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Abstract: A holistic approach to decision-making in modern energy systems is vital due to their
increase in complexity and interconnectedness. However, decision makers often rely on narrowly-
focused strategies, such as economic assessments, for energy system strategy selection. The approach
in this paper helps considers various factors such as economic viability, technological feasibility,
environmental impact, and social acceptance. By integrating these diverse elements, decision makers
can identify more economically feasible, sustainable, and resilient energy strategies. While existing
focused approaches are valuable since they provide clear metrics of a potential solution (e.g., an eco-
nomic measure of profitability), they do not offer the much needed system-as-a-whole understanding.
This lack of understanding often leads to selecting suboptimal or unfeasible solutions, which is often
discovered much later in the process when a change may not be possible. This paper presents a novel
evaluation framework to support holistic decision-making in energy systems. The framework is based
on a systems thinking approach, applied through systems engineering principles and model-based
systems engineering tools, coupled with a multicriteria decision analysis approach. The systems
engineering approach guides the development of feasible solutions for novel energy systems, and
the multicriteria decision analysis is used for a systematic evaluation of available strategies and
objective selection of the best solution. The proposed framework enables holistic, multidisciplinary,
and objective evaluations of solutions and strategies for energy systems, clearly demonstrates the
pros and cons of available options, and supports knowledge collection and retention to be used for a
different scenario or context. The framework is demonstrated in case study evaluation solutions for a
novel energy system of clean hydrogen generation.

Keywords: energy systems; decision support; systems engineering; model-based systems engineering;
systems thinking; multicriteria decision analysis; hydrogen production

1. Background

The national energy system is constantly evolving, especially given the urgent na-
tional goals for energy independence, resiliency, and ambitious goals for decarbonizing the
energy sector. These national goals are mirrored by many commercial companies that have
their own decarbonization goals. Large companies, including utilities (e.g., Duke Energy,
Southern, Vistra, NextEra Energy, Ameren, American Electric Power, Exelon, First Energy,
Dominion Energy, WEC Energy Group, Xcel Energy), industrial companies (e.g., Ford
Motor, General Motors, American Airlines, Dow, United Airlines, Lockheed Martin, Boe-
ing), IT and communication technology companies (e.g., Apple, Oracle, Microsoft, AT&T,
T-Mobile, Verison, Meta), and even oil and gas companies (e.g., Conoco Phillips, Devon
Energy, Chevron, Exxon Mobil), announced their goals to achieve net-zero by 2050 [1].
These ambitious targets create a large demand to be met by alternative clean energy solu-
tions. One such solution is clean hydrogen, a unique energy source that enables the deep,
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large-scale decarbonization of energy sectors that are hard or even impossible to electrify.
These sectors include large industrial processes like steel manufacturing, petrochemical
processing, pulp and paper production, refining, and medium- and heavy-duty transporta-
tion, where electrification is not achievable due to large power demands [2]. Recognizing
the high potential of clean hydrogen to make a measurable impact on decarbonization
and energy independence goals, the U.S. government has launched several large-scale
initiatives focused on enabling an energy system transition to a cleaner, more independent
and resilient system. Two large legislative actions, the Infrastructure Bill [3] and Inflation
Reduction Act [4], directly support clean energy sources. Industry is actively searching for
opportunities to capitalize on the federal incentives to support their financial and decar-
bonization aspirations. However, given multiple choices and various potential outcomes,
selecting a strategy is very complex and multidimensional.

The decision-making around enterprise strategies and portfolio selection has long
relied on the traditional well-accepted methodologies like cost depreciation presented
via net present value and internal rate of return and cost–benefit analyses [5,6]. In the
energy sector, other representative metrics to select a given technology versus others are the
levelized cost of energy (LCOE) and avoided cost of carbon. However, the decision makers
are faced with multidimensional problems that go well beyond the traditional economic
analyses. For example, the net present value (NPV) or internal rate of return (IRR) metrics
do not explicitly account for the company goal to achieve net-zero by 2050 or other social
factors, such as customers specifically requiring low-carbon sources of electricity, which
may shift the dynamics of the company strategy. Therefore, a novel approach is needed
for decision makers that integrates multiple interdisciplinary aspects, such as technical,
economical, and social.

Therefore, this article describes a novel methodological framework to address the
gaps identified in the currently used decision-making approaches for energy systems
and explains the concepts, underlying methodologies, and processes of the proposed
framework. The remainder of the article is as follows: Section 2 describes the general
decision-making process and explains why humans struggle with decisions for complex
systems. It also explains the decision-making specifically for energy systems along with
supporting methodologies and tools typically used. Lastly, the shortcomings in existing
decision-making approaches for energy systems are outlined, suggesting the need for a
new approach. Section 3 describes the proposed framework. Section 4 presents a case study
demonstrating the framework application for selecting the conceptual solution for a novel
energy system tasked with clean hydrogen production.

2. Decision-Making for Complex Systems

This section provides an overview of the decision-making process in general and,
more specifically, the methods and tools used for decisions in energy systems. Section 2.1
describes how we, as humans, make decisions and explains why humans struggle with
decisions for complex systems. To assist with decision-making, especially for complex
problems, a systematic approach and enabling tools are needed. Section 2.2 describes
decision-making approaches specifically for energy systems along with supporting method-
ologies and tools typically used. Lastly, Section 2.3 outlines the shortcomings of existing
decision-making approaches for energy systems, and Section 2.4 presents the need for a
new type of approach.

2.1. Humans and Decision-Making

We make decisions, small or large, important or not, using four simple steps: (1) un-
derstand the problem or need, (2) gather information and identify alternatives, (3) evaluate
alternatives, and (4) select the best solution within our understanding. Most contemporary
decision-making theories operate on the premise of rationality, assuming that decision
makers consistently select the optimal course of action available to them, ending with the
best possible solution [7]. However, these theories often overlook the challenge of deter-
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mining what exactly constitutes the best action. They fail to differentiate between decision
scenarios involving just two options and those involving ten, twenty, or even thousands of
choices. Numerous studies have suggested that, when confronted with complex decisions,
humans rely on heuristics—solutions derived through trial and error or loosely defined
guidelines—to guide their choices [8–10].

A considerable body of research indicates that individuals struggle to make rational
decisions when faced with an abundance of options, a phenomenon commonly referred to
as information overload. Information overload refers to the discrepancy between the sheer
volume of information available and humans’ capacity to process it effectively. This surplus
of information can impede problem-solving abilities and task execution, consequently
influencing decision-making. Human brains have finite capacities for information retention,
and excessive data can hinder their ability to arrive at rational decisions [11–13]. In fact,
ref. [12] suggests that the span of human memory is about seven pieces of information with
some small variation.

This natural limitation of the human brain to process information necessitates mea-
sures to assist with decision-making, a decision support system, especially for decisions for
complex problems like the ones in energy systems.

2.2. Decision-Making for Energy Systems

Energy systems are difficult to analyze due to their complexity, which stems from the
heterogeneity of and dynamic interdependence between subsystem components and the
complexity of the networks that connect them, as well as the uncertainty related to their
future state [14]. The complexity of evaluating energy and environmental issues is pointed
out by many research studies [15–20] that point to the many sources of uncertainty, long
time frames, heavy capital investments, multidisciplinary affecting factors, and a large
number of stakeholders with often competing objectives. As such, an application of formal
decision analysis methods is warranted and highly encouraged.

The general techniques for capital investments are discussed in [21]. The majority
of the methods are economic measures (e.g., IRR and NPV), with only a few capable of
integrating uncertainties and non-economic measures, such as real options and sensitivity
analyses. IRR and NPV are financial metrics used to assess the profitability and viability of
investments. The NPV of an investment represents the present value of its associated cash
inflows and outflows, discounted at the market’s required rate of return. An investment is
financially beneficial and adds value if it has a positive NPV, while it is considered value-
diminishing and should be rejected if its NPV is negative [22]. The IRR is the break-even
rate of return for an investment. If an investment’s IRR exceeds the market’s required
return, then the investment is financially sound. In contrast, an investment is not financially
viable if its IRR falls below the required rate of return that compensates for its risk [22].

Decision-making processes in the energy sector have advanced, drawing from broader
investment strategies but tailoring techniques to suit the unique needs of energy systems.
A study by Strantzali [16] identifies life cycle assessment, cost–benefit analysis, and multi-
criteria decision-making as the top modeling methods for renewable energy investments.
Liu’s 2021 review [20] adds that, within offshore wind power investment, levelized cost
of energy (LCOE), Modern Portfolio Theory, and Real Option Theory are also prevalent.
Reference [20] categorizes decision-making techniques into four main groups: basic, ad-
vanced, those accommodating uncertainties, and multicriteria methods. Basic methods
encompass life cycle assessment and life cycle cost — which assess environmental impacts
and economic performance across a system’s life span, respectively — as well as discounted
cash flow, a conventional tool for early-stage investment evaluation that employs NPV and
IRR metrics. A few of the most common methods for multicriteria decision-making are
outlined here.

• Pugh concept selection method: Uses a matrix for comparing alternatives as worse,
same, or better but does not consider the varying importance of different attributes to
the decision-makers [23].
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• The multi-attribute utility theory (MAUT): Involves creating a utility function based on
the decision-maker’s preferences to rank options, typically using a weighted additive
function for different attributes, though more complex functions like multiplicative
can be used if attributes are interdependent [23,24].

• The analytic hierarchy process (AHP): Relies on pairwise comparisons by experts to
measure intangible criteria and establish a hierarchy of priorities. The outranking
methods also use pairwise comparisons but allow for the possibility that alternatives
may be incompatible [16].

• Agent-based simulation models: These are increasingly popular for energy applica-
tions, modeling complex systems with diverse agents and rules, capable of capturing
nonlinearity, emergence, heterogeneity, and coevolution, making them effective for
evaluating policy impacts on investment decisions and energy markets [19].

A few other methods for strategic capital investment decision-making exist, including
the balanced scorecard, value chain analysis, and logical decision trees. However, these
methods are less common.

