSS/E �le format [27]. To assess the state of
the system under nominal operating conditions, we will use an MXV Power Flow routine to obtain
results akin to those obtained through AC Power Flow, but instead through an optimization
formulation in SmartGridz. MXV Power Flow is based on the Manage eXtreme bus Voltages
(MXV) optimization routine, which aims to minimize the deviation away from a range of voltages
de�ned per bus.

The results of the MXV Power Flow will give us a nearly identical operating point as would be
found from a non-linear AC power 
ow solution, but additionally will tell us which constraints are
binding for that solution. These insights are critical as they inform us on 
ow, power and voltage
security.

AC OPF for Economic Dispatch

Standard practice when scheduling generation is to consider the most cost e�ective Economic
Dispatch (ED). This procedure considers the marginal costs of all generation and determines the
quantities at which each generator produces by solving either a DC or AC OPF problem. SG
solves the AC OPF, generating both P and Q quantities. This problem is �rst solved by assuming
�xed voltage set-points at regulated buses, and is then solved with voltage limits relaxed to� 5%
regulation to see if there are substantial cost reductions from adjusting voltage set-points.

Insights will be drawn from resultant primal and dual optimization pro�les. Primal pro�les will
tell us our dispatch signals, and dual pro�les will tell us where constraints are binding. Results
with and without adjustable voltage set-points will be compared.

AC OPF for Loss Minimization

The framework for the AC OPF for MW loss minimization is the same as for ED. The di�erence
is that generation costs are set to a small value so that losses are the main contribution in the
objective function. This study will again performed with and without adjustable voltage set-points,
and analyzed in the same manner as for Economic Dispatch.

System Robustness via N-1 Screening

A Jacobian-based (AC) screening will be performed on the base power 
ow model considering
nominally �xed set-points on the BPS (not considering contingencies on the 38 kV system) using
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an MXV routine. In this study, Q limits will be considered, where if generators connected to
regulated (PV) buses reach their Q-limits, the bus is changed to an unregulated (PQ) bus.

Contingency analysis is often performed for N-1 security, that is, the loss of individual compo-
nents. This is because of the NERC standard, TPL-001-4, for N-1 contingencies, which requires
entities to demonstrate that their systems can handle the loss of a single element without leading
to instability or cascading failures [28]. TPL-001-4 also de�nes standards for N-1-1, which refers to
the condition where a power system experiences a second contingency while still adjusting to the
�rst one; essentially, it's the occurrence of two separate contingencies in close succession. While
double contingencies are de�ned as N-1-1, there are no NERC standards for N-2 (the concurrent
loss of two elements), or N-k (the concurrent loss of k-elements) in general.

As generators in this model represent generation complexes with multiple units, the loss of
assets such as the San Juan capital area including units at the San Juan and Palo Seco facilities in
the public data model actually represent larger, N-k, contingencies. These assets were highlighted
as critical in [25], where the author performed similar assessments using protected data. A key
�nding will be if they are also seen as critical contingencies in the public data model. If so, we
will show the optimal corrective control actions needed to stabilize the system, if possible. These
optimal control actions will be highlighted as key indicators we will use in the next section on grid
decarbonization, and critical assets will be discussed in the context of generator retirements.

1.5 Methodology for Grid Decarbonization using AC OPF

Having laid a foundation for how to analyze AC OPF results, we consider in detail the loss and
eventual retirement of assets in the San Juan capital area in Puerto Rico. This will be assessed
for a spread of loading conditions, and under a set of contingency scenarios for robustness. These
analyses will be geared towards replacing existing fossil fuel assets with distributed renewable
generation.

1.5.1 Generation Retirement Schedule

The Puerto Rico Energy Bureau (PREB) issued a Final Resolution on the IRP on August 24, 2020,
outlining several signi�cant directives for the Puerto Rico Electric Power Authority (PREPA). Key
mandates include the phased retirement of numerous oil-�red and coal-�red generation units over
the coming decade, and the aggressive integration of renewable energy projects. The retirements
are scheduled as follows: oil-�red units at Aguirre, Palo Seco, and San Juan by 2026; AES' coal-
�red plant by 2027; and Aguirre's diesel-�red units by 2030. Concurrently, PREPA is directed
to achieve a 40% Renewable Portfolio Standard (RPS) by 2025, escalating to 60% by 2040, and
reaching 100% by 2050. These renewable projects, along with associated energy storage, will
primarily be managed through agreements with third-party providers [29].

Studying the retirement of Palo Seco and San Juan assets is not only a pertinent and physically-
informed choice, as shown in [25] by the author, but it is also immediately relevant given PREPA's
plan to retire these assets by 2026.
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1.5.2 Model Reformulation for Proposed Generation

The same sub-case study, the outage of all generating assets in San Juan and Palo Seco will
be reformulated as an AC OPF capacity expansion problem. The base model will be modi�ed
to include potential generation, or "virtual generators", at every bus on the BPS, with limited
capacity that re
ects the underlying potential asset. This will allow for non-dispatched generation
to be callable as generators are retired. As the PR100 Study was focused on solar and batteries,
the constraints on each virtual generator will re
ect the potential for these DERs at each bus.

The objective used will be Economic Dispatch, with virtual generators having high marginal
costs. The goal will be to provide callable resources in areas where constraints would be otherwise
binding, to show where additional generation would be needed per the physical constraints.

This methodology will be applied over a series of generator outages, and for all critical contin-
gencies found under the base model N-1 screening. We will also consider several loading scenarios.
All results will be compiled to provide statistical results aimed at determining the sensitivity /
robustness of the solutions to changes in load and topology.

The results will be a recommended schedule for DER deployment. The recommended schedule
will detail when, where and how much capacity is needed in response to the decommissioning of
speci�c assets, and will be both physically- and economically- informed by the physical constraints
of the AC OPF, and the marginal costs used for the Economic Dispatch objective function.
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Chapter 2

Assessment of Puerto Rican Grid
Robustness and Vulnerabilities

In 2019, a system model of the Puerto Rican electric power system was created by a team led by
Prof. Ilic at the MIT Lincoln Laboratory (MIT LL) from public data sources [26]. This model
was used to showcase a framework for evaluating electric power grid improvements in Puerto Rico,
considering multiple scenarios and infrastructure options.

The work presented here is based on the model created at the MIT LL, with a few adjustments.

ˆ The original model represented the 38 kV network through a fully meshed network created
via Kron reduction. The line parameters for the equivalent 38 kV lines in this network were
updated in 2024 by Dr. Jaddivada, from SmartGridz (SG).

ˆ The voltage set-points at generator-regulated buses in the original model were set outside
of nominal � 5% per unit regulation. The author has since adjusted these to more closely
represent set-point ranges observed in real-world data.

ˆ The lower reactive power limits on all generators were the all set to the negative of the upper
reactive power limits in the original model. The lower limits were changed to 0 per unit, as
this better resembled nominal ranges considered in practice.

With this in mind, we begin our assessment of the base model. We will refer to the results
found in [25] for comparison where appropriate.

