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ABSTRACT

To ensure the continued decarbonization of the electric grid while meeting increased demand, new

utility-scale renewable energy resources need to be implemented in existing networks. The common

considerations for developing conventional generating plants are not applicable to most renewable energy

projects. The most ideal locations of renewable resources are not dictated by demand-centralized areas but

by weather and atmospheric conditions. Therefore, more transmission capacity needs to be developed to

integrate these resources properly. The development of these projects is materially and energy intensive.

The frequency and severity of natural disasters is increasing as the atmosphere continues to warm. Power

systems need to become more resilient to withstand these events. Socially vulnerable populations are at

greater risk during long-duration outages that may occur due to natural disasters. A review of the

literature is presented on power system resilience, equity, and sustainability using life cycle assessment.

This thesis outlines the development of a novel multi-objective optimization framework for generation and

transmission capacity expansion planning in which resiliency, equity, and sustainability are considered as

well as cost. The framework is formulated as a risk-based security-constrained problem solved using

Chebyshev goal programming. The proposed framework is applied to a representation of Colorado’s

electric grid infrastructure considering wildfire scenarios. The results of the case study are provided and

analyzed. The framework implemented multiple solar generation resources in socially vulnerable regions

around Colorado. More socially vulnerable nodes were served their full energy demanded. Conclusions and

recommendations for future work are presented.
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CHAPTER 1

INTRODUCTION

The United States aims to reach net zero greenhouse gas emissions by 2050. The White House has set

out �ve key transformations to accomplish this goal. The �rst key transformation is to fully decarbonize

the electricity sector by 2035 [1]. With only 92 operating nuclear plants in the United States and two

planned constructions, renewable energy resources are the next feasible technology that must expand to

meet this goal [2]. It is also expected that the national demand for electricity will increase by 20 % under a

business-as-usual scenario by 2050 [3]. This �gure is likely too optimistic since the rise in deployment of

electric vehicles and other electricity dependent technologies is expected to further increase the upward

trend in electricity consumption. To ensure the continued decarbonization of the grid while meeting

increased demand, new utility-scale renewable energy resources will need to be developed.

The common considerations for developing conventional generating plants are not applicable to most

renewable energy projects. The most ideal locations of renewable resources are not dictated by

demand-centralized areas but by weather and atmospheric conditions. It is predicted that the transmission

capacity of the electric grid will have to triple by 2050 to ensure the proper development and integration of

e�cient renewable energy resources due to the rural locality of these projects [4]. Historically, only cost has

been considered when deciding upon whether a generation capacity expansion project should be developed.

To ensure a holistic grid for future use, design aspects must be considered that optimize more than just

cost. Some of these design considerations are the resiliency, equity, and sustainability of the project.

The frequency and severity of natural disasters is increasing as the atmosphere continues to warm. In

Colorado alone, the current average wild�re season is \78 days longer than in the 1970s," [5]. Natural

disasters, like wild�res, can cause damage to important power system infrastructure which have the

potential to cause severe outages. As more natural disasters threaten to damage electrical grids, operators

are looking to strengthen their networks through making them more resilient. This changes the traditional

reliability-centric design paradigm to one in which high impact low probability events are taken into

account. To develop resilient grids, a wide variety of infrastructural projects must be pursued [6]. Resilient

power systems are an important aspect of limiting the duration and impact of outages. Long duration

power outages disproportionately impact socially vulnerable populations [7]. Developing an equitable grid

includes ensuring that positive impacts of resilient power systems are seen by the most socially vulnerable

groups.
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Resilient power systems are imperative for the optimal operation of the power grid. However, power

system projects are often costly, energy intensive, and depend on the usage of copious amounts of

materials. The United Nations (UN) de�nes sustainability as \meeting the needs of the present without

compromising the ability of future generations to meet their own needs," [8]. The 7th Sustainable

Development goal as de�ned by the UN is to \ensure access to a�ordable, reliable, sustainable, and modern

energy for all," [8]. As the capacity of the power grid expands to become more resilient and equitable, the

sustainability of projects should be assessed to meet UN development goals to ensure that future

generations may meet their own needs.

This thesis outlines the development of a multi-objective optimization framework for generation and

transmission capacity expansion planning in which resiliency, equity, and sustainability are considered as

well as cost. In Chapter 2, a review of the literature is presented on power system resilience, equity, and

sustainability using life cycle assessment. In Chapter 3, a multi-objective optimization framework is

proposed for generation and transmission capacity expansion that simultaneously considers resiliency,

equity, and sustainability. In Chapter 4, the proposed framework is formulated for a representation of

Colorado's electric grid infrastructure considering wild�re situations. The results of the case study are

provided and analyzed in Chapter 5. Finally, in Chapter 6, conclusions and recommendations for future

work are presented.
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CHAPTER 2

LITERATURE REVIEW

This chapter presents a general discussion on the notions of resiliency, equity, and sustainability within

power systems. These concepts are then incorporated into the proposed formulation for capacity expansion

planning, put forth in Chapter 3.