References [25,26] include an in-depth literature review of existing approaches for the
evaluation of energy systems. Although these approaches were not specifically designed to
aid in decision making, they do offer a comprehensive understanding of current methods
for assessing energy systems. The authors incorporated insights from many of these
frameworks into their review.

Regarding the use of MBSE to assist in the strategic decision making for new systems,
an extensive literature search revealed only a few targeted studies [27–29]. These inves-
tigations have provided insightful information, supporting the hypothesis of this paper
that MBSE is valuable in the conceptual design stages. However, these studies fall short of
combining system concepts with strategic decision making, which is the innovative aspect
of the methodology and framework presented in this paper.

2.3. Shortcomings of Currently Used Decision-Making Methods

Each method previously described in this section has strengths and weaknesses when
considering its application for the energy systems domain and are discussed below.

The discounted cash flow method has been successfully used for decades to eval-
uate investment alternatives for various domains, including energy systems. However,
the finance-focused assessments tend to be biased towards short-term, less strategic in-
vestments whose benefits are easy to quantify [30]. The economics-based investment
appraisal methods are also considered inadequate and incomplete to support evaluations
of strategic investments because they do not address intangible attributes (e.g., goals for
reducing greenhouse gas emissions or social acceptance). As a result, the discounted cash
flow method is only considered suitable for short-term investment projects where market
uncertainties are small. As noted in [20], due to limited flexibility, the discounted cash
flow method is not appropriate for evaluating energy-related projects due to a volatile
investment environment, and it should be used in combination with other methods rather
than alone.

LCOE is the economics-based methodology commonly used for evaluating strategies
and investments for energy systems. It is appropriate and applicable for a wide range
of scenarios with different system strategies, investment amounts, regions, and power
generation technologies [20]. However, as with the discounted cash flow method, it is
not suitable to comprehensively evaluate energy-related projects because of its inability
to incorporate multidisciplinary insights. Furthermore, the economics-centered approach
and tools may bias decision makers against long-term strategic investment projects, which
would impede business innovations [30].

The multicriteria decision-making methods and tools are generally applicable for
evaluating energy systems due to their capability to include multiple variables and assess
strategies even when competing objectives exist. One should be careful with applying a
multicriteria decision analysis when inputs are based on incomplete or vague data since
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this method may produce unrealistic and misleading results [20]. A significant concern for
evaluating strategies in the energy domain is attributed to the fact that many inputs are
indeed based on imprecise data, especially when novel energy systems are evaluated.

Another concern is making decision analyses too complex for evaluating conceptual
strategies relying on advanced modeling and simulation tools or complex formulas. For
the initial selection of potential strategies, decision makers prefer simple-to-understand
approaches and would reject complex methods and tools even if they are valid and ben-
eficial for identifying the optimal solution. For example, Idaho National Laboratory has
developed a comprehensive and extremely capable Framework for Optimization of Re-
sources and Economics tool suite to analyze the economic potential of various integrated
energy systems to identify the optimal operational strategies of such systems [31]. However,
the tool can be too complex for decision makers selecting which concept of a new energy
system is a better option for their organization.

Other tools available for evaluating energy systems are focused on a specific aspect,
usually a single criteria, supporting an in-depth analyses of that given aspect. For example,
the Nuclear–Renewable Hybrid Energy Systems framework described in [32] is focused
on optimizing the operational strategies of an integrated energy system where nuclear
power plants (NPPs) are coupled with renewable energy generators like solar and wind.
The framework is flexible and capable of handling many different approaches and anal-
ysis needs to evaluate optimal operational strategies between the demand, supply, and
dispatching energy to either the electrical grid or industrial process like hydrogen genera-
tion. However, this framework is focused on the specific application (i.e., the operational
strategy), which precludes its use for an initial evaluation of conceptual energy systems.

Some other examples of tools focused on a single aspect are the FECM/NETL Hydro-
gen Pipeline Cost Model, which estimates costs for transporting gaseous hydrogen in a
pipeline from a source such as a hydrogen production facility to a final destination [33];
the Hydrogen Financial Analysis Scenario Tool, which provides a quick and convenient
in-depth financial analysis for new energy systems [34]; and the Hydrogen Demand and
Resource Analysis tool, which allows users to view, download, and analyze hydrogen
demand, resource, and infrastructure data spatially and dynamically [35].

These tools are incredibly valuable for conducting detailed analyses of specific aspects
of an energy system, such as storage or market demands. However, they do not facilitate
the initial high-level decision-making process that considers all feasible options for a new
energy system. Decision makers often choose concepts that are familiar or widely adver-
tised as the “best solution”. This quick selection is followed by numerous in-depth analyses
and evaluations to assess the feasibility of the chosen system configuration. These detailed
evaluations often uncover conditions that render the concept unfeasible or challenging to
implement, leading decision makers back to the drawing board with wasted efforts and
time spent on detailed analyses.

Instead of diving deep into the analysis of a single concept, systems engineering
principles in conceptual design strongly advocate for initially exploring as many concepts
as possible to ensure the potentially best solution is not overlooked. Ensuring that selected
options are highly likely to be feasible is crucial in the design of complex systems and sys-
tems of systems before advancing to the detailed analysis phase. This broad, unrestricted
exploration, not limited to predetermined solutions, often reveals possibilities that were
not originally envisioned. Using systems-thinking practices compels analysts and deci-
sion makers to adhere to the “system-as-a-whole” principle. In summary, the traditional
economics-focused approach to evaluating energy systems is no longer sufficient, as it is
too narrow and too complex to support the informed strategy selection and investment
decision-making for novel energy systems.

2.4. The Need for a New Approach

Assessing energy systems requires a multidisciplinary approach that considers various
disciplines representing the objectives and perspectives of different stakeholders. This
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approach allows us to evaluate whether the energy system is achieving its diverse objectives
and whether these objectives are achieved in a mutually beneficial way that satisfies all
the stakeholders with some interest or connection to the system. Evaluations of energy
systems in the literature vary from simplistic, one-dimensional assessments focusing solely
on aspects like the environmental and social sustainability of energy technologies [36,37] to
more comprehensive, multidimensional studies that incorporate multiple perspectives on
energy systems [38,39]. The reference [25] suggests that using just one metric to evaluate
results can be incomplete and potentially misleading. This could result in poor decision-
making and the choice of less effective solutions.

The multiperspective studies and approaches allow users to gain a better understand-
ing of system scenarios and aid in strategy formulation. Many of these multidimensional
analyses aim to compare energy generation technologies, including renewable energy
sources [40,41].

In supporting decision-making processes, it is crucial not just to consider multiple
dimensions for evaluation but also to be able to recognize and assess trade-offs between
them [38,42,43]. This enables designing alternative strategies that can improve all objectives,
rather than only prioritizing a single obvious aspect like economics.

3. Proposed Evaluation Framework to Support Decision-Making in Energy Systems

A novel methodological framework is proposed to address identified gaps in the
approaches currently used to assess strategies for novel energy systems. The proposed
framework also addresses the difficulties associated with a typical decision-making process
for any complex system. Section 3.1 describes the concept, methods, and tools used within
the framework. Section 3.2 explains the process steps within the framework.

3.1. Framework Concept

Decision makers tend to rely on their experiences and preferences rather than conduct-
ing objective evaluations among alternative solutions. Energy systems involve multiple
interconnected elements, making it challenging for the human mind to manage the com-
plexity. Without a proper methodology, concept selections carry a high risk of inconsistency
and personal biases. This issue increases the risk of choosing a concept that might not be the
best fit, potentially rendering the system unfeasible or unsuitable for its intended objectives.
The informal evaluation of system concepts typically lacks documentation, which makes
it difficult to understand the rationale behind design decisions when they are revisited
(e.g., in subsequent project phases or when selecting a solution for a different region). The
proposed framework addresses these challenges by facilitating comprehensive early-stage
decision-making in energy systems. It offers a conceptual approach, underlying methodolo-
gies, and tools to support objective, comprehensive, systematic, and innovation-promoting
evaluations of energy system solutions.

The proposed framework uses two conceptual approaches: systems thinking using
systems engineering principles and tools and formal decision-making using a multicriteria
decision analysis. The application of systems thinking concepts is supported by systems
engineering formal approaches and the model-based systems engineering (MBSE) method.
The concept of formal decision-making is supported by a combination of Pugh matrix
and MAUT methods. The MBSE approach within the system thinking concept is used
for guiding the steps within the framework, organizing the problem, and describing the
systems in sufficient detail. The multicriteria decision analysis supports the need for an
objective, comprehensive, and systematic approach to decision-making.

3.1.1. Systems Thinking

Systems thinking focuses on the interactions of internal system elements and the ex-
ternal interaction of the system with the elements of the larger system that the original
system is a part of. Peter Senge called systems thinking the fifth discipline, defining systems
thinking as “a way of thinking about, and a language for describing and understanding,
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the forces and interrelationships that shape the behavior of systems. This discipline helps
us to see how to change systems more effectively, and to act more in tune with the natural
processes of the natural and economic world” [44]. Systems thinking is one of the core
competencies defined in the INCOSE Systems Engineering Competency Framework [45],
and it is based on systems science, which INCOSE defines as a “transdisciplinary approach
interested in understanding all aspects of systems” [46].

It is important to define a system to understand better the concept of systems thinking.
Donella Meadows defined a system as “an interconnected set of elements that is coherently
organized in a way that achieves something” [47]. This simple definition reveals three major
elements that must be present in each system: elements, interconnections, and purpose.
This definition leads to the key principle of systems thinking: a system is more than the
sum of its parts.

Systems thinking relies on a holistic approach that is capable of connecting and
contextualizing systems, system elements, and their environment to understand difficult-to-
explain patterns of organized complexity [46]. This capability to understand and represent
complex interactions is imperative for decision-making for complex systems, which is why
systems thinking is seen as the foundational methodology to build the decision support
framework in this paper.