2.1 Base Power Flow Model Assessment

The .raw �le was loaded into SmartGridz and case modi�cations were made per the adjustments
above. We began by observing the voltage pro�les out of the box, shown in Figure 2.1. For clarity,
we only show results on the BPS, excluding equipment rated at 38 kV. All values are shown in per
unit. The base power for all equipment is 100 MVA.
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2.1.1 Bus Voltage Pro�le

Figure 2.1: Bus voltage pro�le for buses with Base kV� 115 kV of base model

We can see that the voltage pro�le appears to be solved, possibly around a di�erent equilibrium.
The pro�le extends beyond� 5% regulation, but are within � 10% regulation implying that the
solution may be solved about an emergency scenario. After running MXV PF, we con�rm that
this is a solved equilibria, with a voltage pro�le outside nominal operating conditions (Lower VSL)
as set by NERC Standard FAC-008-03 [30]. We continue with results from the MXV PF run,
observing next the generator power pro�les to see asset utilization.

2.1.2 Active and Reactive Power Pro�les

Figure 2.2: Active power pro�le for all generators solved using MXV Power Flow
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The generation active power pro�le is shown in Figure 2.2. Both power pro�les are ordered by
capacity as set by their upper P- or Q- limits, respectively. In the model, upper P- and Q- limits are
scaled proportionally based on the available capacity publicly recorded for each station. Stations
are aggregated to single equivalent generators, without knowledge of individual generation units.

We �nd that assets were generating 2,691 MW of 4,433 MW nameplate capacity, indicating
that the system was operating at 61% capacity. The available capacity is higher than what was
observed on the protected system data used in [25], likely due to unit outages not accounted for
in the public data model. Even so, the results presented here are qualitatively similar.

We can see that Aguirre, Palo Seco, and San Juan are the three most utilized assets for active
power, which agrees with results from [25]. This poses serious challenges for planning as these
assets are the �rst assets scheduled for unit decommissioning by 2026 according to [29]. We lastly
note that all smaller generation was utilized at or close to their upper P-limits, indicating that
these distributed assets were highly utilized. We next observe the generation reactive power pro�le,
shown in Figure 2.3.

Figure 2.3: Reactive power pro�le for all generators solved using MXV Power Flow

We see that reactive power requirements were not met in the same proportions as active power
dispatch, indicating varied generator power factors. Palo Seco, AES and San Juan provided the
most inductive reactive power support, highlighting their utilization in maintaining the voltage
pro�le shown in Figure 2.1. As with active power, reactive power dispatch was distributed among
smaller assets to meet local requirements. The results generally agree with those seen in [25]. We
next observe line 
ows for AC lines.

2.1.3 Line Flows

Figure 2.4 shows the magnitude of active power 
owing through AC lines with a Base kV at or
above 115 kV, ordered by the magnitude of their Rate A limits. 115 kV rated AC lines all have
Rate A limits set at 227 MW, while 230 kV rated AC lines have Rate A limits set at 454 MW.
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Figure 2.4: Line 
ow magnitude for AC lines with Base kV� 115 kV solved using MXV Power
Flow

All lines were well within limits with the exception Line 30-10, one of the main lines supplying
power from the Aguirre power station, which approached its Rate A limit. We lastly observe which
constraints were active, to see in which direction solutions may be improved if relaxed.

2.1.4 Constraint Sensitivities

The MXV Power Flow routine uses the MXV optimization function, and modi�es the constraints
to mimic those seen resulting from bus categorization from standard AC power 
ow formulations.
As such, bus voltage constraints are not observed except for at the Slack Bus and 
ow constraints
are not observed at all. Active power is frozen for all generators, and Q-limits are observed as per
the capacity of each generator. The non-linear solver thus arrives at the same solution as would
be found in AC power 
ow.

Solving using SG's MXV Power Flow provides additional information otherwise not obtain-
able through standard AC power 
ow solvers. Since SG software solves constrained optimization
problems, sensitivities are available for each constraint (otherwise known as dual variables, or the
shadow prices of constraints). In particular, solutions that have active / binding constraints will
have non-zero values for their constraint sensitivities which indicates how the solution might be
improved of the constraint was extended. As most variables have both upper and lower limits, both
positive and negative sensitivities are observable, with negative values indicating an improvement
to minimization solutions by increasing in the upper limit and vice versa.

Figure 2.5 shows the value of the active power and reactive power dual variables (OS-P and
OS-Q) associated with each constraint. As active power is frozen for all but the Slack generator
(Aguirre), all show non-zero OS-P values.
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Figure 2.5: Active and reactive power constraint sensitivities for all generators solved using MXV
Power Flow

We see that the solution would prefer more a distributed active power dispatch signal than
what is allowed by the MXV PF solution. If a dispatch signal is incorrect, as is often the case
from DC OPF, the Slack bus compensates disproportionately in AC power 
ow to balance power.

2.1.5 Base Model Assessment

The base system as solved by the MXV Power Flow shows a large reliance on generating assets that
are scheduled for decommissioning, for both active and reactive power. Generator power factors
vary widely, with assets in the capital San Juan area being used at lower power factors due to
inductive reactive power support. The result also put excessive stress on lines that deliver power
from Aguirre through the northern corridor towards San Juan and adjacent areas.

As seen in Figure 2.1, none of the voltage limits are observed at regulated buses, meaning that
the results are not physically implementable. These set-points indicate the voltages that exciter
controls at each asset would work to maintain while within respective Q-limits. Observing that
the Aguirre generator is the denoted as the Slack generator, all other P-outputs originate from
some other source, presumably a DC OPF solution or from historical records.

There are several downstream consequences of bus voltage results mismatched with voltage set-
points at regulated buses. First, the line 
ows and losses calculated in the system will be inaccurate.
Second, the Q-output of the generators will also be inaccurate, perhaps vastly so, depending on the
deviation from the resultant bus voltages to their respective regulated set-points. It is unknown if a
solution that respects reactive or even apparent power limits exists. Lastly, any additional insights
that might be gleaned by observing constraint sensitivities are lost as the solution is invalid.

In order to further assess the base model, a proper AC OPF solution is required. In this study
we observe four solutions, with two di�erent objective functions where we either allow deviations
in voltage set-points (optimal control actions) or not. These are detailed in the next two sections.
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2.2 AC OPF for Economic Dispatch

Standard practice when scheduling generation is to consider the most cost e�ective Economic
Dispatch (ED). This procedure considers the marginal costs of all generation and determines the
quantities at which each generator produces by solving either a DC or AC OPF problem. SG
solves the AC OPF, generating both P and Q quantities. This problem is �rst solved by assuming
�xed voltage set-points at regulated buses, and is then solved with voltage limits relaxed to� 5%
regulation to see if there are substantial cost reductions from adjusting voltage set-points.

2.2.1 Economic Dispatch with Fixed Voltage Set-Points

Linear marginal costs for generators are obtained from a the Puerto Rico Integrated Resource Plan
(IRP) 2018-2019 prepared by Siemens [31], where these were available. Linear marginal costs for
all other generators were set to a value of 1.0, indicating that their cost of operation is minimal.
Quadratic marginal costs are assumed to be zero, such that the costs considered represent constant
fuel costs. The results are summarized in Figures 2.6 - 2.10.