2.1 Resiliency

Power grid resilience focuses on how the grid responds to large scale events such as natural disasters.

The high impact low probability nature of these events makes them di�erent from the typical faults and

disturbances that occur in power systems on a daily or weekly basis. There is no accepted standard

de�nition for power system resilience. Most researchers use the de�nition from the US Federal Energy

Regulatory Commission (FERC) [9], in which resilience is de�ned as \the ability to withstand and reduce

the magnitude and/or duration of disruptive events, which includes the capability to anticipate, absorb,

adapt to, and/or rapidly recover from such an event." Here, being able to withstand an event is further

broken down into the ability to absorb its impacts and adapt to the changes caused by it [6]. Moreover, the

ability to anticipate the event is considered as yet another dimension of resilience [6]. The de�nition by

CIGRE working group C4.47 introduces additional dimensions listed as anticipation, preparation,

absorption, sustainment of critically operated systems, swift recovery, adaptation, and implementation of

the learned lessons from previous events [10]. In a more general context, the National Infrastructure

Advisory Council (NI-AC) [11] has listed four attributes of a resilient system, which are robustness,

resourcefulness, rapidity, and adaptability. Strategies to improve grid resilience can be divided based on

their timeline into three categories: preventative, corrective, and restorative. While corrective and

restorative measures focus on operation strategies after the onset of the event, preventive measures are

steps utilities can take in preparation for a hazard. This is normally done during the design stage, which is

the focus of the current research. Typical preventive measures for bulk power grid resilience include

reinforcing overhead line structures, hardening substations, and introducing network redundancy through

adding lines and generators. All these solutions depend on the development of materially intensive

structures or equipment. Not only are these solutions costly, but they can have a non-negligible impact on

the environment and material resources. It can be argued that solutions for power grid infrastructural

resilience are often contradictory to grid sustainability, which further underlines the importance of �nding

a balance between the two design objectives.
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2.2 Equity

The material in this section is adopted from [7]. Power system resilience studies have traditionally

quanti�ed outages using strictly reliability-centric metrics such as \energy not served" or \value of lost

load." This view ignores the fact the socially vulnerable populations are disproportionately impacted by

long-duration power outages. In fact, the literature shows that many socioeconomic and demographic

attributes a�ect the degree to which an individual may be impacted by a long-duration outage or their

capacity to respond to it. The authors in [7] proposed a metric of social vulnerability to long-duration

power outages. Three dimensions of social vulnerability were considered: health (being at risk of

detrimental health e�ects due to a long-duration power outage), preparedness (being unprepared for a

long-duration power outage), and evacuation (a combination of evacuation intention and means, with

people being most vulnerable when they intend to evacuate but face obstacles in doing so). The three

dimensions make up an individual's social vulnerability to long duration power outages. A variety of

socioeconomic and demographic factors were considered for each dimension.

The authors then applied this model to all census tracts in Colorado to identify areas in which residents

are most vulnerable to disaster-caused outages. The �ndings of this work will be used in the case study

presented in Chapter 4 by weighing (prioritizing) di�erent load nodes based on their vulnerability levels.

This can ensure that the improvement in grid resilience and energy not served will be balanced in favor of

socially vulnerable populations.

2.3 Sustainability

Resiliency and social vulnerability are key aspects in designing a grid that can withstand the

repercussions of climate change. However, to design a holistic power grid, the repercussions of the grid

itself on resources, human health, and the environment should be assessed. Life cycle assessment is a tool

than can quantify the potential impacts of grid expansion and operation on the planet.

2.3.1 Life Cycle Assessment

Life Cycle Assessment (LCA) is a sustainability modeling tool that quanti�es the environmental

impacts of a product or service over its lifetime. It can develop an evaluation of the environmental

consequences associated with a process by considering its input materials and output e�ects. Life cycle

stages that may be interpreted include raw material acquisition, distribution, use, and disposal. LCA is

meant to be utilized during the design and development of a product or service to identify environmentally

harmful materials, processes, or activities associated with that product or service [12]. After the

identi�cation of a harmful process, developers and engineers can consider alternate methods of design to
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ensure minimal impact on the environment.

The international standards organization series 14040, de�nes and outlines the four phases of life cycle

assessment [12], which include goal and scope de�nition, inventory analysis, impact assessment, and

interpretation. To clearly de�ne the goal and scope of the assessment, the product system must be de�ned,

the system boundary developed, and data categories chosen. A variety of system boundary de�nitions exist

including \cradle-to-gate" or \cradle-to-grave" boundaries. Data categorization is important to develop the

parameters that will gauge the impact of data. Inventory analysis is the section that calculates the amount

of output materials or processes related to the inputs of the system through a unit process after data

collection and validation. Impact assessment evaluates the �ndings from the inventory analysis phase. The

results are classi�ed into impact categories such as ozone depletion or global warming. The inventory

parameters are then characterized to each category. The �ndings can be normalized or weighted depending

on the scope of the study. Results can then be interpreted. An important aspect of interpretation of the

results is an analysis of inconsistencies and key issues within data [12].