Throughout each phase of system development, systems engineers should employ
systems thinking. This task involves considering the system holistically, taking into ac-
count the entire life cycle, including stakeholders’ expectations, user needs, technological
advancements, and environmental, social, and policy influences. Systems thinking is a
mindset that views the parts of a system in relation to each other and to other systems,
rather than in isolation. The systems engineer embodies this approach, ensuring that
from design to production, the system meets customer requirements, satisfies user needs,
interacts smoothly with other systems, and is economically viable [48].

A systems thinker can see the big picture, recognize interconnections, consider multi-
ple perspectives, and maintain creativity without getting bogged down in details, effectively
anticipating future outcomes. This mindset is a must when considering a novel energy sys-
tem that will be integrated into the large complete energy system involving many elements
and stakeholders.

When envisioning a novel energy system, one must also anticipate unexpected be-
haviors, given the extreme complexity of the energy sector and the integration of a new
player into a well-established environment. These unintended consequences can be mit-
igated by proactively considering how the system will perform and making necessary
adjustments from the early stages, starting from system conceptualization. It is essential
to adopt a long-term perspective when addressing the need and proposing solutions, as
requirements and worldviews can and will change. Technical and societal advancements
present new challenges and opportunities that must be integrated into the system design.
While revolutionary energy concepts are beneficial, single-purpose designs may not align
with future trends. Effective leaders design robust, resilient systems and communicate
clearly with stakeholders.

Common methods and tools in systems thinking include systems dynamics and causal
loop diagrams, which illustrate relationships between contributors and the system, showing
the effects of changing relationships and system behavior over time. Agent-based modeling
is another valuable tool, defining the attributes and behaviors of contributors based on
changes in the external environment. These approaches help predict system operation,
determine necessary relationships, and define required behaviors within the system’s
context [48].
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3.1.2. Systems Engineering

Systems engineering is ”a transdisciplinary and integrative approach to enable the
successful realization, use, and retirement of engineered systems, using systems principles
and concepts, and scientific, technological, and management methods [46]”. The objective
of systems engineering is to direct and support the development of complex systems.
The discipline of systems engineering is different from traditional engineering disciplines
(e.g., electrical, mechanical, structural), as it focuses on a system as a whole instead of a
specific part or function of a system. A systems engineer connects multiple disciplines and
evaluates system context and stakeholder needs to achieve the optimal system solution.

The goal of systems engineering is to support the delivery of the right product (or
right service) on time and within budget. This goal is supported by the objective to provide
a common understanding of the system current state and a common vision of the desired
future state shared by system customers and suppliers achieved by the application of
standardized methods and tools throughout the system life cycle. Systems engineering
is particularly important for complex systems where traditional engineering and project
management practices are no longer sufficient to manage complexity effectively.

Each system experiences stages in its life cycle as depicted in Figure 1 with systems
engineering being able to support each stage. This research is focused on the decision-
making at the first stage, the concept development. The phases of the concept development
guided by systems engineering methods are presented in Figure 2.
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Figure 1. Stages in system life cycle (adopted from [48]).
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Figure 2. Concept development phases (adopted from [48]).

3.1.3. Model-Based Systems Engineering

The systems engineering processes can be further improved by implementing an
MBSE approach. Noguchi describes MBSE as “an emerging paradigm for improving the
efficiency and effectiveness of systems engineering through the pervasive use of integrated
descriptive representations of the system to capture knowledge about the system for the
benefit of all stakeholders” [49]. The system representation artifact (i.e., the model) is created
in a consistent way by using MBSE modeling languages (e.g., Systems Modeling Language
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(SysML) or Lifecycle Modeling Language (LML)). The modeling language allows the system
to be holistically described with interactions between its elements, system behaviors, and
more via MBSE tools like Cameo Systems Modeler [50] and Innoslate [51].

The INCOSE handbook [46] discusses the benefits of MBSE compared to the traditional,
document-based practice, which are improved communications between stakeholders,
better capability to manage system complexity, improved product quality, and enhanced
knowledge capture and transfer. The primary benefit of MBSE is attributed to the integrated,
holistic, single source of truth way to represent the system as depicted in Figure 3.

VendorsVendors

EngineeringEngineering

OperationsOperations

Project 
Managers
Project 
Managers

RegulatorRegulator

MaintenanceMaintenance

VendorsVendors

EngineeringEngineering

OperationsOperations

Project 
Managers
Project 
Managers

RegulatorRegulator

MaintenanceMaintenance

System  
Model

Document-Based Approach           vs           Model-Based Approach

Figure 3. Document-based (left) versus model-based systems engineering (right).

There is a pressing need for advanced information handling with the large volume
of data that must be collected and analyzed to support truly informed decisions. The
supporting information and data are multidisciplinary, including technical engineering
disciplines (e.g., mechanical, electrical, computer science), economics, and social aspects.
Data collection, repository, and analysis is a large task requiring significant time invest-
ment. MBSE greatly simplifies the task of information collection and processing and, more
importantly, allows added traceability between system elements and associated documents.
For example, energy systems are associated with a set of specific regulations from multiple
federal and state-level governing organizations. Due to the large amount of information, it
is a very complex task to develop a comprehensive set of requirements for a given system.
After the set of regulatory requirements has been developed, it is an even more complicated
task to identify later on which regulatory document was the basis for the requirement
assigned to a component. MBSE enables traceability between system artifacts, such that a
given requirement can be assigned a relationship like “sourced from” to a document where
the document is also stored as a model artifact. Such a comprehensive data repository is
not possible without MBSE.

With all the information captured in a model, the system can be viewed from multiple
perspectives (e.g., disciplines, tasks, stakeholders, levels of details) to address specific inter-
ests and needs. A change in a system element is reflected in each perspective, which ensures
consistency and accuracy of information, version control, and clear communication. These
capabilities enable enhanced yet simple visualization of information. At the initial stage of a
concept evaluation for a system solution, there is a significant amount of information being
collected. This information is to be presented to various stakeholders and decision makers
who have different levels of technical background and various interests, thus requiring
a specific set of information and level of detail to be presented to provide a clear and
concise representation of the proposed system. MBSE provides an ability to create various
viewpoints of the same system, each tailored to a specific need or specific audience. MBSE
dramatically simplifies change management compared to the document-based approach
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since a change in one place is reflected throughout the model, ensuring consistency and
accuracy of information, version control, and clear communication.

Furthermore, an MBSE approach aids significantly with evaluating trade-offs guid-
ing design decisions. MBSE also permits the examination of “what-if” scenarios, which
helps decision makers to try and assess different design options way before finalizing any
decisions, which dramatically reduces risk and uncertainties, especially when developing
complex novel energy systems.

Moreover, MBSE also enables the reuse of the first-of-a-kind model for an N-of-a-
kind application. The idea is to retain the system architecture represented by the model
and only modify elements that must be changed to address different conditions (e.g., a
site location may necessitate changes in the system design). An MBSE model retains
all the information that was used to select the optimal solution for an energy system
given specific objectives, context, and constraints. When the context changes, e.g., due to
different resources available in a different region, the optimal solution may be different.
The evaluation of system conceptual solutions in a changed context would be significantly
faster given the first-of-a-kind solution was developed using MBSE compared to a large set
of disparate documents that would have to be analyzed to see if a changed context affects
any of the requirements and ultimate system conceptual solution.

Yet, some disadvantages and limitations exist. One disadvantage of using MBSE for
decision support is the need for initial investment in the software tool(s) and training,
where some tools can be complex and are associated with a steep learning curve. To
address complexity, it is crucial to develop simple, comprehensive models using tools
and languages specifically designed to handle complex systems [52]. The use of MBSE
for decision support also has limitations, mainly when dealing with less complex systems
where MBSE might be unnecessarily complicated and costly. Furthermore, integrating
specialized evaluations into MBSE can be difficult, and using a dedicated external tool for
specific analyses may be more effective. For instance, economic assessments involving
NPV and IRR are typically conducted in tools like Excel. In such scenarios, carrying out
the evaluations using the appropriate external tool may be preferable. Then, if an MBSE
approach is utilized, one can import the results into the MBSE model to ensure a complete
capture and preserve knowledge.

3.1.4. Lifecycle Modeling Language with Innoslate

As mentioned in the previous section, there are many tool and language alternatives
for MBSE. Here, we use Innoslate as the MBSE tool, which is designed to support the
entire system lifecycle. It offers a wide array of features, including project management,
requirements definition, system modeling and simulation, and verification and validation.
Innoslate users can use either the Lifecycle Modeling Language (LML) or Systems Modeling
Language (SysML) to develop a system model and present it via diagrams. LML was
developed to simplify the elements, relationships, attributes, and diagrams used in systems
engineering and project management. In this project, LML language is used.

The LML utilizes a streamlined framework consisting of 12 primary classes and eight
subclasses where the subclasses inherit attributes from their parent classes. This structure
is designed to capture critical information elements effectively. Attributes of these classes
include a “type” attribute, enhancing the definition of each class. LML also encompasses
an extensive array of relationships between classes, with the capability for almost every
class to relate to itself and to other classes. These relationships also have attributes. The
meta-meta model of LML mirrors components of natural language, corresponding to nouns,
verbs, adjectives, and adverbs, facilitating a comprehensive language-like structure for
practitioners [53].
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Several types of LML diagrams are presented later in the case study. Spider diagrams
are charts showing hierarchical organization with improved visualization of traceability.
A spider diagram can present up to nine levels of decomposition of entities. This diagram
conforms to the LML Specification 1.4 [54] definition of a ‘spider diagram’, which requires
visualization for traceability beyond what a typical hierarchy-type diagram can offer [52].
A spider diagram can represent a hierarchical organizational chart for many classes, such
as actors, actions, artifacts, requirements, resources, tasks, etc. Asset diagrams are used to
show use cases or system concepts. The asset diagram is traditionally known as a block dia-
gram or a physical block diagram. This diagram conforms to the LML Specification 1.4 [54]
definition of an ‘asset diagram’, which requires a diagram representation of the physical
components of a system model [52]. The high-level concept of operations is presented
as LML action diagrams. The action diagram, traditionally known as a functional flow
diagram, is a method of displaying action entities, their interactions via input/output and
resource entities, and logical flow. The action diagram conforms to the LML Specification
1.4 [54] definition of an ‘action diagram’, which requires a diagram representation of the
functional components of a system model [52].