Figure 2.6: Bus voltage pro�le for buses with Base kV� 115 kV solved for ED with �xed V-limits

Seen in Figure 2.6, the results now show a feasible voltage pro�le that is within all voltage
limits, and respects the voltage set-points on regulated buses.
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Figure 2.7: Line 
ow magnitude for AC lines with Base kV� 115 kV solved for ED with �xed
V-limits

Flows appear to be similar to those in Figure 2.4, with Line 30-10 now at its upper limit,
with 
ow constraint sensitivities (OS-F) con�rming that the solution would bene�t from loading
this line further. This implies a heavy reliance on the Aguirre generator, which is corroborated in
Figure 2.8.

Figure 2.8: Active power pro�le for all generators solved for ED with �xed V-limits

Figure 2.8 shows a change in the active power pro�le as compared to Figure 2.2. Generators
with low fuel costs operate at their upper limits while generators with high fuel costs operate
at their lower limits. This shows the importance of setting appropriate limits as, for example,
renewable generation will operate at its maximal capacity and should be limited by an appropriate
capacity factor for the given scenario and not the nameplate rating of the facility.
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The Aguirre generator is found to be outputting at or near maximum active power limit, as
well as the generator at Palo Seco, while the San Juan asset is hardly dispatched. This is due to
their proximity to loads and marginal costs, with Palo Seco being cheaper to dispatch than the
assets in the San Juan complex.

Figure 2.9: Reactive power pro�le for all generators solved for ED with �xed V-limits

The reactive power pro�le shows that assets are either at or near their upper or lower limits,
suggesting that the voltage set-points used may be causing ine�ciencies in the solution. Indeed
we see non-zero OS-Q values in Figure 2.10 at all generators, especially Caonilla. For this reason,
we next consider the case where voltage limits on regulated buses are relaxed to� 5% regulation,
to see what bene�t can be obtained from this 
exibility.

Figure 2.10: Active and reactive power constraint sensitivities for all generators solved for ED with
�xed V-limits
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2.2.2 Economic Dispatch with Adjustable Voltage Set-Points

The results when running the AC OPF for Economic Dispatch with adjustable voltage set-points
are shown in Figures 2.11 - 2.15

Figure 2.11: Bus voltage pro�le for buses with Base kV� 115 kV solved for ED with relaxed
V-limits

The voltage pro�les in Figure 2.6 and Figure 2.11 di�er signi�cantly suggesting that the voltage
set-points used were sub-optimal. By also observing 
ows in Figure 2.12, we can see that the
distribution of 
ows has adjusted, and that no lines are pushed to their Rate A limit.

Figure 2.12: Line 
ow magnitude for AC lines with Base kV� 115 kV solved for ED with relaxed
V-limits
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By observing the active power pro�le in Figure 2.13 we see a signi�cant di�erence in asset
utilization in the south. In particular, the Costa Sur generator is now used to full active power
capacity, and the AES generator is not used at all. This suggest that by adjusting voltage set-
points, the more cost e�ective generator was able to deliver power through the network.

Figure 2.13: Active power pro�le for all generators solved for ED with relaxed V-limits

By observing the reactive power pro�le in Figure 2.14, we notice that the dispatch reactive
power support is now more evenly distributed among generation.

Figure 2.14: Reactive power pro�le for all generators solved for ED with relaxed V-limits

The result is that generators are no longer at their reactive power limits, and in cases where
they are, their OS-Q sensitivity is very low. This is seen in Figure 2.15.
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Figure 2.15: Active and reactive power constraint sensitivities for all generators solved for ED with
relaxed V-limits

From Figure 2.15 we also which generators would bene�t from capacity expansion (negative
OS-P values). These correspond to generators with low marginal costs. One can interpret the
positive OS-P values as bene�ting from additional demand, but this may not be true, as the
ED objective function will look to minimize costs and consider negative generation with a high
marginal cost an e�ective means to do so. Positive OS-P values are thus taken to indicate where
the system might bene�t economically from decommissioning.

2.2.3 Comparison of Economic Dispatch Results

The objective in the AC OPF Economic Dispatch formulation is to minimize fuel costs. Figure
2.16 shows a comparison of the di�erent total operating costs and relative savings compared to
the base power 
ow model with the same generator bids.

Figure 2.16: Comparison of ED results with/without adjustable voltage set-points to the base
power 
ow model
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We �nd that through e�cient AC OPF ED, cost savings of 13% are attained for this load-
ing scenario with �xed voltage set-points, and cost savings of 31% attained if voltage set-points
are adjustable. Further, the results from both ED scenarios are physically implementable as all
constraints are satis�ed.

Figure 2.17: Comparison of ED voltage pro�les to that of the base power 
ow model

We can see that the ED pro�les look very di�erent than the base model, as a new equilibrium
is found that is within � 5% regulation. There are also signi�cant di�erences in line 
ows, with
adjustable voltage set-points allowing for power to be redistributed more evenly.

Figure 2.18: Comparison of ED line 
ow pro�les to that of the base power 
ow model
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Next we show how the same analysis can be applied to improve physical system e�ciency
through MW loss minimization, instead of economic e�ciency through cost minimization.

2.3 AC OPF for Loss Minimization

The framework for the AC OPF for MW loss minimization is the same as for ED. The di�erence
is that generation costs are set to a small value so that losses are the main contribution in the
objective function. This study is again performed with and without adjustable voltage set-points.

2.3.1 Loss Minimization with Fixed Voltage Set-Points

Figures 2.19 - 2.23 show the results of this optimization. Figure 2.19 shows a feasible voltage pro�le.
Assessment of the V-sensitivities show that several voltage set-points act as active constraints that
show the potential for measurable improvements via operational adjustments. These results similar
to those found via ED with �xed voltage set-points. We observed buses in the Aguirre area, as
well the Costa Sur and Mayag•uez areas approaching the 1.05 p.u. limit.

Figure 2.19: Bus voltage pro�le for buses with Base kV� 115 kV solved for ED with �xed V-limits

Likewise, the AC line 
ows shown in Figure 2.20 are similar to those in Figure 2.7. This
indicates that under this set of operating conditions, optimizing for economics and physical losses
are closely aligned.
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Figure 2.20: Line 
ow magnitude for AC lines with Base kV� 115 kV solved for ED with �xed
V-limits

In Figure 2.21, the results are similar to those in Figure 2.8, but with a dispatch signal that
is more evenly distributed across generators. In particular, San Juan and AES are dispatched
more under loss minimization, indicating that while not economic, these generators provide other
physical bene�ts.

