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ABSTRACT

A HOLISTIC MULTIDISCIPLINARY DECISION-MAKING APPROACH UTILIZING
MODEL-BASED SYSTEMS ENGINEERING AND SYSTEM DYNAMICS FOR NOVEL
ENERGY TECHNOLOGY COMMERCIALIZATION

The U.S. energy system is characterized by its complexity and the intricate interplay of various
components, including electricity generation, non-electrical energy sources, energy consumption
patterns, and the energy economy. As the nation transitions to more sustainable and resilient energy
sources, it becomes evident that traditional decision-making approaches are insufficient to address
the multifaceted challenges of modern energy systems. This research aims to develop a novel
decision-making framework by integrating systems thinking and systems engineering principles
to provide a comprehensive understanding of energy system behavior and facilitate the evaluation
and deployment of novel energy technologies.

Chapter 1 provides an overview of the research, states the main research question and ob-
jectives, and describes an overview of the dissertation. Chapter 2 presents an overview of the
intricate and multifaceted landscape of the U.S. energy system, exploring its various elements and
the complex interactions among them. It provides a comprehensive overview of the current state
of the U.S. energy system, including electricity generation, non-electrical energy sources, and en-
ergy consumption patterns. The chapter also highlights the critical role of the energy economy in
shaping the transition to sustainable and resilient energy sources. Furthermore, the chapter exam-
ines the potential of hydrogen as a key player in the future energy system, emphasizing its ability
to enhance energy security, reduce carbon emissions, and support diverse industrial applications.
Finally, the chapter discusses the challenges and shortcomings of existing decision-making ap-
proaches for complex energy systems, underscoring the need for new methodologies that integrate

multidisciplinary insights and address uncertainties.
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Chapter 3 elaborates on the complexity of energy systems and underscores the importance of
interdisciplinary approaches to address their challenges. It highlights the roles of systems thinking
and systems engineering in developing a novel decision-making framework for energy systems.
Systems thinking is presented as a holistic approach that considers both internal and external in-
teractions of system elements, enabling better decision-making by providing insights into complex
interactions and long-term perspectives. Systems engineering is defined as an interdisciplinary
approach that ensures the successful realization of complex systems by connecting various engi-
neering disciplines, evaluating stakeholder needs, and applying standardized methods throughout
the system life cycle. The chapter also discusses specific methods and tools, such as system dy-
namics and model-based systems engineering, that are used in this research to develop a framework
for informed decision-making in energy systems.

Chapter 4 explores the deployment dynamics of novel energy technologies, focusing on on-
shore wind, utility-scale solar photovoltaic, and clean hydrogen generation energy systems. The
research examines various factors influencing deployment, including policy and regulation, tech-
nological advancements, economic considerations, environmental concerns, public perception, and
infrastructure capabilities. Qualitative analysis identifies key dynamics such as the role of govern-
ment policies and incentives, technological advancements, economic factors, environmental con-
cerns, and public perception in accelerating technology adoption. Quantitative modeling provides
insights into factors driving capacity growth and cost reductions, demonstrating the model’s abil-
ity to simulate the trajectory of novel energy technology adoption. Sensitivity studies highlight the
importance of resource availability, willingness to invest, and technological learning as influential
factors affecting capacity growth. Scenario analyses confirm the significant impact of federal in-
centives and technological learning on both capacity growth, the levelized cost of energy, and the
levelized cost of hydrogen.

Chapter 5 expands the exploration of energy system deployment presented in Chapter 4 into a
more granular problem—the crafting of a decision support framework aimed at configuring energy

systems on a smaller scale. The principal objective is to leverage systems engineering principles
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and tools systematically to minimize the risk of suboptimal system configurations that fail to align
with stakeholder requirements or regional conditions, potentially resulting in reduced or lost prof-
its. The need for this new approach is underscored by the inherent complexity and uncertainty in
energy systems, which necessitates a structured, multidisciplinary evaluation method to facilitate
high-level decision-making and ensure the selection of the most feasible and beneficial system
concepts.

Finally, Chapter 6 presents conclusions, research contributions, and opportunities for future
work. The findings from this research have several implications for policymakers, investors, and
industry stakeholders. Policymakers are encouraged to maintain consistent and supportive gov-
ernment policies and incentives to reduce market volatility and encourage sustained investment in
renewable energy projects. Investors can benefit from understanding the dynamics of technology
adoption and the factors influencing profitable capacity, emphasizing the significance of techno-
logical learning and cost reductions. Industry stakeholders should focus on scaling up developer
capacity and investing in technological improvements, collaborating with policymakers to ensure
supportive regulatory environments and incentives.