Innoslate offers both LML diagrams (e.g., action diagram, asset diagram) and SysML
diagrams (e.g., activity diagram, block definition diagram, internal block diagram). There
are also several general diagrams (e.g., diagram, N-squared diagram, tree diagram) that
users can employ to improve visualization of the system being modeled and the audience
the system being presented to. The LML specification [54] provides a correlation between
SysML diagrams, LML diagrams, and LML entities, as presented in Table 1.

Table 1. SysML diagram mapping to LML diagrams and ontology [54].

SysML Diagram LML Diagram LML Entities (Ontology)

Activity Action Diagram Action, Input/Output

Sequence Sequence Action, Asset

State Machine State Machine Characteristic (State), Action (Event)

Use Case Asset Diagram Asset, Connection

Block Definition Class Diagram, Hierarchy Chart Input/Output (Data Class), Action
(Method), Characteristic (Property)

Internal Block Asset Diagram Asset, Connection

Package Asset Diagram Asset, Connection

Parametric Hierarchy, Spider, Radar Characteristic

Requirement Hierarchy, Spider Requirement and Related Entities

3.1.5. Multicriteria Decision Analysis

A Pugh concept selection method, also known as a Pugh matrix, was introduced in
1991 by Stuart Pugh [55]. It was a groundbreaking work at the time, presenting a simple
yet powerful and well-structured method for the concept evaluation and selection process.
This approach aids in the evaluation of alternative solutions against essential criteria to
determine the concept that best fulfills these criteria.

The Pugh matrix is formatted for user-friendliness, prioritizing the clear expression
of ideas and evaluation criteria instead of using strict mathematical representations. It
organizes criteria vertically and alternatives horizontally, using symbols + (plus), − (minus),
and S to indicate better than, worse than, and the same compared to the reference alternative,
respectively. Each criterion is assessed simultaneously across all cases. Once completed, the
matrix presents a summary at the bottom, highlighting how each alternative aligns with
requirements and its strengths and weaknesses. This approach involves iterative reviews
of the matrix until the team confirms and approves a preferred concept.



Systems 2024, 12, 290 12 of 37

Pugh emphasized the importance of thoroughly evaluating all potential solutions,
underscoring the need for a disciplined approach to concept formulation and evaluation to
minimize the risk of selecting the wrong concept. The Pugh concept selection approach
offers numerous benefits, such as gaining deeper insights into requirements, improving
understanding of design problems and potential solutions, visualizing the interactions
between proposed solutions, and fostering creativity to generate new ideas. The matrix
representation is also very useful because of its simplicity and clear visualization of alterna-
tives’ performance against each other. An example of a Pugh matrix is presented in Table 2.
Based on the presented criteria scores, Alternative 3 is the best option.

Table 2. Pugh matrix.

Criteria Alternative 1 Alternative 2 Alternative 3

Criterion A + S +

Criterion B - + S

Criterion C - - +

Total (+) 1 1 2

Total (-) 2 1 0

Total (S) 0 1 1

However, the Pugh matrix approach has limitations. Most notably, it ignores the
importance of the decision maker’s criteria, meaning all the criteria are equally important.
This assumption is typically not the case in reality—decision makers usually prioritize
evaluation criteria where, for example, cost could be much more important than the
incremental gain in efficiency. As such, the Pugh matrix approach is supplemented in this
research by the MAUT method. MAUT uses a utility function developed based on criteria
scores where decision makers specify their importance of each criteria compared to others.

This hybrid approach was explored for the concept selection in a subsea processing
domain [56]. The concept selection was conducted with team engineers and subject matter
experts, and the Pugh matrix approach was used to guide the process and document
the results. After completion, the study teams filled out a questionnaire to evaluate the
application of the Pugh matrix. The feedback was positive and indicated that a matrix
approach to concept evaluation is a good visual communication tool, facilitates an objective
dialogue, and helps to improve the overall process and quality of the concept selection.

The study concluded that the suggested layout of the matrix and screening process
could be implemented as a decision-making tool for the subsea processing department to
enable quality assurance during concept selections [56]. A similar approach is employed
in this research—an evaluation matrix is used as a tool to assist with decision-making for
energy systems.

The limitations of the Pugh concept evaluation approach are overcome by adding
weights based on decision maker preferences and using quantitative scores instead of
symbols. A traditional MAUT methodology is adjusted by grouping evaluation criteria
into categories. This change allows the prioritization of categories in addition to weighting
criteria within each category as compared to a traditional MAUT approach where all
evaluation criteria are weighted at the same time. Another small tweak in the methodology
is the use of percentages as weights and priorities measures instead of scores, a preference
from the participants in [56].

A modified evaluation matrix is presented in Figure 4. Equations used in the ma-
trix are:

Weighted Criterion =
Score

Maximum Score
∗ Weight (1)

Sub-category Weighted Score = ∑(Weighted Criterion) (2)



Systems 2024, 12, 290 13 of 37

Category Sum = Sub-category Weighted Score ∗ Priority (3)

The meaning of scores and their values should be established via discussion with the
decision makers based on their preferences and project specifics. The score ranges could
be 1–3, 1–10, or 1–100, where the lower score represents “the worst” and the highest score
represents “the best”. The meaning of the scores can vary greatly between the projects and
even teams performing the assessment.

Figure 4. Modified evaluation matrix.

For example, an evaluation of system performance could use the following scor-
ing scheme:

1. Much worse than required;
2. Somewhat worse than required;
3. As required;
4. Somewhat better than required;
5. Much better than required.

An evaluation of compliance with the requirements could use a different scoring
scheme [56]:

1. Not compliant;
2. Major compliance gap;
3. Compliance gap;
4. Minor compliance gap;
5. Insignificant compliance gap;
6. Fully compliant.

The weight and priority scores should add up to 100% in the approach presented here.
An example of a completed modified matrix is presented in Figure 5 with the score

scheme of 1–5, with 1 being the worst and 5 being the best.
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Figure 5. Example of a completed matrix.

3.2. Framework Processes

The proposition of this research is the new decision support system, a framework
that uses systems engineering principles and tools to support decision-making in energy
systems. This section outlines the processes within the proposed framework, as well as the
tools and methods used to support them.

As discussed in Section 2.1, the typical decision-making process has four steps:

1. Identify the problem;
2. Generate solution alternatives;
3. Evaluate alternatives;
4. Select the best alternative.

The steps in the decision-making process are well aligned with the phases in the
concept development, as shown in Figure 6. This alignment is the basis of the proposed
decision support system—instead of relying on heuristic approaches to make decisions,
why not employ a structured, systematic, well-established approach offered by systems en-
gineering? The decision support system workflow is presented in Figure 7. The framework
workflow is subdivided into three phases, which are discussed here.

Needs analysis

Systems studies
Technology assessment

Operational analysis

Concept exploration

Requirements analysis
Concept synthesis

Feasibility experiments

Concept definition

Analysis of alternatives 
Functional architecture 

Physical architecture

Operational 
deficiencies

Technological 
opportunities

System operational 
effectivness

System 
capabilities

System performance 
requirements

Candidate system 
concepts

System functional 
specifications

Defined system 
concept(s)

Step 1 Step 2 Steps 3&4

Figure 6. Decision-making step alignment with the concept development process (adopted from [48]).
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Figure 7. Proposed framework phases for a decision support system for energy systems.

3.2.1. Needs Analysis

This phase looks into the “Why”, that is, why the new system is needed and if there
are technologies that can address the need. The main goal of the needs analysis phase is to
prove that there is a real need and market for a new system. It must show that this need can
be met cost-effectively and with acceptable risk by available technologies or technologies
to be developed as part of the project.

When determining the need for a new energy system, engineers and decision makers
must employ systems thinking; i.e., the system is evaluated holistically taking into
account the entire life cycle, including user needs, technological advancements, and
environmental, social, and political aspects [48]. This mindset is a must when considering
a novel energy system being integrated into a large, whole energy system involving
many elements and stakeholders. Systems thinking is especially important at the very
early stage when strategies for new systems are being developed and explored. The
assessment of potential strategies should be wide, considering as many solutions as
possible, instead of going deep into analyses of a single concept. Focusing on the details
of a single solution inevitably restricts the consideration of other solutions, which often
results in a suboptimal strategy selection. The importance of being able to see the
big picture, recognize interconnections, consider multiple perspectives, and maintain
creativity without getting hampered by details cannot be overstated when deciding
strategies for novel energy systems.

The needs analysis phase has three inputs—the initial reasoning for the new system,
available applicable technologies, and stakeholder needs for the new energy system. The
stakeholder needs must be comprehensive such that, ideally, the needs of all potential stake-
holders are collected and analyzed. To have a comprehensive picture of all the needs for the
new system, one must first have a clear understanding of all the stakeholders. Therefore,
the phase includes identifying all the entities, including organizations and individuals, who
may have an interest or involvement with the new energy system throughout its life cycle.

After all the stakeholders are identified and their respective needs and preferences for
the system are collected, the next step is to translate the needs and desires into a clearly
defined set of system capabilities. The system capabilities, which are the outcome of this
phase, must include high-level system functions and key performance characteristics. The
high-level functions describe what the system must do to satisfy the needs of the system.
The key performance characteristics should describe, at a high level, how well the system
should perform to satisfy the need. For example, the main functions for an energy system
could be as simple as generate energy, convert energy to electricity, and deliver electricity
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to the grid. The key performance characteristics will specify, for example, required capacity,
availability, and costs.

The activities in this phase are conducted using MBSE modeling tools. Stakeholders are
identified, their needs are collected and analyzed, and initial requirements are developed
using MBSE language artifacts like requirements, blocks, and relationships. While the
systems engineering principles could be invoked using a document-based approach, an
MBSE approach offers significant improvements. Section 3.1.3 offers additional details
about the benefits of using MBSE versus a document-based approach.