Figure 2.21: Active power pro�le for all generators solved for ED with �xed V-limits

The reactive power pro�le seen in Figure 2.22 is very similar to that seen in Figure 2.9, as the
reactive power balance is the same and the same voltage constraints are held.
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Figure 2.22: Reactive power pro�le for all generators solved for ED with �xed V-limits

By observing OS-P and OS-Q we can see that the same constraints are active in Figure 2.23 as
in Figure 2.10, with di�erent magnitudes. In particular we see that the extremely high constraint
sensitivity seen at Caonilla for both active and reactive power is greatly reduced, as a result of the
redistribution of power dispatched.

Figure 2.23: Active and reactive power constraint sensitivities for all generators solved for ED with
�xed V-limits

Since several non-zero OS-V were observed in the results of this optimization as well, an equiv-
alent run with adjustable voltage set-points was performed and shown in the next section.
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2.3.2 Loss Minimization with Adjustable Voltage Set-Points

Figure 2.24 shows a feasible voltage pro�le. The main bus in the Aguirre area and Costa Sur areas
approached the 1.05 p.u. limit, with Aguirre at the limit.

Figure 2.24: Bus voltage pro�le for buses with Base kV� 115 kV solved for ED with relaxed
V-limits

When allowing for voltage set-points to be adjustable, 
ows are able to redistribute to reduce
losses further. We see peak 
ows decreasing on all lines except Line 3-36 in Rio Laja, an area in
the south-west, near Mayag•uez.

Figure 2.25: Line 
ow magnitude for AC lines with Base kV� 115 kV solved for ED with relaxed
V-limits

With set-points adjustable, the active power pro�le in Figure 2.26 shows a redistribution of
power shared, with generation near load centers at full capacity. All generators except Costa Sur
and Aguirre were fully dispatched.
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Figure 2.26: Active power pro�le for all generators solved for ED with relaxed V-limits

The reactive power pro�le in Figure 2.27 showed similar readjustments, and closely resembled
Figure 2.14, but with less reliance on Costa Sur.

Figure 2.27: Reactive power pro�le for all generators solved for ED with relaxed V-limits

When observing OS-P and OS-Q in Figure 2.28, we see that non-zero sensitives occur for both
indicating active constraints but that their magnitudes are small. This shows that bene�ts can
be gained by increasing distributed generation, but that with current installed capacities, these
bene�ts are small under loss minimization with adjustable voltage set-points.
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Figure 2.28: Active and reactive power constraint sensitivities for all generators solved for ED with
relaxed V-limits

2.3.3 Comparison of Loss Minimization Results

The results of each loss minimization routine are compared with those of the base model with the
same marginal cost structure, in Figure 2.29. We see that the base model has lower losses than
the optimized solution with �xed voltage set-points. This is as a result of a higher voltage pro�le
across all buses, allowing for power to 
ow with less line currents. It is important to note that the
MXV Power Flow solution was not feasible nor an acceptable equilibria under nominal operating
conditions, as no voltage set-points were met and many bus voltages were above 1.05 per unit
voltage. When allowing for adjustable voltage set-points, a solution is found that reduces MW
losses, with an acceptable voltage range. The results happen to be very similar, to within� 1%
di�erence in losses.

Figure 2.29: Comparison of ED results with/without adjustable voltage set-points to the base
power 
ow model
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Figure 2.30 shows a comparison of voltage pro�les. The result of optimizing over losses was to
lower all voltages to within � 5% per unit, with adjustable voltage set-points e�ectively smoothing
out the pro�le.

Figure 2.30: Comparison of ED voltage pro�les to that of the base power 
ow model

Lastly, the peak 
ows observed were shown to decrease in magnitude with each successive
optimization, as shown in Figure 2.31.

Figure 2.31: Comparison of ED line 
ow pro�les to that of the base power 
ow model

The preceding sections have studied the base system as-is and under dispatch signals optimized
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for either economics or physics under normal operating conditions. The results are in general
consistent with those found in [25]. We continue the study of robustness under normal operating
conditions with an N-1 contingency screening.

2.4 N-1 Contingency Screening

A Jacobian-based (AC) screening was performed on the base power 
ow model considering nom-
inally �xed set-points on the BPS (not considering contingencies on the 38 kV system). In this
study, Q limits are considered, where if generators connected to regulated (PV) buses reach their
Q-limits, the bus is changed to an unregulated (PQ) bus.

A total of 106 contingencies considering generator, AC line and transformer outages were
studied on the BPS, of which nine were labeled critical and in need of corrective actions. Note
that transformer outages often represent the loss of a generating asset. The �ndings from each
critical contingency is tabulated below. Generator adjustments are in MW.

2.4.1 Critical Contingency: Generator G 66 - San Juan Complex

Table 2.1: Top Generation Adjustments for Contingency G66

Bus Bus Name Previous Present Adjustment Min. Value Max. Value

62 CostaSkVSub0 312.336 597.088 +284.752 0.000 1358.000
65 MayagukVSub7 9.000 95.361 +86.361 0.000 193.000
68 AES kVSub4 296.110 360.118 +64.008 0.000 454.000
69 NaranjkVSub5 0.041 32.848 +32.807 0.000 33.000
30 Aguirre 932.081 957.633 +25.552 0.000 1092.000
67 ToroNekVSub3 32.999 8.963 -24.036 0.000 9.000
70 PaloSeckVSub8 599.958 591.456 -8.502 0.000 600.000
64 GarzaskVSub2 11.008 3.022 -7.986 0.000 5.000
63 YacuokVSub1 5.000 8.600 +3.600 0.000 11.000
46 Caonilla 19.999 19.419 -0.580 0.000 20.000
71 kVSub306 18.000 17.957 -0.042 0.000 18.000

Total positive generation adjustments: 497.0799 MW
Total negative generation adjustments: -41.1464 MW
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2.4.2 Critical Contingency: Generator G 70 - Palo Seco Complex

Table 2.2: Top Generation Adjustments for Contingency G70

Bus Bus Name Previous Present Adjustment Min. Value Max. Value

66 SJSPkVSub6 453.971 639.977 +186.007 0.000 640.000
65 MayagukVSub7 9.000 192.778 +183.779 0.000 193.000
68 AES kVSub4 296.110 453.991 +157.881 0.000 454.000
62 CostaSkVSub0 312.336 436.593 +124.257 0.000 1358.000
30 Aguirre 932.081 876.634 -55.446 0.000 1092.000
69 NaranjkVSub5 0.041 32.990 +32.949 0.000 33.000
67 ToroNekVSub3 32.999 8.982 -24.017 0.000 9.000
64 GarzaskVSub2 11.008 2.554 -8.454 0.000 5.000
63 YacuokVSub1 5.000 10.812 +5.812 0.000 11.000
46 Caonilla 19.999 14.280 -5.719 0.000 20.000
71 kVSub306 18.000 17.990 -0.009 0.000 18.000

Total positive generation adjustments: 690.6834 MW
Total negative generation adjustments: -93.6453 MW