Life cycle assessment can be applied to the development of power systems. It can inform grid planners

and developers of the environmental e�ects of expansion projects beyond only considering greenhouse gas

emissions. This is valuable as the grid continues to expand and renewable energy technologies continue to

be deployed. The development of holistic power systems can only occur if all aspects of sustainability are

considered.

2.3.2 LCA Applied to Power Systems

Life cycle assessment has been utilized to analyze and develop a wide variety of power system projects.

LCA has been applied to the generation, transmission, distribution, and end use of power systems. This

review will focus on the generation and transmission systems including any distributed energy resources

(DER). LCA for power systems is not standardized and many papers utilize di�erent system boundaries,

temporal resolutions, impact categories, assumptions, and datasets.

The boundary systems for papers pursing the LCA of a power system vary greatly. Some studies

consider the generation and supply of electricity [13], [14], [15], [16], [17], [18], [19]. For instance, authors in

[13] consider a cradle-to-grave scope of all generation technologies in Portugal, which includes processes

both upstream and downstream from the chosen system. The authors also considered transmission and

distribution systems, which they de�ned as infrastructure, losses, and electricity imports. However, not

every study de�nes the supply of electricity in the same manner. The cradle to gate approach considers the

majority of aspects but no processes downstream from the system. Some studies consider only the

generation resources for a particular grid [20], [21], [22], [23], [24] while others only consider transmission or
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distribution [25], [26], [27], [28], [29], [30], [31], [32], [33], [34].

Two types of life cycle assessments exist, attributional LCA (ALCA) and consequential LCA (CLCA).

ALCA is applied at a speci�c instance in time or for a speci�c scenario. It is often utilized when the goal of

an LCA is to assess an existing electricity mix [35]. CLCA is utilized for projects that want to quantify the

impacts that will occur with the addition or removal of burdens. CLCA is often used for proposed

electricity mixes [35] and is becoming more common as power system infrastructure moves towards

accommodating more renewable and clean energy systems. The breadth of CLCA can lead to more

assumptions and there is a higher possibility for uncertainty in results.

In addition, LCA of the power grid can be modelled statically or dynamically. Static modelling utilizes

an average electricity mix that does not consider the variable generation and demand of electricity during

di�erent times of the day and/or year. Dynamic LCA, on the other hand, considers hourly or seasonal

analysis of the electricity mix [23], [36], [37], [38]. This can lead to more accurate analysis of the

environmental e�ects of power systems and can help to develop future grids [39], [40]. However, this

method is often not utilized due to computational largeness and data constraints.

2.3.3 Findings from the Literature

Every LCA presents di�erent �ndings for its respective boundary system and methodology. However,

there are some general results that are relatively consistent throughout most studies. With generation

technologies, it is apparent that renewable energy generation technologies have a decreased greenhouse gas

emission impact. This is generally a positive contribution as to why renewable technology should continue

to be deployed in power systems to replace more carbon intensive generation technologies such as coal and

natural gas combustion. The increase in renewables does however lead to an increase in metal depletion.

This is due to the metal intensive materials that both solar photovoltaics and wind energy systems utilize

across their life cycle [41]. Hydro-power plants often have the least amount of impact according to LCA

studies. A downside to LCA studies is that they do not consider loss of biodiversity, which hydro-power

plants can greatly cause [20].

With the increasing implementation of renewables and rise in demand, more transmission and

distribution capacity expansion are or will be pursued. There are inherent environmental impacts that are

associated with power transmission and distribution systems. Due to the material intensity (steel, copper,

and aluminum) of high voltage and high-capacity lines, the construction of this infrastructure contributes

to metal depletion and freshwater eutrophication [25], [28], [33]. Although, lines that utilize aluminum may

have lower impacts than copper [28]. Authors in [42] found that export cables for o�shore wind farm

applications have the largest environmental impact in the entire system. Authors in [28] and [29] both
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determined that undergrounded distribution systems are more materially intensive than overhead lines.

Distribution system environmental impacts are often due to the high losses in the system [28]. Reference

[30] recommends that incorporating dynamic transmission and distribution losses in power system LCA

may give a more accurate representation of T&D environmental impacts. Power system equipment found

throughout transmission and distribution infrastructure have signi�cant environmental impacts. For

instance, gas insulated equipment often utilizes SF6. The potential leakage of this gas can add extremely

harmful e�ects to the LCA of the equipment because it is one of the most potent GHGs there is [25], [26],

[34].