3.2.2. Concept Exploration

In this phase, potential system concepts are identified and examined to address two
key questions: “What performance is required of the new system to meet the perceived
need?” and “Is there at least one feasible approach to achieving such performance at an
affordable cost?” [48]. The goal of this phase is to establish a feasible goal for a new energy
system before committing significant resources to its detailed exploration and development.
The outputs of this phase are high-level performance requirements and a set of candidate
system concepts.

It is critical to have more than one alternative to explore and understand the range
of possibilities for satisfying the need. Having multiple alternatives allows decision mak-
ers to realize the possible solutions and understand the pros and cons of each. Such an
exploration-driven attitude allows and promotes the possibility of finding the optimal solu-
tion given the unique set of circumstances driven by stakeholder needs (e.g., reliable and
cost-efficient green energy), regional context (e.g., favorable meteorological environment for
wind power), market demands (e.g., projected energy demands given regional economics),
social preferences (e.g., local community acceptance of a certain energy solution), etc.

To enable the identification of an optimal solution, various concepts of a new energy
system must be considered and later evaluated given multiple technical and economical
considerations (e.g., capital costs, operations and maintenance costs, technology maturity,
reliability, and operability). As discussed in Section 2.4, it is important to include a third
dimension in the decision-making: social considerations. These include aspects ranging
from federal policies affecting the future of the energy sector to local community preferences
toward a certain energy technology. All three dimensions are important to the overall
system success, and thus they must be included in the concept development stage to make
a truly informed solution selection.

This phase includes evaluations needed to develop supporting data to evaluate and
compare identified candidate concepts. The evaluations, as mentioned earlier, fall under
three large areas: technical, economical, and social. Technical analyses include aspects like
required capacity, reliability, availability, maintenance, technology readiness, necessary
workforce, and supply chain. The technical characteristics are mostly quantitative (e.g.,
capacity, efficiency, reliability), but some can be qualitative (e.g., technology maturity).

Economical analyses are mostly traditional financial assessments of investments and
profits with metrics like NPV and IRR with metrics like LCOE included for energy systems.
The economic assessments are largely quantitative, but some evaluations (e.g., investment
risks) could be qualitative.

Assessments of social perspectives are generally less definitive and, therefore, could be
more challenging, since they are mostly qualitative. The social considerations for an energy
system involve things like climate goals, energy justice, and local community preferences.
Stakeholder needs identification and evaluation becomes very important to support an
evaluation of the social dimension of a proposed energy system.

It is worthwhile to mention that some considerations are cross-disciplinary. Federal
policies, as an example, affect each dimension. The technology development and maturity
are affected by federal funds allocated to research and development, while the commercial
sector’s willingness to further invest into a given technology is affected by the general
energy policies of the federal government. The technology maturation promotes technology
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adoptions and deployment, which in turn significantly affects economics where larger-scale
deployments reduce the costs, phenomena known as economies at scale and the technology
learning curve.

The economics of a given energy technology may be dramatically affected by federal
policies like investment or production tax credits and special financing schemes. There can
be a reinforcing behavior where favorable economic conditions incentivize more deploy-
ments and larger-scale deployments drive the cost down. The social perspectives affect the
federal policies, which affect both the technical and economic perspectives, as discussed
above. On the other hand, federal policies also influence social perspectives. This impact
can happen by providing information to the public about the pros and cons of various
energy technologies or by incentivizing private investments and engagement in the novel
energy solutions (e.g., household solar panels).

This phase is supported by MBSE, as well as multiple discipline- and application-
specific tools and methods. Technical, physics-based models are available to develop
insights into system performance, while numerous economic models and tools are available
to evaluate financial performance. Some social aspects could be evaluated quantitatively
using appropriate models and tools (e.g., GHG emissions for various technologies could
be assessed using the GREET model [57]). Other social parameters (e.g., local community
acceptance) will remain qualitative and could be documented using the requirements in
MBSE and then evaluating how well each concept satisfies the requirement.

To summarize, it is important for the concept exploration phase to consider as many
alternatives as possible and gather as much information as practical to derive technical,
economical, and social metrics for each alternative. It is important to keep the evaluation at
a high level to keep the efforts manageable and proportional to the level of detail needed to
enable an informed decision about the optimal solution.

3.2.3. Concept Definition

This phase selects the preferred system concept. It answers the question “What are
the key characteristics of a system concept that would achieve the most beneficial balance
between capability, operational life, and cost?” [48].

This is the phase where the identified candidate concepts are evaluated based on
the collected and developed supporting data. A trade-off analysis is conducted using the
multicriteria decision analysis approach described in Section 3.1.5. The evaluation criteria
are also developed in this phase to support the decision analysis. It is critically important
that the decision makers participate in developing evaluation criteria so that resulting
trade-off analyses are realistic and truly supportive of decision-making process.

The activities in this phase are guided by MBSE. The trade-off studies could be con-
ducted using dedicated tools (e.g., Excel spreadsheet or Matlab) or MBSE-specialized tools
if they are available within the chosen MBSE modeling software.

4. Case Study on Clean Hydrogen Production

This section presents a case study demonstrating an application of the proposed
framework for selecting the conceptual solution for a novel energy system tasked with
clean hydrogen production with the focus on supporting investors and utility executives
with their strategic decision making. As mentioned in Section 3.1.4, the MBSE approach
is accomplished with Innoslate using LML. The models and other files for this case study
are available in https://github.com/lawrencesv/MBSE-for-decision-support, accessed on
26 July 2024.

4.1. Phase 1: Needs Analysis

Here, we define the reasoning for the system development, identify available tech-
nologies, and identify stakeholders and their needs.

https://github.com/lawrencesv/MBSE-for-decision-support
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4.1.1. Problem Definition

System objective: generate clean hydrogen. The motivation for the new system is
attributed to the incentives for clean hydrogen generation offered by the Inflation Reduction
Act (IRA) [4] signed into the law in 2022. IRA offers production tax credits for clean
hydrogen generation up to USD 3 per kg of hydrogen given the lifetime emissions are less
than 0.45 kg of CO2 per kg of hydrogen. Therefore, the must-have requirement for the new
system is to generate hydrogen with a system where the GHG lifetime emissions are at or
below 0.45 kg CO2 / 1 kg H2.

4.1.2. Available Technologies

Given the main prerequisite of low GHG emissions, a few technical solutions are possible.
A. Steam methane reforming with carbon capture and sequestration. In a steam

methane reforming (SMR) method, hydrogen is produced by reforming methane gas using
steam. Natural gas is the feedstock and primary energy source for the system. Nearly all
hydrogen in the United States is produced using this method. The method is well known
and relatively inexpensive, using mature technologies. The main concern is the high level
of GHG emissions—about 9 kg of CO2 is released per 1 kg of generated hydrogen.

To overcome the challenge of high GHG emissions to satisfy the primary requirement
for the new system, a carbon capture and sequestration (CCS) system must be included.
Several CCS methodologies exist and are mature and available for large commercial appli-
cations [58].

B. Water electrolysis. In this process, water is split into hydrogen and oxygen using
electrochemical processes. Electrolysis is a zero-carbon process, and lifetime carbon emis-
sions are only attributed to supporting processes in the life cycle, such as electricity sources.
Currently, the electrical grid in the United States is not qualified as low carbon since the
majority of its electricity is generated using fossil-based energy sources [59]. Therefore,
to satisfy the prerequisite for the system, a low-carbon or carbon-free energy source must
be used for hydrogen generation via electrolysis, which includes renewable and nuclear
energy sources. The two main electrolysis types are low-temperature electrolysis (LTE)
with operating temperatures slightly below 100◦C and high-temperature steam electrolysis
(HTSE) with operating temperatures of 700–850◦C [60]. The available LTE technologies
are alkaline water electrolysis, anion exchange membrane water electrolysis, and polymer
electrolyte membrane (PEM) water electrolysis. HTSE uses solid oxide water electrolysis
cell (SOEC) technology.

Alkaline water electrolysis is a well-established mature technology for industrial hy-
drogen production up to the multimegawatt range in commercial applications across the
globe [60]. The benefits are a well-established technology commercialized for industrial
applications, relatively low cost, stability in the long term, and non-reliance on noble metals.

Anion exchange membrane water electrolysis is a developing technology, seen to be more
beneficial compared to alkaline technology due to its low cost and high performance. De-
spite the significant advantages, it requires further research and development (R&D) toward
the stability and cell efficiency essential for large-scale or commercial applications [60].

PEM electrolysis is another mature technology applicable to large-scale commercial
applications. It is faster and safer than alkaline water electrolysis. The major challenge
associated with PEM electrolysis is the high cost of the components [60].

SOEC is an electrochemical conversion cell converting electrical energy into chemical
energy. Typically, an SOEC operates with steam at high temperatures (500–850 ◦C), which
significantly reduces the power consumption and increases the energy efficiency, leading to
a strong reduction in hydrogen cost due to power consumption being the main contributor
to the hydrogen production cost in electrolysis [60]. The disadvantage of SOEC technology
is that it has a lower technical maturity. However, the recent technological advancement
demonstrates a dramatic increase in efficiency, stability, and durability [61]. These develop-
ments have the potential to outperform conventional water electrolysis systems, paving
the way for highly efficient and cost-effective hydrogen production.
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C. Microbial biomass conversion. This method takes advantage of the ability of
microorganisms to consume biomass and release hydrogen. Microbial electrolysis cells
harness the energy and protons produced by microbes, with an added small electric current
to produce hydrogen. This technology allows us to produce hydrogen from resources that
otherwise cannot be used for fuel production while significantly reducing the amount of
energy normally needed for wastewater treatment. While this technology is valuable and
promising, it is still at the initial stages of R&D, and it will take several years before it can
be commercialized and scaled for large-scale hydrogen production.