2.4.3 Critical Contingency: Generator G 62 - Costa Sur Complex

Table 2.3: Top Generation Adjustments for Contingency G62

Bus Bus Name Previous Present Adjustment Min. Value Max. Value

30 Aguirre 932.081 702.345 -229.736 0.000 1092.000
66 SJSPkVSub6 453.971 639.999 +186.028 0.000 640.000
65 MayagukVSub7 9.000 193.000 +184.000 0.000 193.000
68 AES kVSub4 296.110 453.999 +157.889 0.000 454.000
69 NaranjkVSub5 0.041 32.998 +32.957 0.000 33.000
67 ToroNekVSub3 32.999 8.999 -24.000 0.000 9.000
64 GarzaskVSub2 11.008 5.000 -6.008 0.000 5.000
63 YacuokVSub1 5.000 11.000 +5.999 0.000 11.000
70 PaloSeckVSub8 599.958 599.999 +0.041 0.000 600.000

Total positive generation adjustments: 566.9147 MW
Total negative generation adjustments: -259.7434 MW
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Table 2.4: Top Voltage Adjustments for Contingency G62

Bus Bus Name Previous Present Min. Value Max. Value

30 Aguirre 1.086 1.087 1.086 1.086
63 YacuokVSub1 1.051 1.052 1.051 1.051
64 GarzaskVSub2 1.067 1.055 1.067 1.067
65 MayagukVSub7 1.051 1.052 1.051 1.051
66 SJSPkVSub6 1.074 1.075 1.073 1.074
67 ToroNekVSub3 1.071 1.073 0.100 2.000
68 AES kVSub4 1.073 1.077 1.073 1.073
69 NaranjkVSub5 1.073 1.075 0.100 2.000
70 PaloSeckVSub8 1.074 1.076 1.074 1.074
71 kVSub306 1.069 1.071 1.069 1.069

2.4.4 Critical Contingency: Generator G 68 - AES Complex

Table 2.5: Top Generation Adjustments for Contingency G68

Bus Bus Name Previous Present Adjustment Min. Value Max. Value

62 CostaSkVSub0 312.336 705.153 +392.817 0.000 1358.000
65 MayagukVSub7 9.000 192.926 +183.926 0.000 193.000
30 Aguirre 932.081 759.774 -172.306 0.000 1092.000
66 SJSPkVSub6 453.971 334.554 -119.417 0.000 640.000
69 NaranjkVSub5 0.041 32.970 +32.929 0.000 33.000
67 ToroNekVSub3 32.999 8.992 -24.007 0.000 9.000
64 GarzaskVSub2 11.008 4.615 -6.393 0.000 5.000
63 YacuokVSub1 5.000 10.997 +5.997 0.000 11.000
70 PaloSeckVSub8 599.958 599.871 -0.087 0.000 600.000
46 Caonilla 19.999 19.991 -0.008 0.000 20.000
71 kVSub306 18.000 17.995 -0.004 0.000 18.000

Total positive generation adjustments: 615.6681 MW
Total negative generation adjustments: -322.2210 MW

Table 2.6: Top Voltage Adjustments for Contingency G68

Bus Bus Name Previous Present Min. Value Max. Value

67 ToroNekVSub3 1.071 1.070 0.100 2.000
71 kVSub306 1.069 1.068 1.069 1.069
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2.4.5 Critical Contingency: 115-38 kV Feeder Transformer T 30 73
from Aguirre Complex to Guayama Municipality

Table 2.7: Top Generation Adjustments for Contingency T30 73

Bus Bus Name Previous Present Adjustment Min. Value Max. Value

30 Aguirre 932.081 545.033 -387.048 0.000 1092.000
62 CostaSkVSub0 312.336 661.828 +349.492 0.000 1358.000
65 MayagukVSub7 9.000 158.226 +149.227 0.000 193.000
66 SJSPkVSub6 453.971 312.790 -141.181 0.000 640.000
68 AES kVSub4 296.110 436.198 +140.087 0.000 454.000
70 PaloSeckVSub8 599.958 487.970 -111.988 0.000 600.000
69 NaranjkVSub5 0.041 28.748 +28.707 0.000 33.000
67 ToroNekVSub3 32.999 7.974 -25.025 0.000 9.000
64 GarzaskVSub2 11.008 2.569 -8.438 0.000 5.000
63 YacuokVSub1 5.000 7.703 +2.702 0.000 11.000
71 kVSub306 18.000 16.153 -1.846 0.000 18.000
46 Caonilla 19.999 19.909 -0.090 0.000 20.000

Total positive generation adjustments: 670.2156 MW
Total negative generation adjustments: -675.6167 MW

2.4.6 Critical Contingency: 115-38 kV Feeder Transformer T 35 103
in Coto Norte

Table 2.8: Top Generation Adjustments for Contingency T35 103

Bus Bus Name Previous Present Adjustment Min. Value Max. Value

30 Aguirre 932.081 695.914 -236.166 0.000 1092.000

Total positive generation adjustments: 0.0000 MW
Total negative generation adjustments: -236.1663 MW
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Table 2.9: Top Voltage Adjustments for Contingency T35 103

Bus Bus Name Previous Present Min. Value Max. Value

30 Aguirre 1.086 1.068 1.086 1.086
46 Caonilla 1.066 1.063 1.066 1.066
62 CostaSkVSub0 1.067 1.057 1.067 1.067
63 YacuokVSub1 1.051 1.048 1.051 1.051
64 GarzaskVSub2 1.067 1.057 1.067 1.067
65 MayagukVSub7 1.051 1.048 1.051 1.051
66 SJSPkVSub6 1.074 1.070 1.074 1.074
67 ToroNekVSub3 1.071 1.063 0.100 2.000
68 AES kVSub4 1.073 1.063 1.073 1.073
69 NaranjkVSub5 1.073 1.066 0.100 2.000
70 PaloSeckVSub8 1.074 1.066 1.074 1.074
71 kVSub306 1.069 1.061 1.069 1.069

2.4.7 Critical Contingency: 115-230 kV Step-up Transformer T 52 30
at Aguirre Complex

Table 2.10: Top Generation Adjustments for Contingency T52 30

Bus Bus Name Previous Present Adjustment Min. Value Max. Value

62 CostaSkVSub0 312.336 1357.999 +1045.663 0.000 1358.000
70 PaloSeckVSub8 599.958 0.043 -599.914 0.000 600.000
66 SJSPkVSub6 453.971 0.023 -453.948 0.000 640.000
68 AES kVSub4 296.110 107.130 -188.980 0.000 454.000
65 MayagukVSub7 9.000 192.997 +183.997 0.000 193.000
30 Aguirre 932.081 1017.057 +84.976 0.000 1092.000
67 ToroNekVSub3 32.999 0.016 -32.983 0.000 9.000
64 GarzaskVSub2 11.008 2.569 -8.438 0.000 5.000
63 YacuokVSub1 5.000 10.998 +5.997 0.000 11.000
71 kVSub306 18.000 16.153 -1.846 0.000 18.000
69 NaranjkVSub5 0.041 0.006 -0.035 0.000 33.000

Total positive generation adjustments: 1320.6336 MW
Total negative generation adjustments: -1281.9066 MW
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Table 2.11: Top Voltage Adjustments for Contingency T52 30