The �ndings from power system LCA studies can be used to inform or critic energy policy and

decisions. For instance, authors in [21] analyze the UK's largest utility's energy transition plans and

comments on its e�ectiveness. Authors in [24] consider a similar approach but utilize proposed grid mixes

in 2030 versus 2010. In [42], the life cycle impacts of o�shore wind in the North Sea are analyzed. Authors

in [22] developed a method pertaining to energy storage systems LCA that policy and decision makers can

use when choosing to deploy energy storage systems. Authors in [32] analyze the LCA of Great Britain's

Transmission network and claim that developing new regulations and policies for transmission companies

to be responsible for transmission losses would decrease transmission impact on the environment. Authors

in [43] developed a methodology using LCA that can be used for carbon tax incentives that only considers

environmental impact and not cost. Lastly, LCA can help to in
uence policy and regulations within

electricity markets by coupling with other models like optimization models, geospatial informatics models,

net energy analysis models, building information models and network theory [23], [32], [43], [44], [45], [46],

[47], [48].

2.3.4 Contradictions and Shortcomings

Life cycle assessment was developed with the intent that systems be fully analyzed over their entire life

cycle for all possible impacts. However, many reports only analyze the e�ects of greenhouse gas emissions

without the consideration of other life cycle impacts [23], [38], [46], [49]. This is contradictory to the

reasoning as to why LCA was developed. To ensure the proper assessment and design of power systems,

the majority of relevant impacts should be considered, which include contributions to resource depletion,

human health, and ecosystem damage.

Many studies claim that power losses in the T&D network make up the majority of the impacts from

T&D [26], [33], [34]. Due to this, many systems will only consider power losses when assessing the LCA of

T&D systems in their systems [18], [20], [36], [46]. Other studies may only consider high voltage lines and

not the distribution networks although the majority of power loss comes from low voltage distribution
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networks [28]. Although losses are a signi�cant aspect of T&D impacts, with the continued integration of

renewable technology more than losses needs to be considered.

Any LCA must make certain assumptions due to data imperfections, data uncertainties, and/or lack of

data. To make up for this, studies evaluating power systems often make assumptions about equipment,

transmission systems, electricity mixes, infrastructure lifespan, and transmission losses [25], [26], [28], [50],

[51]. Assumptions may simplify or cause misleading LCA results. The temporal and spatial granularity of

data can heavily impact the results of LCA [52]. Improved spatiotemporal methods can bene�t a variety of

impact categories such as land-use and particulate matter [52]. Regional di�erentiation can cause variable

results, and where possible, LCAs should use speci�c grid mixes that capture localized impacts [23], [52].

The usage of an inappropriate electricity mix can cause suboptimal results for demand-side LCAs [47].

Commonly used electricity mixes are average national electricity mixes or marginal electricity mixes. The

development of more regional electricity mixes is an ongoing problem and will resolve as data becomes

more accessible. Additionally, the importation and exportation of electricity from other grids/markets has

created a challenge for LCA analysis as there is no de�ned methodology to account for importation and

exportation of electricity [22], [44], [49].

2.4 Summary

This chapter presented a general overview of how resilience, sustainability, and equity can be modeled

in power systems. The following chapters will build upon the material presented in this chapter to

incorporate those notions in the problem formulation. In the following chapter, a multi-objective

optimization model for power system generation capacity expansion is presented. It considers resiliency

through various contingency scenarios. Equity is implemented by utilizing the social vulnerability index

results for Colorado developed in [7] through a weighted load-not-served objective function. Life cycle

impact assessment indexes are utilized in a sustainability-focused objective function to quantify the �xed

and variable impacts of deployed grid technologies. Finally, an objective function considering both capital

and operation and maintenance cost to be minimized is considered.
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CHAPTER 3

PROBLEM FORMULATION

In this chapter, a multi-objective optimization framework is proposed for generation and transmission

capacity expansion, simultaneously considering resiliency, equity, and sustainability. It is formulated as a

linear risk-based security constrained multi-objective optimization model that is solved subject to various

operational constraints. There are a variety of assumptions considered for this problem formulation. First,

the candidate locations for possible generators and lines to be installed are assumed known. This is not

unusual, since utilities normally have a clear picture of where energy resources reside and how those should

be connected to their existing grid. Next, it is assumed that at each candidate node, only one generation

technology can be deployed. This assumption has been made for ease of presentation and does not a�ect

the generality of the model. Furthermore, as is the case in all grid expansion models, it is assumed that the

annual load pro�le is available, showing the system operating states, each with a corresponding load level

and duration (in hours). For simplicity, we assume that all node loads follow the same pattern as seen in

Figure 3.1.

Figure 3.1 Formulation of Operating States

3.1 Objective Functions

The objective functions of the proposed multi-objective framework are de�ned as follows.