This brief overview of available technologies leads to the conclusion that, to meet
the essential requirement of low GHG emissions, appropriate technologies are either an
SMR with a CCS system or electrolysis with a clean energy source like renewable or
nuclear energy. From this comparison of the advantages and disadvantages of electrolysis
technologies [60], alkaline and PEM LTE technologies are ready for large-scale commercial
deployment. The two technologies compare fairly similarly to each other [62] in terms of
performance, cost, lifetime, and safety. Given the similarity between the two, the choice can
be made at a later stage of the system design when the physical architecture is developed.

For the case study of a high-level concept selection, the general technology of LTE
is detailed enough without specifying PEM or LTE. On the HTSE side, SOEC is rapidly
maturing in terms of commercialization and large-scale deployment [61]. Therefore, three
technologies are considered in the case study:

1. An SMR with a CCS system, often referred to as blue hydrogen;
2. Electrolysis using LTE technology;
3. Electrolysis using HTSE technology.

The preference for a technology depends on the client’s need and regional conditions
(for example, the availability of natural gas for the SMR method or access to nuclear energy).
For this case study, all three technologies are assumed feasible, there is access to the natural
gas supply, and there is an NPP in close proximity to the envisioned site for the new
hydrogen production plant.

Other large parts of the conceptual hydrogen generation system are:

• Hydrogen production capacity: the main input to the system initial design. The
system capacity depends on specific customer needs as well as current and projected
market demands. Capacity dramatically affects the unit cost of hydrogen due to the
economies-at-scale factor; that is, a larger capacity results in a lower unit price. The
capacity is also the main factor affecting capital costs and, therefore, the economics of
the system.

• Hydrogen storage capacity: determined based on how much hydrogen should be
stored before it is transported to the customer. The availability of hydrogen, that is,
the consistent delivery of hydrogen, is important to industrial hydrogen consumers,
and storage capacity could serve as the means to ensure hydrogen availability even if
the facility is down for a short period of time (e.g., for maintenance).

• Transportation of hydrogen: options are determined based on the location of the
hydrogen generation facility compared to the points of use. Possible solutions are
high-pressure hydrogen tube trailers, liquefied hydrogen tankers, or pipelines. Other
transportation solutions are currently being developed, but they are not ready for
commercial deployment and are not considered for this case study.

Options for a hydrogen generation system are depicted in Figure 8. There are five major
choices for the system: production capacity, technology, energy source, storage capacity,
and transportation option. One feasible solution is highlighted in Figure 8, i.e., a capacity of
100 tons of hydrogen per day, HTSE technology, nuclear energy source, small capacity for
hydrogen storage system, and transportation of high-pressure hydrogen via tube trailers.
However, many other solutions are feasible. With only three alternatives considered for
each main choice, there are 35 = 243 possible options for a system configuration or system
architecture patterns [27]. Understandably, making an informed decision between these
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many options using heuristics is not a reasonable approach, which only strengthens the
argument of a need for a better decision support system.

TechnologyCapacity Energy 

Source
Storage Transportation

50 tones/day

100 tones/day

250 tones/day

Small

Medium

Large

HTSE

LTE

SMR + CCS

Nuclear

Solar PV

Wind

HP trailer tubes

Liquified tank

Pipelines

Figure 8. Possible solutions for a hydrogen production system (one feasible solution is highlighted).

4.1.3. Stakeholders

The system’s success is improved dramatically when all stakeholders are identified
and their needs are carefully examined. In many cases, stakeholders are overlooked at
the initial system development stage, which results in large modifications to the initially
envisioned approach when stakeholders and their needs are discovered later. For example,
the local community is usually affected by a new energy system, yet community needs
and preferences traditionally have not been considered in the process for the initial system
design decisions. Consider a scenario where a hydrogen production system is envisioned
with solar power as an energy source. With all the economic and technical analyses in place,
developers move with a site selection only to discover that the local community opposes
the installation of solar farms to preserve the aesthetics of the natural surroundings. This
important information needs to be considered at the beginning of the project to either select
another energy source or a different location for the hydrogen facility.

MBSE provides the opportunity to integrate different views of multiple disciplines at
a very early stage of system development. Stakeholders of a hydrogen generation system
are shown in Figure 9, where system stakeholders are represented via a spider diagram in
Innoslate [51]. In this case, spider diagram elements representing stakeholder types, e.g.,
Investors are “statements” class artifacts sourced from an external “Stakeholders” Word
document that was used to collect information about the system stakeholders. The arrows
in the spider diagram are the “source of” type of LML relationships, showing the traceability
between the artifact in the model and the source of information. Alternatively, stakeholder
types could be represented as the Artifact class with parent–child relationships between
“Stakeholders” and stakeholder groups, e.g., “Investors” represented as the “decomposed
by” type of LML relationship.

This case study considers the following stakeholders:

• Investors: a single investment company or a set of investors.
• Hydrogen plant owner or operator: a company that owns a single facility or a

utility owns and operates multiple energy systems, potentially including generation,
transmission, and in some cases, distribution energy systems in their portfolio.

• Hydrogen equipment manufacturers: companies manufacturing main hydrogen
production systems and components (e.g., electrolyzers) and supporting systems (e.g.,
hydrogen storage systems and components).

• Hydrogen customers: existing and potential large-scale commercial hydrogen users.
A hydrogen consumer could be a large industrial facility that already uses hydrogen
as the feedstock for their processes (e.g., ammonia production), industrial enter-
prises with an interest in novel hydrogen applications (e.g., synthetic fuel producers),
or large-scale hydrogen suppliers, like hydrogen hubs supporting smaller hydro-
gen consumers.
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• Electrical grid operators: companies that operate regional and national electrical grids.
The relevance of the electrical grid is twofold. First, the concern about electricity
otherwise available to the grid being diverted to generate hydrogen, which is the case
with existing NPPs. Secondly, the benefit of using hydrogen as an energy storage to
supplement grid demands during emergent electricity shortages (e.g., weather-related
unavailability of renewable electricity generators).

• Local community: cities, towns, indigenous tribes, etc.
• Government: federal, state, and local governments.
• Regulators: federal, state, and local entities whose objectives and obligations are to

ensure public and environmental safety of the new energy system throughout its
entire life cycle.

1
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2
Hydrogen plant
owner/operator

3

4
Hydrogen
consumers

5
Electrical grid

operators

6

Community

7

Government

8

Regulators
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Hydrogen
equipment

manufacturers

Figure 9. Stakeholders of a hydrogen generation system.

Additional stakeholders may include legal entities, certification organizations, work-
force development organizations, etc. However, these secondary stakeholders become
important during the later stages of system development and do not need to be considered
at the conceptual system selection stage.

4.1.4. Stakeholder Needs

Either one or multiple stakeholders have a need for the new system, which is the
reason for the system design and construction. Other stakeholders may not have a need for
the system itself, but they have requirements for the system performance. The stakeholder
needs and concerns for a hydrogen generation system are discussed below. MBSE assists
greatly with the needs analysis, where it serves as a data collection and analysis tool. MBSE
enables traceability between stakeholders and their needs and model artifacts provide a
clear representation of the information; see Figure 10 for MBSE examples.

• Investors: The need for the new energy system is to generate profit.
• Hydrogen plant owner or operator: The main objective is the safe and profitable

operation of the facility. An objective that recently became the top priority for many
utilities is reducing GHG emissions. Driven by the net-zero goals set at the enterprise
level, many electrical utilities are developing long-term strategies for an integrated
energy system where preferences are being shifted from fossil-based to clean energy
sources. The decarbonization goals become even more important given the plans
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of shutting down coal-driven power plants, where the lost energy sources must be
efficiently and urgently replaced with clean energy sources.

• Hydrogen equipment manufacturers: The main objective is to generate profit from
manufacturing hydrogen-related systems and components with supporting objec-
tives of growing capacity, improving technical characteristics, and ensuring the safe
and reliable operation of their equipment. Climate-related goals are also often an
important objective.

• Hydrogen customers: The main objective is to have consistent access to a large
volume of high-quality hydrogen at a reasonable price. The secondary objective that
is becoming progressively more important for many enterprises is reducing GHG
emissions from their processes.

• Electrical grid operators: The objectives of the grid operators are to have reliable
grid operations and an adequate system capacity to provide electricity without in-
terruptions to all their customers. This objective is supported by the goal of having
a diverse set of generators to ensure grid resiliency in cases of an expected increase
in electricity demands (e.g., peak hours) or during emergent conditions when some
sources become unavailable.

• Local community: The main objectives of a local community are uninterrupted access
to electricity and other energy sources, climate-related goals, safe operations of the
industrial facilities, and economic goals, such as employment opportunities and tax
revenue from the businesses. An equally important objective is the preservation of
natural resources—the amount of resources needed to support a new energy system,
the environmental quality of natural resources, and the protection of the visual appeal
of the local area and its surroundings.

• Government: The main objectives of the government for energy systems are to ensure
equitable, realizable, and affordable access to energy sources for the people, ensuring
environmental quality and the protection and preservation of natural resources, all
while supporting the nation’s economic goals. Driven by the urgency to combat climate
change and the need to enhance energy sector security, resilience, and independence,
the government has a large focus on the technological advancement of novel energy
solutions and technologies. The government’s support of the energy sector is provided
through various incentives (e.g., the production and investment tax credits offered in
IRA). The incentives are often offered at both federal and state levels, promoting the
commercial advancement of certain energy solutions.

• Regulators: These agencies include the Nuclear Regulatory Commission, Federal
Energy Regulatory Commission, Environmental Protection Agency, Occupational
Safety and Health Administration, etc.

Figure 10. Stakeholder needs analysis in MBSE: (left) traceability between stakeholders and needs
and (right) concise list of stakeholder needs.
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4.1.5. System Capabilities

The system capabilities are described as functional and performance characteristics of
the system presented as “requirements”. Requirements are a sub-class of the “statement”
class in LML. Requirements are handled in Innoslate via requirement documents or via
SysML requirement diagrams. The requirement document artifact is used for the case
study due to its simplicity and intuitive document-like format familiar to the decision
makers. Traceability between stakeholders, their needs, and requirements is enabled
by MBSE. Another benefit of MBSE is the ability to develop high-quality requirements
satisfying established characteristics of well-written requirements: necessary, appropriate,
unambiguous, complete, singular, feasible, verifiable, correct, and conforming [46]. The
high-quality requirements will not only support the concept development stage as part of
the decision support framework, but they will be the foundation of the next phase of the
system lifecycle, engineering development.