Bus Bus Name Previous Present Min. Value Max. Value

46 Caonilla 1.066 1.063 1.066 1.067
62 CostaSkVSub0 1.067 1.065 1.067 1.067
64 GarzaskVSub2 1.067 1.065 1.067 1.067
67 ToroNekVSub3 1.071 1.068 0.100 2.000
68 AES kVSub4 1.073 1.071 1.073 1.073
69 NaranjkVSub5 1.073 1.071 0.100 2.000
70 PaloSeckVSub8 1.074 1.072 1.074 1.074
71 kVSub306 1.069 1.066 1.069 1.069

Table 2.12: Top Generation Adjustments for Contingency T58 35

Bus Bus Name Previous Present Adjustment Min. Value Max. Value

30 Aguirre 932.081 943.297 +11.216 0.000 1092.000

2.4.8 Critical Contingency: 230-115 kV Transformer T 58 35 at Coto
Norte Substation

Total positive generation adjustments: 11.2163 MW
Total negative generation adjustments: 0.0000 MW

Table 2.13: Top Voltage Adjustments for Contingency T58 35

Bus Bus Name Previous Present Min. Value Max. Value

30 Aguirre 1.086 1.065 1.086 1.086
46 Caonilla 1.066 1.056 1.066 1.066
62 CostaSkVSub0 1.067 1.056 1.067 1.067
63 YacuokVSub1 1.051 1.048 1.051 1.051
64 GarzaskVSub2 1.067 1.056 1.067 1.067
65 MayagukVSub7 1.051 1.049 1.051 1.051
66 SJSPkVSub6 1.074 1.068 1.074 1.074
67 ToroNekVSub3 1.071 1.060 0.100 2.000
68 AES kVSub4 1.073 1.061 1.073 1.073
69 NaranjkVSub5 1.073 1.063 0.100 2.000
70 PaloSeckVSub8 1.074 1.062 1.074 1.074
71 kVSub306 1.069 1.057 1.069 1.069
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2.4.9 Critical Contingency: 230-115 kV Step-down Transformer T 59 4
in Mayag•uez Municipality

Table 2.14: Top Generation Adjustments for Contingency T59 4

Bus Bus Name Previous Present Adjustment Min. Value Max. Value

30 Aguirre 932.081 933.667 +1.587 0.000 1092.000

Total positive generation adjustments: 1.5867 MW
Total negative generation adjustments: 0.0000 MW

Table 2.15: Top Voltage Adjustments for Contingency T59 4

Bus Bus Name Previous Present Min. Value Max. Value

30 Aguirre 1.086 1.058 1.086 1.086
46 Caonilla 1.066 1.058 1.066 1.066
62 CostaSkVSub0 1.067 1.053 1.067 1.067
63 YacuokVSub1 1.051 1.048 1.051 1.051
64 GarzaskVSub2 1.067 1.053 1.067 1.067
65 MayagukVSub7 1.051 1.049 1.051 1.051
66 SJSPkVSub6 1.074 1.069 1.074 1.074
67 ToroNekVSub3 1.071 1.060 0.100 2.000
68 AES kVSub4 1.073 1.060 1.073 1.073
69 NaranjkVSub5 1.073 1.064 0.100 2.000
70 PaloSeckVSub8 1.074 1.064 1.074 1.074
71 kVSub306 1.069 1.058 1.069 1.069

2.4.10 Review of Critical Contingencies

Five of nine contingencies were related to generator outages at the largest assets: San Juan,
Palo Seco, Costa Sur, AES and Aguirre. It is important to emphasize that in the public data
model, all generators represent complexes that contain multiple units. As such, the loss of a single
generator represents an N-k contingency of all units within the complex, not just an N-1 loss.
These contingencies are therefore more severe than is seen when performing similar screening on
protected data in [25].

Two of nine contingencies represent regions or municipalities being electrically islanded by the
loss of the transformer at their feeder connection. As with generators, actual feeders are likely to
contain multiple transformers in parallel which if so, make these contingencies also N-k and more
severe. Lastly two of nine contingencies represented the loss of critical step-down transformers at
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high-voltage substations electrically close to lower voltage feeders that carried substantial power
through them.

All critical contingencies found were manageable through corrective actions, resulting in no
loss of load. Importantly, both generator active power and voltage set-point adjustments were
needed. Moreover, as the base model was solved around a substantially di�erent operating point
than those obtained through subsequent optimizations, much of these adjustments bring voltage
set-points closer to� 5% voltage regulation, despite the contingencies represented.

As a �nal assessment, we perform the same N-1 screening around the operating point obtained
through loss minimization with adjusted voltage set-points to see if the contingencies found in the
base model would also be observed in this more "relaxed" system state. Of the 106 contingencies
screened, only one branch was deemed critical, B-3-36 connecting the regions of Rio Lajas and
Monte Carlo, between the larger cities of Arecibo and San Juan. These �ndings show the impor-
tance of nominal operating conditions, and ensuring generator outputs and voltage set-points are
set so as to reduce the stress seen on the grid and are 
exible in the case of contingencies.

2.5 Summary of Findings

A comprehensive overview of system performance, characteristics, vulnerabilities and robustness
are given, based on the power 
ow model provided. The base model was found to be solved via
AC power 
ow, and not physically implementable due to the solution's voltage pro�le, highlighting
some of the limitations of solutions obtained from AC power 
ow. Additionally we found that the
system was operating at 61% capacity, with notably more capacity than is seen in [25]. Neverthe-
less, the operating points obtained under each optimization routine resembled those found in [25],
showing similar system responses to changes in objective functions.

Throughout we observed the similarities and di�erences between solutions obtained through
economic dispatch versus loss minimization. In all cases the optimized solutions were physically
implementable. For economic dispatch, we saw non-inframarginal generating assets were pushed
either to their upper or lower limits. As such, care is needed (especially with renewable generation)
to ensure that limits re
ect capacity factors. The adjustment of voltage set-points was found to
reduce costs substantially, showing the marked value of AC OPF over DC OPF. Consequently,
reactive power duals, OS-Q, were driven to zero for many generators, or reduced signi�cantly in
magnitude.

Results through e�cient AC OPF ED, cost savings of 13% are attained for this loading scenario
with �xed voltage set-points, and cost savings of 31% attained if voltage set-points are adjustable.

Results from loss minimization did not show substantial improvements in total losses over the
base model, as the base model started with a substantially higher voltage pro�le. Importantly
however, the base model was in an unacceptable operating point under nominal conditions. Loss
minimization instead found feasible operating states with about the same system losses. Interest-
ingly, these states were similar to those obtained via economic dispatch, with signals that more
evenly distributed load across the available generation.
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The San Juan, Palo Seco, and Aguirre contingencies are particularly important in the context
of decarbonization, as they are critical contingencies in the base model requiring substantial re-
dispatch and voltage set-point adjustments in both this and the same study performed on protected
data in [25], while at the same time being �rst to have units retirements scheduled by 2026. This
emphasizes the importance of carefully studying the replacement of these assets in the context of
decarbonization.