In summary, the transition to novel energy technologies is a complex but essential process
in addressing climate change and ensuring energy security. This research highlights the critical
factors influencing this transition and provides a robust model for understanding the dynamics
of energy technology adoption. By leveraging these insights, stakeholders can make informed
decisions to support the accelerated deployment of renewable energy systems, contributing to a

sustainable and resilient energy future.
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Chapter 1

Introduction

1.1 Overview

The transition to sustainable and resilient novel energy systems is a complex and multifaceted
challenge that requires a comprehensive understanding of the current and future energy landscape,
the potential of emerging technologies, and the development of new decision-making methodolo-
gies. This dissertation addresses these challenges by exploring the intricate landscape of the U.S.
energy system, opportunities for novel energy technologies entering the existing energy system,
the potential role of hydrogen in the future energy system, and the development of a novel decision
support framework for energy system strategy development.

The U.S. energy system is a complex network comprising various elements and their intercon-
nections at national, regional, and local levels. Figure 1.1 is a schematic of the overall U.S. energy
system. It includes electricity generation from fossil fuels, renewables, and nuclear energy, as well
as non-electrical energy sources used in industrial processes. Energy consumption patterns and the
economic aspects of the energy system significantly influence the types of energy sources used to
meet demand. The energy economy plays a crucial role in the transition to diverse and sustainable
sources, influenced by energy production, distribution, and consumption dynamics. Energy prices,
federal policies, and projected demands shape this transition.

Diversifying energy sources enhances national security and stabilizes prices, making the energy
sector more resilient to disruptions. Long-term energy demand projections take into account fac-
tors such as population growth, urbanization, and economic development. Sustainable economic
growth requires significant increases in energy capacity to meet rising demand while reducing re-
liance on fossil fuel energy sources. Hydrogen presents a unique opportunity to enhance the energy
sector’s resilience while making significant strides toward achieving decarbonization goals. The

U.S. Department of Energy (DOE) is pursuing an ambitious Hydrogen Program Plan, enabling
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Figure 1.1: U.S. energy system schematic

energy pathways across numerous applications and sectors. Currently, hydrogen demand is pri-
marily in petroleum refinement and ammonia production. However, demand is expected to grow
significantly in industrial processes and new markets, such as hydrogen fuel cells for vehicles and
the injection of hydrogen into natural gas pipelines.

The United States and many other countries are investing heavily in hydrogen production tech-
nologies and infrastructure. Significant advancements in electrolysis-based hydrogen generation
technologies are making them viable for large-scale applications. Various studies have explored the
feasibility of coupling nuclear plant operations with hydrogen production, and economic analyses
have assessed the viability of hydrogen energy markets.

However, the large-scale commercialization of hydrogen systems has not been considered part

of a macro energy system. Existing research has focused on specific aspects, such as technol-



ogy maturity, cost improvements supporting economic feasibility, and overall technology capacity
growth, based on multiple factors that influence the adoption of this novel energy technology.
This research includes an in-depth examination of qualitative and quantitative models developed
to understand the commercialization paths of novel energy technologies. The quantitative models
developed in this research specifically focus on onshore wind, utility-scale solar PV, and clean
hydrogen generation systems.

A System Dynamics (SD) model is developed for onshore wind energy. This model explores
wind energy capacity growth in the United States, taking into account multiple influencing factors
such as economic feasibility, resource availability, the growth of developer capacity to build new
projects, and the maturation of the technology leading to cost reductions. The simulation results
from the model will be compared with historical and projected capacity data, demonstrating the
model’s validity and accuracy in predicting capacity growth trends.

Following the successful validation of the wind energy model, the same modeling framework
will be employed to simulate the growth of utility-scale solar PV energy in the United States. The
solar model utilized solar-specific data and similarly compared simulation results to historical and
projected data for utility-scale solar PV capacity growth in the United States.

The application of the same model and validation against historical data confirmed the hypoth-
esis that the commercialization of novel energy systems follows similar patterns and is affected
by the same factors. The model was subsequently used to analyze the potential futures for the
commercialization of clean hydrogen generation, an energy technology at the initial stages of
large-scale adoption, for which no historical data is available. The model’s application to clean
hydrogen generation aimed to understand potential commercialization paths by integrating fac-
tors such as technology readiness, economic feasibility, federal policies, developer readiness, and
resource availability.

Sensitivity studies conducted within the quantitative modeling confirmed key factors affecting
capacity growth and the Levelized Cost of Energy (LCOE). Scenario analyses further confirm

the significant impact of federal incentives and technological learning on both capacity growth



and cost reduction, emphasizing their importance in the successful deployment of novel energy
technologies.

The research about the dynamics of novel energy technologies adoption concludes by outlining
findings and making recommendations to energy sector stakeholders, including investors, utilities,
and policymakers. These recommendations address the opportunities and challenges associated
with deploying novel energy solutions within established energy systems, informed by insights
gained from quantitative models.