An example of the relationships between the “safety” performance requirement and
associated stakeholder needs and stakeholders is shown in Figure 11 where the “PR-5,
Safety” requirement is one of the “performance requirements” which is derived from the
stakeholder need “safe operation of hydrogen plant” expressed by five stakeholder groups
(i.e., investors, hydrogen plant owner/operator, hydrogen equipment manufacturers, com-
munity, and regulators).

The output of this phase, system capabilities, is presented as system functional and
performance requirements, shown in Figure 12 and Figure 13, respectively.
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Figure 11. Example of traceability of requirements in Innoslate.
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Figure 12. Hydrogen generation system key functions.
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Figure 13. Hydrogen generation system key performance characteristics.

4.2. Phase 2: Concept Exploration

In this phase, we explore system concepts for a hydrogen generation facility to identify
feasible solutions for the system with the required capabilities and performance characteris-
tics specified in the needs analysis presented in Section 4.1. Four potential system concepts
are identified, with three different hydrogen technologies and two energy sources, nuclear
and solar.

4.2.1. Solution 1—HTSE and Nuclear Energy Source

The main system characteristics are:

• An NPP provides thermal energy and electricity to the hydrogen generation facility
• The hydrogen generation facility is located next to the NPP.
• Modifications for the NPP are needed to support thermal energy (i.e., steam) extraction

to support HTSE.
• The NPP continues to supply the remaining electricity to the grid.
• Produced hydrogen is already high purity, but remaining moisture and oxygen must

be removed to meet the required ultra-high purity level.
• The storage capacity is driven by the requirement of an uninterrupted supply of hydro-

gen to the customer. Given the constant hydrogen production, storage must be sized
for the unavailability of hydrogen generation caused by either planned or unplanned
downtime of the hydrogen facility. Maintenance of the hydrogen facility is planned
to be performed online supported by the built-in redundancies in the configuration
of the hydrogen generation system. However, the energy supply by the NPP is inter-
rupted when the plant is offline for refueling outages, which typically last 15–40 days
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every 2 years. During the planned NPP outages, the hydrogen generation facility will
be powered by the electrical grid, which will cause reduced profitability due to the
inability to claim clean hydrogen production tax credits because grid electricity does
not satisfy the low GHG emissions requirement. This period also causes stresses for
grid operation since the normal electricity supply from the NPP is unavailable, and
additional electricity from the grid is being used to produce hydrogen.

• Transportation infrastructure is required since the hydrogen customer is located ap-
proximately 20 miles from the hydrogen generation facility adjacent to the NPP (an
assumed condition). The regional circumstances pose significant constraints on build-
ing a dedicated pipeline; therefore, a traditional mode of transporting hydrogen in
high-pressure tube trailers is the selected transportation solution after a quick compar-
ison of costs with the hydrogen transportation approach.

• Stored hydrogen could be used to produce electricity if needed to support emergent
grid operations by reversing SOECs to act as solid oxide fuel cells to generate electricity
instead of hydrogen.

The system concept is presented in Figure 14 as an LML asset diagram. The high-level
concept of operation is presented in Figure 15 as an LML action diagram. As discussed
previously, MBSE supports system development by providing a clear understanding of
the relationships between system elements, which is enabled by the traceability between
modeled elements. The relationships between actions and assets are explicitly included
as modeled artifacts, a specific benefit of MBSE compared to a document-based approach
to system development. An example of traceability between asset, action, input/output, and
resources system artifacts is presented in Figure 16. In this case, HTSE.3 Generate hydrogen via
HTSE action generates output Hydrogen; it is performed by asset 1.2.1 Solid Oxide Electrolizers,
and it consumes resources DC Power and High-Temp Steam, provided by actions HTSE 1, 1.2,
2, 2.4.

1.1 Nuclear Power Plant

1.2 HTSE H2 Production Facility
DECOMPOSED

1.6 Hydrogen Transportation
Infrastructure

1.5 Hydrogen Storage

External Hydrogen ConsumerExternal Electrical Grid

Figure 14. Solution 1: hydrogen generation via HTSE with a nuclear energy source.

While not shown here for brevity, traceability to system functional and performance
requirements and inherently to stakeholders and their needs is also maintained for asset
and action artifacts. Such detailed yet simple integration of all system elements, top to
bottom, enables quick and intuitive system exploration by users such as system designers
and engineers, project managers, decision makers, and other stakeholders. The all-inclusive
system representation also supports enhanced knowledge collection, retention, and transfer.
Lastly, the model being the single source of truth enables quick changes of a conceptual
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solution or the development of additional conceptual solutions as required, given the
system context, stakeholder-specific objectives, or site-specific constraints.
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Figure 15. Solution 1: concept of operations.
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Figure 16. Traceability of asset and action model artifacts.

4.2.2. Solution 2—LTE and Nuclear Energy Source

The main system characteristics are:

• An NPP provides electricity as the only energy source to the hydrogen genera-
tion facility.

• The hydrogen generation facility is located next to the NPP.
• The NPP continues to supply the remaining electricity to the grid.
• Storage and transportation aspects are the same as in Solution 1.

Key differences from Solution 1:

• Instead of HTSE, LTE PEM is the electrolysis technology.
• No modifications are required for the NPP since thermal energy is not extracted.
• A purification system is not required as the hydrogen generated from PEM electrolysis

is already at the required level of purity.
• There is no reverse operation option of electricity generation from stored hydrogen, but

there is still an option to curtail hydrogen production to supply electricity generated
by the NPP to the grid instead of producing hydrogen.

The system concept is presented in Figure 17 as an asset diagram. The high-level
concept of operation is presented in Figure 18 as an action diagram.
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2.3 Hydrogen Storage

2.4 Hydrogen Transportation Infrastructure

2.2 LTE H2 Production Facility
DECOMPOSED2.1 Nuclear Power Plant

External Hydrogen ConsumerExternal Electrical Grid

Figure 17. Solution 2: hydrogen generation via LTE with a nuclear energy source.
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Figure 18. Solution 2: concept of operations.

4.2.3. Solution 3—SMR with a CCS System

The main system characteristics are:

• Currently used technology for hydrogen generation.
• The new hydrogen generation facility will include a CCS system to qualify as a low-

carbon hydrogen technology.
• Electrical grid supplies electricity to supporting systems (i.e., hydrogen purification,

compression, and storage).
• The hydrogen generation facility, in this case, will be located in close proximity to the

industrial consumer, and a dedicated newly built pipeline infrastructure will be used
as the transportation system.

• Captured CO2 is transported via specialized truck trailers and stored offsite in an
underground CO2 sequestration repository.

Key differences from Solutions 1 and 2:

• Feedstock is natural gas instead of water.
• Significant CO2 emissions necessitate a CCS system, processes, and infrastructure.
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• The purification process is much more extensive as produced hydrogen is a low-level
purity with many byproducts that must be removed.

• There is no flexible operation option to support the grid other than curtailing hydrogen
generation, which only conserves a limited amount of electricity.

The system concept is presented in Figure 19 as an asset diagram. The high-level
concept of operation is presented in Figure 20 as an action diagram.

3.5 Hydrogen
Transportation
Infrastructure

3.1 Natural Gas
Feedstock

3.2 SMR H2 Production Facility
DECOMPOSED

3.3 Hydrogen Storage

3.4 CO2 Capture
Sequestration

DECOMPOSED

External Hydrogen
Consumer

External Electrical
Grid

Figure 19. Solution 3: hydrogen generation via an SMR.
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Figure 20. Solution 3: concept of operations.

4.2.4. Solution 4—LTE and Solar Energy Source

The main system characteristics are:

• A solar power plant located next to the hydrogen generation facility provides electricity
to the hydrogen generation facility. The hydrogen generation is performed when a
solar power plant supplies electricity, where the daylight duration and meteorological
conditions affect the availability and efficiency of solar power generation. To ensure
the critical requirement of a consistent hydrogen supply to the customer, the solar
power plant is sized accordingly to produce a large amount of hydrogen during
the day, store generated hydrogen, and not produce hydrogen when solar power
is unavailable. Battery energy storage is another possible solution to overcome the
challenge of the intermittent availability of solar energy, but this option was less
cost-efficient than overproducing and storing hydrogen.

• A purification system is not required as the hydrogen generated from PEM electrolysis
is already at the required level of purity.

• Storage capacity is driven by the requirement of an uninterrupted supply of hydrogen
to the customer. The hydrogen production rate during the day is much larger than the
rate of hydrogen discharge to the customer, requiring a large-capacity storage unit.
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• Transportation infrastructure is required since the hydrogen customer is located ap-
proximately 10 miles from the hydrogen generation facility (an assumed condition).
The shorter distance and regional circumstances allow for the construction of a dedi-
cated pipeline infrastructure, which will be used as the transportation system.

Key differences from Solution 2:

• A new energy source, a solar power plant, needs to be built to support hydro-
gen generation.

• A much larger storage capacity is needed to account for the consistent hydrogen
supply to the customer.

• Hydrogen transportation infrastructure is simpler as the new hydrogen generation
facility supported by a solar power plant is located closer to the hydrogen consumer.

• The hydrogen facility combined with a solar power plant requires a large parcel of
land to support the large energy demands.

The system concept is presented in Figure 21 as an asset diagram. The high-level
concept of operation is presented in Figure 22 as an action diagram.

4.1 Solar Power Plant

4.2 LTE H2 Production Facility
DECOMPOSED

4.3 Hydrogen Storage

4.4 Hydrogen Transportation Infrastructure

External Hydrogen Consumer

Figure 21. Solution 4: hydrogen generation via LTE with a solar energy source.
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Figure 22. Solution 4: concept of operations.