3.1.1 Minimize the Prioritized Load Not Served

This objective function can be viewed as the energy not supplied (ENS), weighted by the social

vulnerability levels of demand nodes.
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3.1.2 Minimize the Cost of Operation

This includes both the capital costs of installing generators as well as the variable operation and

maintenance (O&M) costs. Note that the cost of installing new generators or lines is not a function of

operating states or scenarios.
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3.1.3 Minimize the Life Cycle Impacts

This formulation was adapted from [45]. Both variable and �xed environmental impacts are considered

for operation and expansion of the power system respectively. Note that the �xed impacts are not a

function of operating states or scenarios. The variable impacts are divided by the fuel e�ciency of the

technology based on the generation type and the year the technology was commissioned. The �xed impacts

are divided by the lifetime (in years) of the technology.
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3.2 Constraints

The above objective functions are optimized subject to the following constraints. Active power must be

balanced at all times, meaning that for each scenario and each operating condition, power generated must

be equal to the power consumed as seen in equation 3.4.

8s 2 S;8o 2 O :
X

g2 G

pg;o;s +
X

m 2 M

pm;o;s =
X

d2 D

pd;o;s (3.4)

Equation 3.5 presents the power 
ow constraint at each node. The sum of powers 
owing through each

node for every scenario and operating condition must be equal to the sum of generation minus demand at
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that node during the same scenario and operating condition.

8i 2 N; 8s 2 S;8o 2 O :
X

g2 G

pg;o;s +
X

m 2 M

pm;o;s �
X

d2 D

pd;o;s =
X

j 2 N;j 6= i

pi;j;o;s (3.5)

The line 
ow constraints are modelled using DC power 
ow to ensure linearity throughout the model as

seen in equations 3.6 and 3.7. This constraint consists of two sets, one for existing lines and another for

candidate lines.

8i; j 2 N; 8(i; j ) =2 L; 8s 2 S;8o 2 O : pi;j;o;s = bi;j � (� i;o;s � � j;o;s ) (3.6)

Notice that for candidate lines, the power 
ow constraint includes a decision variable as to whether the

line is existing. The decision variable is not dependent on the operating conditions or scenarios. To ensure

linearity in the model, the candidate line 
ow constraint is modelled using the Big-M formulation [53].

Here, M is a large constant number. Therefore, when the decision variable for candidate lines is one,

meaning that the line is chosen for deployment, the power 
owing through the line is equal to the

susceptance multiplied by the voltage angle di�erence across the line (based on DC power 
ow). When the

decision variable is zero, i.e., the line is not chosen for deployment, the power 
ow through the line (which

does not exist) is constrained to zero by equation 3.12.

8(i; j ) 2 L; 8s 2 S;8o 2 O : � (1 � ui;j ) � M �
�

pi;j;o;s � bi;j � (� i;o;s � � j;o;s )
�

� (1 � ui;j ) � M (3.7)

Equation 3.8 ensures the voltage angles are within realistic operational limits.

8i 2 N; 8s 2 S;8o 2 O : � � � � i;o;s � � (3.8)

The power generated at each existing or candidate generator must be within the maximum and

minimum capacity of the technology. Equation 3.9 is for existing generators while equation 3.10 is for

candidate generators. Notice in equation 3.10 that the maximum capacity for candidate generators is a

variable to be optimized that must be within the maximum and minimum capacities. The formulation of

this constraint helps to ensure that a separate binary decision variable is not needed for candidate

generation nodes.

8g 2 G; 8s 2 S;8o 2 O : Pmin
g;s � pg;o;s � Pmax

g;s (3.9)

8m 2 M; 8s 2 S;8o 2 O : 0 � pm;o;s � pmax
m � Pmax

m (3.10)
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The power 
ow through each line is also limited by the maximum capacity that the line can handle.

The power 
ow has two sets for existing lines, equation 3.11, and candidate lines, equation 3.12. Notice

that equation 3.12 considers the decision variable for whether a line is deployed.

8i; j 2 N; 8(i; j ) =2 L; 8s 2 S;8o 2 O : � Pmax
i;j;s � pi;j;o;s � Pmax

i;j;s (3.11)

8(i; j ) 2 L; 8s 2 S;8o 2 O : � Pmax
i;j;s � ui;j � pi;j;o;s � Pmax

i;j;o;s � ui;j (3.12)

Demand can be curtailed to help maintain balance between load and generation as seen in 3.13.

However, the level of curtailment is to be minimized (see equation 3.1).

8d 2 D; 8s 2 S;8o 2 O : pd;o;s � Pdes
d;o;s (3.13)

The decision whether to implement candidate generation or lines is constrained by the budget for

projects that a utility may have as seen in equations 3.14 and 3.15.