Next, the research will focus on decision-making for selecting a novel energy technology to ad-
dress specific stakeholder needs. Energy systems are challenging to plan and analyze due to their
complexity, which stems from the heterogeneity of and dynamic interdependence among subsys-
tem components, as well as the uncertainty related to their future state. Traditional approaches
to analyzing energy strategies and decision-making tools are valuable for specific applications,
such as economic assessments or detailed analyses of specific aspects of an energy system. How-
ever, they do not facilitate the initial high-level decision-making process that considers all feasible
options for a new energy system.

To address these challenges, this dissertation proposes a new decision support framework that
comprehensively evaluates energy systems based on the key objectives defined by system stake-
holders. This framework allows for considering various perspectives, including economic, tech-
nical, and social aspects. The proposed framework employs Systems Thinking (ST) and Systems
Engineering (SE) principles and tools, specifically a concept exploration approach and MBSE,
combined with multicriteria decision analyses.

The proposed framework is demonstrated in a case study for selecting the conceptual solution
for a novel energy system tasked with clean hydrogen production. This case study focuses on
demonstrating that the proposed framework can aid in making strategic decisions, primarily for
investors and utility executives. Four potential system concepts are identified, with three different

hydrogen technologies and two energy sources, nuclear and solar. The concepts are evaluated



based on the criteria set and ranked by decision-makers, using a multicriteria decision analysis
approach.

In summary, this research offers novel and comprehensive approaches to decision-making on
a large scale, such as integrating novel energy technologies with the existing energy systems, and
on a small scale, such as identifying the most optimal energy system solution to address specific

stakeholder needs and constraints.

1.2 Research Objectives

The purpose of this research is to develop a holistic multidisciplinary decision-making ap-
proach based on the methods and principles of ST and SE using MBSE tools.

The decision support framework aims to provide an understanding of:

* The opportunities and challenges of a large-scale deployment of novel energy technologies

given economics, demands, available resources, and social aspects like federal policies

* How conceptual system designs can support the identification and selection of the optimal

energy system solution for a specific need, given a set of constraints.

The high-level analysis of energy technology long-term deployment is supported by a SD
model reflecting the specifics of the given technology, costs, resource availability, demands, and
policies. An MBSE approach is used to model conceptual architectures of an energy system, en-
abling a comprehensive trade-off analysis supporting an informed selection of the optimum system
architecture.

The primary research question this dissertation will address is: Can systems thinking and sys-
tems engineering principles and tools be used to develop a framework supporting decision-
making for investment strategies in nuclear-based hydrogen production? The research objec-
tives that will address this question are:

Research Objective 1: Conduct a comprehensive literature review on publications related to
the transition of energy systems to sustainable and resilient solutions. Focus is on understanding

factors that influence the deployment of new energy technologies, identifying opportunities and



challenges, and examining decision-making approaches and tools that support these decisions, and
as a result, identify shortcomings in the state-of-the-art methods and tools for decision-making for
energy systems.

Research Objective 2: Evaluate ST and SE disciplines as foundational approaches for devel-
oping a novel decision-making framework for energy systems. Examine MBSE tools as potential
bases for the decision-making framework solutions addressing the needs of comprehensive assess-
ments of novel energy systems.

Research Objective 3: Explore the dynamics and factors influencing the commercialization
and integration of new energy systems into existing infrastructures to provide insights into vari-
ous aspects, such as technological advancements, policy and regulation, economic considerations,
and infrastructure capabilities, that play crucial roles in the energy transition. The objective is
supported by smaller tasks:

* Develop a model for a mature technology like wind energy to model dynamics between en-
ergy capacity growth and factors affecting commercialization, and validate the model using
historic capacity growth and cost data.

* Use the same model with adjusted technology-specific inputs to analyze the deployment
of another energy technology, specifically utility-scale solar PV, to confirm the model’s
technology-inclusive capabilities to analyze the dynamics of deployment of novel energy
technologies.

* Adjust the model to represent the specifics of clean hydrogen technology to analyze potential
futures of its deployment. Given that the technology is at the very early stage of deployment,
there is no adequate historical data to calibrate the model, but the model will highlight fac-
tors with the largest impact on successful technology commercialization, providing valuable
information for decision-makers such as policy makers and investors.

Research Objective 4: Develop a decision support framework for configuring energy systems

on a smaller scale, leveraging SE principles and tools to minimize risks associated with suboptimal



system configurations that do not align with stakeholder requirements or regional conditions. Use
the hydrogen system as a case study for the decision support framework.