4.2.5. Supporting Data

Information pertinent to the conceptual system design in all three dimensions (i.e.,
technical, economical, and social) is developed using discipline-specific tools. Additional
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R&D is needed to support integrating external tools with MBSE, which is outside the
scope of this research focused on the concept of a new decision support system rather than
technical solutions for integrating multiple software tools in MBSE. This paper does not
present details of supporting data development, e.g., cost estimates, since they are outside
of the main focus (i.e., the decision support framework). Instead, high-level results are used
for the trade-off analysis performed in the concept definition phase outlined in Section 4.3.
The hydrogen generation cost data were developed using the NREL H2FAST Excel-based
tool [34].

Supporting data for the concepts should be collected in the MBSE model to enable data
collection, retention, and sharing. An example of supporting data collection is presented
in Figure 23. In this example, cost information for action HTSE.3 Generate hydrogen via
HTSE is recorded.

HTSE.3
Generate

Hydrogen via
HTSE

Figure 23. Supporting data in MBSE.

4.3. Phase 3: Concept Definition

This is the phase where the four concepts for the hydrogen generation system are
evaluated and compared against the requirements developed from stakeholder needs.
A trade-off analysis is conducted using the multicriteria decision analysis approach de-
scribed in Section 3.1.5.

The evaluation criteria were established across four categories: “Economics of H2
Generation”, “Economics of Support Systems”, “Other Technical Considerations”, and
“Social”. These categories and evaluation criteria were informed by the stakeholder needs
translated into system requirements and performance characteristics as part of the needs
analysis phase described in Section 4.1. Industry experts provided their inputs for category
priorities and evaluation criteria weights indicating their importance.

The conceptual solutions were identified in the concept exploration phase described
in Section 4.2. Supporting information collected and assembled within the MBSE model for
each solution was used to evaluate the solutions against each criterion. A scoring system
ranging from 1 to 5, where 1 is the lowest and 5 is the highest score, was used to rate the
solutions. Finally, the overall weighted score for each solution was determined using the
methodology described in Section 3.1.5.

The activities in this phase are supported by MBSE, which enables traceability between
the requirements and system elements, which are either system functions shown via action
diagrams or system assets performing the functions shown via asset diagrams.
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The trade-off studies could be conducted using dedicated external tools (e.g., Excel
spreadsheet) or directly in MBSE via specialized integrated solutions. In this case study,
an Excel spreadsheet is used to demonstrate the application of a trade-off analysis as
part of the decision support system. The decision analysis matrix for the four solutions
for hydrogen generation is presented in Figure 24. Supporting data stored in the MBSE
model are consolidated in the decision analysis matrix. The weights and priority scores
are hypothetically developed based on the authors’ experience and familiarity with the
stakeholder preferences. In a real system development case, the scores would be developed
by the system developers based on the preferences of decision makers.

Figure 24. Multicriteria decision analysis for hydrogen generation solutions (red-circled cost from the
Amount attribute in Figure 23).

The results of the multicriteria decision analysis shown in Figure 24 demonstrate each
of the four proposed solutions has pros and cons. Solution 1—HTSE and Nuclear Energy
Source has low capital and O&M costs, favorable LCOH, and dual-use for grid resilience. It
offers a simple purification process and efficient hydrogen storage. However, it faces high
replacement costs, inefficient hydrogen transport, and potential regulatory delays. Solution
2—LTE and Nuclear Energy Source excels in low costs and simple infrastructure but
shares HTSE’s transport inefficiencies and lacks the capability to generate electricity from
hydrogen. Solution 3—SMR with a CCS System offers better transportation options and
low O&M costs but has high capital costs and LCOH due to CCS and complex purification
and relies on fossil fuels, impacting climate goals negatively. Solution 4—LTE and Solar
Energy Source has lower LCOH than Solution 3 yet higher capital costs and significant
storage demands due to solar intermittency. It benefits from easy transport and climate
advantages but requires substantial land for solar infrastructure.

Based on the evaluation results, the best option for a hydrogen generation plant is
Solution 2, where LTE technology is used to produce hydrogen supported by nuclear
electricity. Solution 1 is the second best option, and it is currently suboptimal compared
to Solution 2 due to the higher cost of hydrogen generation. However, HTSE technology
has made dramatic improvements in efficiency, reliability, and costs. This indicates that
Solution 1 may soon become the best option, surpassing Solution 2.

Additional work is planned to incorporate the trade-off analysis in the MBSE platform,
which is expected to further simplify the application of the proposed decision support
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framework assisting with selecting the optimal energy system solution, in this case a
hydrogen generation facility.

5. Conclusions

This paper advocates for a new decision support framework that comprehensively
evaluates energy systems based on the key objectives defined by system stakeholders. This
framework allows for considering various perspectives, including economic, technical, and
social aspects. This paper also reviews existing decision-making approaches in energy
systems, highlighting their gaps and shortcomings.

The proposed framework employs systems thinking and systems engineering princi-
ples and tools, specifically using a concept exploration 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. The needs
analysis phase explores why the new system is needed and if there are technologies that
can address the need. The concept exploration phase establishes feasible goals for the
new energy system before committing significant resources to its detailed exploration and
development. The concept definition phase evaluates identified candidate concepts based
on using supporting data, either developed or collected, as part of this phase’s work. In
this phase, a trade-off analysis is conducted using the multicriteria decision analysis, which
allows for an objective, systematic, and transparent comparison of various options and
subsequent selection of the solution most suitable to accomplish the key objectives of the
new system. The developed framework can support decisions during the planning and
design stages of new energy systems and investment strategies in novel energy solutions.
The decision support framework presented in this paper is demonstrated in a case study
for selecting the conceptual solution for a novel energy system tasked with clean hydrogen
production. The case study focused on demonstrating that the proposed framework can
aid in making strategic decisions, primarily for investors and utility executives.

Our research contribution is attributed to combining the systems thinking and systems
engineering disciplines supported by MBSE methods and tools, with multicriteria decision
making methodology in an integrated framework targeting a more comprehensive, mul-
tidisciplinary, objective, and systematic approach to strategic decision making for novel
energy systems. By adopting systems thinking, the research inherently addresses complex
problems in a holistic manner, acknowledging the interdependencies and interactions
within the energy systems. Systems engineering provides a disciplined approach to the
development and lifecycle management of such systems, ensuring they meet the myriad
of requirements and constraints. The utilization of MBSE methods and tools can be a
game-changer, as it allows for the creation of a shared, unambiguous model of the system
that can be used for the initial strategic decision making and later utilized throughout the
entire project lifecycle. This framework enables the incorporation of diverse criteria that
reflect economic, environmental, social, and technical perspectives, which are often at odds
in the strategic planning of energy systems. The robustness of the decisions can be vastly
improved by considering these multiple criteria systematically and objectively.

Unlike previous studies focused on evaluation of energy systems, such as those de-
scribed in [13,29,36–39,41,42], our research introduces a decision support tool that simplifies
the comparison of energy concepts and aids in selecting the best option based on criteria
set and ranked by decision makers. Multiple literature sources [25,38–41] point out that un-
derstanding energy systems necessitates considering a range of disciplines and dimensions
to reflect the diverse goals of energy systems and incorporation of perspectives of different
stakeholders. Furthermore, relying on a single metric for evaluation can lead to incomplete
and sometimes misleading conclusions [25], potentially resulting in suboptimal decisions
and inferior solutions. Therefore, our framework goes beyond the single-discipline evalua-
tions found in works like [31,32,34] by offering a comprehensive approach that evaluates
energy solutions from technical, economic, and social perspectives, including stakeholder
values regarding climate objectives and conservation of natural resources. Moreover, this



Systems 2024, 12, 290 34 of 37

framework differs from those centered solely on multicriteria decision-making [40,43,56]
by enhancing the multicriteria evaluation matrix with a systematically compiled MBSE
model that aggregates detailed information on each energy concept.

There are some challenges that should be considered before immediately utilizing
the proposed framework. As discussed in Section 3.1.3, a limitation of the framework can
be the extra effort required to gather and organize information within the MBSE model,
as well as the potential learning period adopting an MBSE software tool. The framework
also includes a multicriteria decision matrix that offers a straightforward comparison of
various options but can become cumbersome and information-heavy if too many options
are assessed simultaneously.

Future Research

Future research will expand the framework to evaluate system long-term behaviors
via the system dynamics approach [63]. This addition will enable a more comprehensive
decision-making by improving the understanding of long-term system behaviors and po-
tential futures of the system within the context of the larger energy sector. The integration
of discipline-specific evaluations within MBSE may also be beneficial. Additional work
fully or partially automating the generation and evaluation of various conceptual designs
using identified subsystem options [27] would expand the potential solution set, thereby
considering a broader set of possible concepts that may have been overlooked previously.
This feature could also help address concerns regarding too many options to evaluate in the
multicriteria decision matrix. Direct incorporation of other criteria, such as sustainability,
could be explored to address the needs of other interested stakeholders, like policymakers.
Overall, the model and results from the case study can be presented to and used by key
stakeholders with feedback systematically collected to provide specific evidence of the
benefits of this framework and to identify areas for potential improvements. These im-
provements can make the decision-making framework more automated and interconnected,
improving the framework’s effectiveness in various systems and contexts.
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Abbreviations

MBSE model-based systems engineering
SE systems engineering
DM decision-making
HTSE high temperature steam electrolysis
LTE low temperature electrolysis
FOAK first-of-a-kind
SSOT single source of truth
NOAK N-of-a-kind
SysML Systems Modeling Language
IRA Inflation Reduction Act
LCOE levelized cost of energy
IRR internal rate of return
NPV net present value
MAUT multi-attribute utility theory
GHG greenhouse gas
AHP analytic hierarchy process
DSS decision support systems
LML Lifecycle Modeling Language
SMR steam methane reforming
CCS carbon capture and sequestration
AEM anion exchange membrane
PEM polymer electrolyte membrane
SOEC solid oxide water electrolysis cell
R&D research and development
NPP nuclear power plant
O&M operations and maintenance
LCOH levelized cost of hydrogen
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