X

m 2 M

(ccap � pmax
m ) � B gen (3.14)

X

( i;j )2 L

(ui;j � cline � l i;j ) � B line (3.15)

3.3 Solution Methodology

The minimization of objective functions 3.1 - 3.3 subject to constraints 3.4 - 3.15 is solved using

Chebyshev goal programming. The bene�t of using Chebyshev goal programming is that it does not

perform prioritization or weighting of objective functions. Alternatively, each objective function is solved

with respect to the others to �nd the Pareto-optimal solution. The formulation for the problem can be seen

in equation 3.16 through 3.19.

minimize L (3.16)

subject to:

8f 2 F : Of � Sf � Tf (3.17)

8f 2 F :
Sf

Tf
� L (3.18)
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8f 2 F : Sf � 0 (3.19)

Before this solution methodology is implemented, each objective function is solved separately to

determine the optimal target for each objective function. The target values utilized in the multi-objective

model are then set to be the optimal value for each objective function with a 1% deterioration. Equation

3.16 aims to minimize the maximum deviation of the objective functions from their target value. Equation

3.17 is modelled as a soft constraint via ensuring the di�erence between the solution to each objective

function and a de�ciency variable is less than the target value of each respective objective function. This

constraint must be modelled as a soft constraint because of the inherent contradictions between objective

functions. This allows the problem to converge to a Pareto optimal solution. The de�ciency variables are

then normalized based on target values of each objective function due to the unit discrepancies between

each objective function. The normalized de�ciency variables must all be less than or equal to the maximum

deviation as seen in equation 3.18. Finally, the deviation variables must be positive 3.19.
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CHAPTER 4

DEVELOPMENT OF CASE STUDY

To ensure proper testing of the proposed methodology, a realistic case study was developed. Reference

[7] proposed a metric and quanti�ed the social vulnerability for all census tracts in Colorado, which was

used as the basis of equity analysis in the current grid expansion planning. The largest utility in Colorado

is the Public Service Company of Colorado (PSCo). Therefore, a general representation of their generation

and transmission network was developed through the usage of public-access information. PSCo is vertically

integrated and therefore owns its generation, transmission, and distribution systems. PSCo also serves as

its own balancing authority. This simpli�es the model as the regulatory market for power 
ow across

transmission lines does not have to be considered [54].

4.1 Development of System

PSCo has the capability to generate 6,228 MW of electricity and provides power to 1.5 million

customers in Colorado [54]. A representation of PSCo's transmission and generation network can be seen

in Figure 4.1. It should be noted that some generation represented in Figure 4.1 are not owned by PSCo

but may be integrated within their network. Orange lines are not owned by PSCo but two are necessary to

consider due to their interconnection with generation resources that PSCo owns. The owner of these lines

may request that PSCo schedules to use these lines, however, scheduling is not considered in this study.
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Figure 4.1 Representation of PSCo's network

Only generation technology owned by PSCo is considered in this study. The majority of transmission

lines considered were 230 kV and above. However, three 138 kV lines were also considered due to their

importance. Potential busses were de�ned as the location of step-down transformers from 230 kV or above

to 69 kV at the minimum. PSCo divides its operations into a variety of regions: Denver, Boulder, Front

Range, Greeley, High Plains, Mountain, Northern, San Luis Valley, Western, and Pueblo [55]. The Pueblo

region was not considered in this study because PSCo does not serve customers in the region [56]. The

visualization of each of these regions can be seen in Figure 4.2 below.
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Figure 4.2 Representation of PSCo service regions

This visualization is not fully representative of the borders of regions. The granularity of borders

considered for this study could only be county level. Realistically, regions may be split within counties. In

instances where regions are split within counties, the region with the majority of the county was allocated

to that county [55].

Busses outside of the regions highlighted were not considered, except for generation sources owned by

PSCo. Information on existing generation was derived from [57]. Existing transmission line information

was obtained from [58]. Substation information was found from [59]. After the analysis of the network

visualized above, a 51-bus system with 63 existing transmission lines and 12 existing generation resources

was created. The �nalized model can be seen in Figure 4.3.

16



Figure 4.3 Developed 51 bus system

It is important to note that solar technology was not considered for existing generation technology. In

Figure 4.3, a gap between two lines in the eastern portion of Colorado can be noticed. For this study, it is

assumed that the lines are connected. The gap is due to another ownership segment. Furthermore, it can

be seen that the two wind farms are not directly connected to the system. For this study, it is assumed

that they are located at their interconnecting substations.
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4.2 Existing Generation

Reference [57] provided information for the location, owner, resource type, and maximum capacity of

each generation source. The minimum capacity for each existing generation source was considered to be 20

MW during normal operation. The year each generation source was commissioned was found from [60]. A

summary of the information can be found in Figure 4.4.

Figure 4.4 Existing generation technology and maximum capacity

The total possible power generated from considered existing technology is 6,552 MW. This is slightly

over PSCo's generational capacity of 6,228 MW. This discrepancy could be attributed to the fact that

PSCo is not fully invested in all generation resources.