1.3 Dissertation Overview !

Chapter 2 provides a comprehensive examination of the current U.S. energy system, focus-
ing on primary energy sources, consumption patterns, and the impact of the energy economy on
transitioning to sustainable energy sources. It highlights the potential role of hydrogen in reduc-
ing carbon emissions and supporting industrial processes, as well as current hydrogen usage and
projected demand growth. The chapter also discusses the challenges of clean hydrogen produc-
tion and the need for robust decision-making approaches. Traditional decision-making methods’
limitations are identified, underscoring the necessity for new methodologies that integrate multi-
disciplinary insights to support sustainable energy transitions.

Chapter 3 explores the complexity of energy systems and advocates for interdisciplinary ap-
proaches to address their challenges. It introduces ST as a holistic approach that considers internal
and external system interactions, facilitating better decision-making through understanding com-
plex interactions and long-term perspectives. The chapter also defines SE as an interdisciplinary
approach that ensures the successful realization of complex systems by connecting various engi-
neering disciplines, evaluating stakeholder needs, and applying standardized methods, all neces-
sary aspects of a comprehensive analysis of a complex system like a novel energy system. The
chapter discusses specific methods and tools, such as SD and MBSE, emphasizing their role in
managing complexity and increasing project success rates. The integration of ST and SE princi-
ples is highlighted as essential for developing a comprehensive decision-making framework for
energy systems.

Chapter 4 examines the deployment of novel energy technologies, focusing on commercial-

ization and technology diffusion dynamics. The chapter identifies key factors influencing energy

I'This dissertation contains works published in journals and presented at conferences. In these cases, the works are
reproduced within this dissertation and have been reformatted to meet the dissertation style guidelines.



system transitions, such as government policies, technological advancements, social acceptance,
and environmental concerns. It explores technology diffusion dynamics using Causal Loop Di-
agrams (CLD) and models key factors influencing adoption. The chapter presents a SD model
for understanding the commercialization paths of onshore wind and utility-scale solar PV energy
systems, demonstrating the model’s validity through historical and projected capacity data compar-
isons. Sensitivity studies and scenario analyses highlight the significance of resource availability,
willingness to invest, and technological learning on capacity growth and LCOE.

Building on the capabilities of the developed SD model for wind and solar energy systems,
an expanded model is developed for a clean hydrogen generation energy system at the very early
stages of commercialization. The general dynamics of novel energy system adoption provide val-
idation based on the historical data for the wind and solar systems, which provide the foundation
to predict the potential future for other novel energy technologies like clean hydrogen. While
the main factors influencing commercialization success remain largely the same, nuances of each
specific technology necessitate additional details and considerations, as was observed during the
hydrogen model development.

The chapter concludes with implications for policymakers, investors, and industry stakeholders
and outlines future research directions.

Chapter 5 proposes a new decision support framework that evaluates energy systems based on
stakeholders’ key objectives. The framework employs ST and SE principles, using a concept ex-
ploration approach and MBSE for systems analysis, combined with multicriteria decision analysis.
The framework process consists of three phases: needs analysis, concept exploration, and concept
definition. A trade-off analysis is conducted in the concept definition phase, allowing systematic
comparison of various options. The framework’s utility is demonstrated through a case study on
clean hydrogen production, showing its potential to aid strategic decision-making for investors and
utility executives. The framework is flexible and can be modified to address the needs of other

entities, like policymakers.



Lastly, Chapter 6 summarizes this dissertation, including a summary of findings and recom-
mendations, identifies the limitations of this research, and proposes ideas for future research.
Appendix A is a text version of the wind SD model, and Appendix B is a text version of the

hydrogen SD model.



Chapter 2
Status of Energy Systems and Approaches for

Decision-Making °

This chapter provides an overview of the intricate and multifaceted landscape of the U.S. en-
ergy system, exploring its various elements and the complex interactions among them. It provides a
comprehensive overview of the current state of the U.S. energy system, including electricity gener-
ation, non-electrical energy sources, and energy consumption patterns. The chapter also highlights
the critical role of the energy economy in shaping the transition to sustainable and resilient energy
sources. Furthermore, it examines the potential of hydrogen as a key player in the future energy
system, emphasizing its ability to enhance energy security, reduce carbon emissions, and support
diverse industrial applications. Finally, the chapter discusses the challenges and shortcomings of
existing decision-making approaches for complex energy systems and underscores the need for

new methodologies that integrate multidisciplinary insights and address uncertainties.

2.1 Description of the U.S. Energy System

A national, regional, and even local energy system is a complex enterprise of many elements
and their interconnections. Figure 1.1 is a schematic of the overall U.S. energy system. The system
elements belong to the general categories described in this section.

Sources of Electricity: In the United States, as of 2023, most electricity is generated from
fossil fuels, specifically natural gas and coal [2]. Fossil-fuel-based energy sources are ass