As critical contingencies involving generator assets are best thought of in the context of asset
retirements, we will focus on the loss of key branches, AC lines and transformers, when studying
robustness under decarbonization. We will as such consider the loss of T30 73, T 35 103, T 58 35,
T 59 4 and B-3-36.

Furthermore, the optimal control actions tabulated for each critical contingency o�er insights
for where additional generation should be installed. These optimal control actions are obtained
through constraint relaxation until a feasible solution is found. If we take the relaxation of active
power constraints to represent the installation of additional capacity, then we can obtain physically-
informed recommendations for where power would be dispatched if it was available. If we performed
this optimization as an Economic Dispatch problem wherein existing generation is prioritized and
ranked according to marginal costs, then we can obtain a solution that is both physically- and
economically- informed.
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Chapter 3

AC OPF for Grid Decarbonization in
Puerto Rico

As outlined in PREPA's 2021 10-Year Plan, several key retirements are scheduled in the coming
years, starting with the oil-�red units at San Juan, Palo Seco, and Aguirre by 2026, followed by
AES' coal-�red plant by 2027 and Aguirre's diesel-�red units by 2030. Concurrently, PREPA is
directed to achieve a 40% Renewable Portfolio Standard (RPS) by 2025, escalating to 60% by 2040,
and reaching 100% by 2050. These renewable projects, along with associated energy storage, will
primarily be managed through agreements with third-party providers [29]. The PR100 Study was
a step forward in achieving these RPS goals, showing it is possible to meet the energy requirements
of Puerto Rico from solar and battery deployment [19]. However, study did not inform as to where,
when and how much solar would be needed in response to asset retirements.

Thus, a major unanswered question is which locations should be incentivized for new instal-
lations of solar and battery assets, when they will be needed, and how much should be installed,
considering the non-linear impacts on the entire network and ensuring the system's robustness.
Answering this question would allow stakeholders like LUMA to strategically open Requests for
Proposals (RFPs) for new installations, and thus guide the deployment of solar on the island in
line with the proposed retirement schedule in a physically- and economically- informed manner.

3.1 Model Formulation

The above forms the impetus for this chapter, and ultimately the results of this thesis. As explained
in Section 1.5.2, we will reformulate the base model to include a set of potential or "virtual" solar
assets which could have batteries on site to ensure the �rmness of supply. The AC OPF formulation
will be Economic Dispatch, with marginal costs of each existing asset re
ecting those found in the
2019 Siemens IRP [31], and virtual assets given costs an order of magnitude higher than all existing
assets. For simplicity, all costs are linear. The highest cost for an existing asset is the AES coal-
�red power plant at $36/MWh, and all virtual assets are given a cost of$100/MWh. The expected
result from this model formulation is that existing assets will be prioritized for dispatch and that
virtual assets will only be called when absolutely necessary to ensure that load is served.
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In a 2021 Technical Report from NREL [32], the solar resource for Puerto Rico was found
to be roughly 2,000 MW considering nameplate capacities between 10 MW and 100 MW. Of all
possible connections 56 of 78 municipalities in Puerto Rico contained substantial levels of solar
capacity. Based on these results, we consider in this study utility scale solar installations connected
to the 115 kV network at all buses. There are 50 buses at the 115 kV level, to which we connect
generation with nameplate capacities of 40 MW, for a total of 2,000 MW of potential generation.
All resources are capable of supplying reactive power support as well, either inductive or capacitive
as needed, and as is typically attainable by solar assets [33]. The choice for connecting at the 115
kV level resulted from a trial-and-error compromise between accurately representing distributed
resources on the network, and ensuring the tractability of the problem.

3.2 Retirements and Case Overview

Combining insights from Chapter 2, the scenario analysis from the PR100 Study [20], and retire-
ments from PREPA's 10-Year Plan [29], we consider the following grid of scenarios. As PR100
considered three deployment scenarios, we will consider three loading scenarios. Scenarios 1-3 in
PR100 will be emulated by considering 80%, 100%, and 120% of the demand given in the public
model. For robustness, we consider the base topology, as well as results under the �ve critical
contingencies from Section 2.4, found via the N-1 screening assessment. We lastly consider four
retirement stages: �rst with no plants retired, then with all San Juan assets retired, next with
Palo Seco assets also retired, and lastly also retiring all Aguirre assets. Retirements are illustrated
in Figure 3.1.

Figure 3.1: Illustration of the generator outage simulated, with the San Juan assets highlighted
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At each retirement stage, we consider all loading levels and contingencies. The contingencies
considered are ordered as they appear in this report, omitting those that overlap with the retirement
schedule:

ˆ C0 - No contingencies

ˆ C1 - Transformer T 30 73 from Aguirre to Guayama Municipality

ˆ C2 - Transformer T 35 103

ˆ C3 - Transformer T 58 35 at the Coto Nor substation

ˆ C4 - Transformer T 59 4 in the Mayag•uez Municipality

ˆ C5 - AC-Line B-3-36 between Rio Lajas and Monte Carlo

All scenarios are shown in Table 3.1. By mapping all critical contingencies, and varied loading
levels, we address the robustness of our solutions after each retirement.

Table 3.1: Scenarios Modeled for Retirement Stages R0 through R3

(a) R0 - No retirements

L80 L100 L120
C0 L80 C0 R0 L100 C0 R0 L120 C0 R0
C1 L80 C1 R0 L100 C1 R0 L120 C1 R0
C2 L80 C2 R0 L100 C2 R0 L120 C2 R0
C3 L80 C3 R0 L100 C3 R0 L120 C3 R0
C4 L80 C4 R0 L100 C4 R0 L120 C4 R0
C5 L80 C5 R0 L100 C5 R0 L120 C5 R0

(b) R1 - San Juan Retired

L80 L100 L120
C0 L80 C0 R1 L100 C0 R1 L120 C0 R1
C1 L80 C1 R1 L100 C1 R1 L120 C1 R1
C2 L80 C2 R1 L100 C2 R1 L120 C2 R1
C3 L80 C3 R1 L100 C3 R1 L120 C3 R1
C4 L80 C4 R1 L100 C4 R1 L120 C4 R1
C5 L80 C5 R1 L100 C5 R1 L120 C5 R1

(c) R2 - San Juan and Palo Seco Retired

L80 L100 L120
C0 L80 C0 R2 L100 C0 R2 L120 C0 R2
C1 L80 C1 R2 L100 C1 R2 L120 C1 R2
C2 L80 C2 R2 L100 C2 R2 L120 C2 R2
C3 L80 C3 R2 L100 C3 R2 L120 C3 R2
C4 L80 C4 R2 L100 C4 R2 L120 C4 R2
C5 L80 C5 R2 L100 C5 R2 L120 C5 R2

(d) R3 - San Juan, Palo Seco and Aguirre Retired

L80 L100 L120
C0 L80 C0 R3 L100 C0 R3 L120 C0 R3
C1 L80 C1 R3 L100 C1 R3 L120 C1 R3
C2 L80 C2 R3 L100 C2 R3 L120 C2 R3
C3 L80 C3 R3 L100 C3 R3 L120 C3 R3
C4 L80 C4 R3 L100 C4 R3 L120 C4 R3
C5 L80 C5 R3 L100 C5 R3 L120 C5 R3

Results from the 72 cases are studied next. For brevity, �gures with similar pro�les are omitted
and shared in the appendix. Lastly, for all simulations, adjustable voltage set-points were assumed.
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3.3 R0 - No Asset Retirements

Prior to retiring any assets, we �rst see if any assets would be used under today's operating
conditions. The dispatch results for virtual generators across scenarios in Table 3.1 (a) are shown
in Figure 3.2. All �gures showing statistically compiled data are shown as standard boxplots where
boxes de�ne the interquartile range (IQR, 25% to 75%), with the midline in the box representing
the median value. Plots are in general sorted by mean value and/or upper bound in descending
order.