4.3 Existing Lines

The line parameters for existing lines needed for the multi-objective optimization model are length,

susceptance, and maximum capacity. These parameters had to be determined through the usage of the
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developed network. The network consists of three 115 kV lines, four 345 kV lines, and �fty-six 230 kV lines.

4.3.1 Line Length (km)

The length of each line was determined through the usage of the ArcGIS measure function. A

representation of line lengths can be seen in Figure 4.5.

4.3.2 Susceptance

The susceptance of a conductor can be found by taking the inverse of the positive series reactance of a

conductor (ignoring the line resistance). Conductor manufacturers list the positive series reactance of their

conductors. An assumed conductor type for each voltage level was determined. All conductors were

assumed to be an aluminum-conductor steel-reinforced (ACSR). Table 4.1 shows the determination of

positive series reactance for each line voltage level.

Table 4.1 Positive series reactance from [61] for each voltage level

Voltage Level (kV) Type of ACSR Conductor Positive Series Reactance (ohms/km)
115 Drake [62], [63] 0.337
230 Falcon [64] 0.312
345 Plover [65] 0.316

The susceptance in per unit was determined using a base voltage of 230 kV, a base power of 100 MW,

and each lines respective length. Figure 4.5 shows the susceptance of each line in per unit.

4.3.3 Maximum Power-Handling Capacity

The maximum 3-phase power-handling capacity of each line in per unit was determined using equation

4.1.

P =
V 2 � sin (30� )

L � x
(4.1)

The voltage considered is the voltage across the line. We are assuming that the system is stable,

therefore the phase di�erence for each line was considered to be 30 degrees. The maximum power 
ow of

each line is dependent on the length of each line and the positive series reactance per phase. The longer the

line, the less power the line can handle. This means that longer lines have a higher potential of becoming

overloaded. A representation of the �ve longest lines can be seen in Figure 4.5. These lines have the lowest

capacities in the network with the line connecting busses 29 to 30 having the smallest capacity of 1.39 p.u.

The maximum capacity of each line was consistent for each operating condition and scenario. However,

this is not realistic as line capacity can change with a variety of conditions like temperature changes.
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Figure 4.5 Characteristics of the �ve longest lines

4.4 Demand

A summary of customers served within each region summarized from [56] is represented in Table 4.2.

Table 4.2 Number of customers per region, adapted from [56]

Region Number of Customers
Denver 1,065,027
Boulder 135,171

Front Range 18,772
Greeley 65,744

High Plains 12,047
Mountain 40,043
Northern 39,120

San Luis Valley 25,788
Western 73,978
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The Denver region is further split into four regions: Denver Metro, North Metro, Southeast Metro, and

Southwest Metro. The number of customers in each region was assumed to be a fourth of the total number

of customers in the Denver region. The number of customers for each region was then converted to

represent the percentage of total customers served for each region as seen in Table 4.3.

Table 4.3 Percentage of customer per region

Region Number of Customers Percentage of Total Customers
Denver Metro 266,256.75 18.04

Boulder 135,171 9.16
Front Range 18,772 1.27

Greeley 65,744 4.46
High Plains 12,047 0.82
Mountain 40,043 2.71

North Metro 266,256.75 18.04
Northern 39,120 2.65

San Luis Valley 25,788 1.75
Southeast Metro 266,256.75 18.04
Southwest Metro 266,256.75 18.04

Western 73,978 5.01

The percentage of total customers for each was then allocated equally for each demand bus in that

region. This percentage was utilized to determine how much of the total demand desired would be

allocated to each bus. This representation can be seen in Figure 4.6.
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Figure 4.6 Total percentage of demand for each demand bus in each region

The northern demand was implemented onto two busses that were within the Greeley regions. This was

done because from those busses, lines extend into the Northern region, but these lines were not considered

in this study.

4.4.1 Social Vulnerability Weighting

The social vulnerability of each demand node was determined using the data in [7], which provides the

social vulnerability ranking for each census tract in Colorado. This representation was too granular for this

study. Therefore, a weighted average social vulnerability score based on the population of each census tract

was found for each county in Colorado. The population of each county was found from [66]. The demand

busses were assigned their counties respective social vulnerability score. The results can be seen in

Figure 4.7.
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Figure 4.7 Total percentage of demand for each demand bus in each region

The two busses that deliver to both Greeley and Northern regions had to consider the social

vulnerability score for two counties (Larimer and Weld). The average of the two counties was utilized for

these demand nodes. The overall social vulnerability levels are de�ned within 0 and 1, with 1 being the

most socially vulnerable.

4.5 Development of Candidate Generation and Lines

The process to determine candidate generation resources and transmission lines was as follows.

4.5.1 Candidate Generation

The only potential technologies for generation considered were wind and solar photovoltaic (PV)

energy. The best area for wind energy resources in Colorado is in the east due to the steady and strong

wind conditions [67]. The best areas for solar PV energy resources in Colorado is in southern Colorado

[68]. Western Colorado was also considered a potential location for solar due to the lack of generation in
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the western region.

Table 4.4 Candidate generation speci�cations

Technology Type Bus
Solar 29
Solar 38
Solar 39
Solar 40
Solar 41
Wind 5
Wind 44
Wind 45

The maximum capacity for all potential solar photovoltaic technology was assumed to be 100 MW. The

maximum capacity for all potential wind energy technology was assumed to be 500 MW.

4.5.2 Candidate Transmission Lines

PSCo is currently planning to construct a variety of new transmission lines in eastern Colorado to allow

for the further integration of wind energy resources [54]. Therefore, transmission lines similar to those

proposed are considered as candidate transmission lines. Furthermore, a variety of transmission lines were

operating at their maximum capacity for a variety of operating conditions and scenarios and were therefore

considered.

All candidate transmission lines were assumed to be 230 kV lines. Therefore, they all utilized the falcon

ACSR according to Table 4.1. The length, susceptance, and maximum power handling capacity of the

potential lines can be found in table Table 4.5.

Table 4.5 Candidate transmission lines speci�cations

From Bus To Bus Length (km) Susceptance (p.u.) Max Capacity (p.u.)
1 5 190 120.06 4.67
1 29 150 88.47 5.92
48 35 185 109.11 4.80
48 37 100 58.98 8.88
25 34 110 64.88 8.07
7 51 175 103.21 5.07

4.6 Operating Condition Development

Four di�erent operating conditions were considered utilizing data from [69] which is represented in

Figure 4.8.
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Figure 4.8 Daily demand for PSCo from March 2022 to March 2023

Utilities typically consider two di�erent operational season, on-peak and o�-peak. On-peak is from June

through September, while o�-peak is October through May. The four operating conditions were as follows:

on-peak average demand and above, on-peak below average demand, o�-peak average demand and above,

and o�-peak below average demand. The demand amount in MW and operational hours can be found in

Table 4.6.

Table 4.6 Operating conditions speci�cations

Operating Condition Total Demand (MW) Hours of Operation
1: On-peak average demand and above 7413.0 1368

2: On-peak below average demand 5644.0 1536
3: O�-peak average demand and above 6417.0 2952

4: O�-peak below average demand 4910.0 2904

25



The total demand for each operating condition was decided in the following way. The peak demand day

over the entire 2022 to 2023 period had a demand of 177,912 MWh. This was divided by 24 for the 24

hours in the day to get 7,413 MW of demand. This was used for the �rst operating condition total

demand. For the second operating condition the same process was utilized however, the average demand

from the on-peak period was utilized. The same process was pursued for the o�-peak operating conditions,

3 and 4, with the o�-peak seasonal peak and average.

These operating conditions are di�erent from operating conditions that utilities may assess for

generation and transmission capacity expansion projects. Most often utilities will consider the 15 minutes

of each month with the most demand as their operating condition and plan utilizing that maximum

demand. However, due to lack of access to that granular level of demand data, the process was performed

as outlined above. The �rst operating condition had a total demand above the maximum existing

generating capacity of 6,552 MW. This operating condition was determined to be operational for

approximately 20% of the year (8760 hours). This ensures an operating condition that requires new

generation and transmission lines to fully serve the load even during scenarios with no contingencies.

4.7 Scenario Development

Contingency scenarios were developed considering the wild�re risk to communities through a burn

probability in Colorado [70]. Figure 4.9 shows the burn probability for the developed network. The front

range has the highest burn probability in the state. A detailed look at the burn probability of lines in the

front range and metro area can be seen in Figure 4.10. Any line or generator that had a burn probability of

0.1% or more was considered as a potential contingency scenario. For this study, only N-1 contingencies

were considered. A list of the chosen scenarios and their probability of occurrence based on burn

probability can be seen in Table 4.7.

Table 4.7 Scenario descriptions

Scenario Description of Contingency Probability of Occurrence
1 Line from 23 to 26 down 2.17%
2 Line from 26 to 27 down 1.00%
3 Line from 11 to 31 down 1.00%
4 Line from 35 to 37 down 0.47%
5 Line from 11 to 10 down 0.47%
6 Line from 11 to 25 down 1.00%
7 Line from 25 to 23 down 1.00%
8 Line from 2 to 23 down 0.47%
9 Generator at bus 31 (pumped hydro) down 0.47%

10 Normal operation 91.97%
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The majority of the considered contingencies were lines or generation outages in the Front Range and

Boulder service area regions. One line outage was considered in the San Luis Valley region. A �nal line

outage was considered in the Western region.

Figure 4.9 Burn probability for �nalized network
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