Figure 3.2: Active power pro�le for virtual generators considering no retirements

As expected, virtual assets are not used, except in critical contingencies where the cost of
serving load using strategically placed solar assets exceeds the cost of existing assets, considering
transmission constraints. We next observe the voltage pro�les for all associated cases, shown in
Figure 3.3.

As seen from Figure 3.3, all voltage bounds were assumed 
exible within� 5% regulation, with
the exception of Aguirre which is set at 1.0 per unit, as in the base model (slack bus). Voltages are
shown on the BPS for clarity, excluding 38 kV. Most voltages are seen to be above 1.0 per unit,
following a similar pro�le to those seen in Chapter 2.
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Figure 3.3: Voltage pro�le for buses on the BPS considering no retirements

We next observe the 
ows on all BPS lines (above 38 kV) and �nd that all lines are within
their Rate A limits, shown in Figure 3.4. Lines with particularly high loading include those in
Planda d, Aguas Buenas, Bayamon, and under certain contingencies, Rio Laja and Coto Norte.

Figure 3.4: AC line 
ow magnitudes on the BPS considering no retirements

The voltage and 
ow pro�les for the following scenarios at di�erent retirement stages are similar
to those shown in Figure 3.3 and Figure 3.4. As the focus of discussion is on active power pro�les,
we omit these plots in the body of the report for clarity, and list them in Appendix A.
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3.4 R1 - San Juan Complex Retired

We �rst retire the assets in the San Juan complex. The voltage and 
ow pro�les are similar
to those in R0 and given in Appendix A as Figures A.1 and A.2. Similar outliers are observed
under critical contingencies, some exceeding the� 5% regulation, though none exceeding� 10%
regulation, which is acceptable for emergency situations. Voltage and 
ow pro�les di�er subtly
with the re-dispatch of power to areas adjacent to the capital area, which were likely fed by San
Juan.

Observing the active power pro�le in Figure 3.5, we see several units are now dispatched with
statistical relevance. The most dispatched units are those in Monte Carlo, Coto Norte, Arecibo,
Fajardo and Humacao. Monte Carlo is seen to be regularly dispatched within it's maximum
allowable capacity of 40 MW, while the rest are regularly dispatched within up to 30-35 MW.
Other generation is dispatched as well, to a lesser extend. Results are over several loading levels,
allowing for variability in addition to testing critical contingencies. Under all contingencies, stable
solutions were found with the help of these virtual generators.

Note that the results are sorted by mean value. For generators at Candeler and Rio Laja,
they are placed in medium rankings even though their dispatch IQRs are not substantial. This
behaviour indicates that the plants are not regularly dispatched unless under speci�c conditions,
and when they are, they are dispatched to a high degree.

Figure 3.5: Active power pro�le for virtual generators with the San Juan complex retired
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3.5 R2 - San Juan and Palo Seco Complexes Retired

We next consider retiring the Palo Seco complex in addition to the San Juan complex. This is
an important retirement stage as it marks the removal of all traditional and existing assets in the
capital area. Interestingly, the voltage and 
ow pro�les are similar to R0, and are instead given
in Appendix A as Figures A.3 and A.4. Voltage pro�les and 
ows again incrementally change as
more power is being dispatched in surrounding areas in addition to within the capital.

Results are shown in Figure 3.6, here. The Monte Carlo and Coto Norte assets are seen to be
consistently dispatch to service their local loads in the R2, with Candeler, San Anto, Arecibo, Union
Ca, and Daguao, Mora, Fajardo, and Humacao now highly dispatched, in descending order. The
remaining generation is dispatched to lesser extents, though still to statistically relevant quantities.

Observing the tail end, assets at Planta H and D, Comerio, Aguas Buenas, Cayey, Caguas,
Costa Sur, and Monacill are never dispatched. This is reasonable as all of these areas are either
serviced by existing generation (which is prioritized here based on generator economics) and/or in
a mountainous area without much local load.

Figure 3.6: Active power pro�le for virtual generators with the San Juan and Palo Seco complexes
retired
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3.6 R3 - San Juan, Palo Seco and Aguirre Retirements

Lastly, we study the retirement schedule planned by 2026, with retirements at San Juan, Palo Seco,
and Aguirre. In our model, we completely retire all units. The 
ow pro�le, reserved to Appendix
A in Figure A.5 is shown to again incrementally change. The voltage pro�le is included here,
as Figure 3.7 as it does show a material change from R0-R2 scenarios. In particular, we notice
statistical outliers trending towards more extreme voltages at more buses, including Aguirre.

This trend indicates that while physically feasibly solutions are found, the system may be more
stressed after removing all three major assets. Indeed, when looking at the remaining traditional
assets on the grid, they are all maximally dispatched. Moreover, virtual assets are, by design,
only dispatched if absolutely necessary. The model thus had no incentive to leave bu�er capacity.
In practice the operator may choose to set reserve margins on speci�c assets for reliability pur-
poses, which would impact the dispatch of distributed virtual assets shown here, trending towards
increased usage of assets.

Figure 3.7: Voltage pro�le for buses on the BPS with San Juan, Palo Seco and Aguirre complexes
retired
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The power pro�le under this �nal retirement stage is shown in Figure 3.8. As we can see
similar assets are utilized as in R2, to a greater extend. The order in which assets are dispatched
largely remains the same, signaling a stability in virtual generator dispatch signals throughout the
retirement planning cycle. The increasing capacity to which assets are dispatched can be useful
to an operator looking to increase regional solar capacity in stages, and time these in conjunction
with asset retirements.

Figure 3.8: Active power pro�le for virtual generators with San Juan, Palo Seco and Aguirre
complexes retired

The above analysis provided locational, quantitative, and timely insights into how distributed
solar and battery assets would be dispatched, if made available. The results prioritized the uti-
lization of existing assets, considering generator economics, as well as the full physical constraints
of the power system via AC OPF. Readers can see after each plant retirement, in which locations
assets would be used, and thus where they are most useful to the system operator. From the
perspective of LUMA or PREPA, this information is immediately useful for deciding when and
where to incentivize new installations based on the existing infrastructure, and by how much. We
lastly compile statistics over all 72 cases to show the overall results, as well as a map of where
assets are most utilized.
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