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ABSTRACT

This thesis provides a preliminary cost and operational effectiveness analysis of
alternative power generation and storage capabilities needed to advance the Marine Corps
Expeditionary Power and reduce fuel reliance during constrained combat operations at the
tactical level. This work compares the current fuel efficiency of 60-kilowatt generators to
three emerging energy alternatives: power storage, hydroelectric buoys, and solar
photovoltaic technology. This effort uses quantitative analysis to determine each
capability’s life-cycle cost while using qualitative assessments to determine each system’s
overall measure of effectiveness. The qualitative operational effectiveness is assessed
across three criteria identified within the Marine Corps concept of employment:
(1) operational persistence, (2) mobility, and (3) survivability. The intent of this study is to
guide decision-making for future energy systems at the tactical level. The outcome shows
that energy storage is the most effective alternative energy method for offsetting fuel
consumption based on the established objective hierarchy, with a measure of overall
effectiveness (MOE) score of .7996. Both solar power and hydroelectric buoys are less
effective alternatives based on the established objective hierarchy, with MOE scores of
.6251 and .2322 respectively. Energy storage, however, is more costly to implement than
the current 60-kilowatt generator method of employment, requiring decision-makers to

trade off costs.
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I. INTRODUCTION

This thesis provides a preliminary cost and operational effectiveness analysis of
alternative power generation and storage capabilities to advance the Marine Corps’
Expeditionary Power and improve fuel use during constrained combat operations. First,
this work measures the effectiveness and efficiency of the Marine Corps’ 60-kilowatt (kW)
generator for the creation of power. Additionally, this thesis compares three alternative
power generation technologies (power storage solutions, hydroelectric power capabilities,
as well as solar power generation) to determine which, if any, provide a more cost-effective
method. This cost effectiveness analysis incorporates both qualitative and quantitative
approaches to provide a more comprehensive understanding of the value and impact of
each power storage and generation approach specific to the Marine Corps’ assigned roles

and responsibilities to the Joint Force.

A. PROBLEM STATEMENT

As the U.S. Department of Defense (DOD) encounters some of its biggest external
changes in decades, every Service is evaluating their roles and responsibilities to the Joint
Force to effectively operate in a resource constrained operational environment against peer
competitors. The Marine Corps, specifically, is undergoing potentially the largest strategic
shift in its history to provide the Joint Force with forward reconnaissance to enable fires
against peer adversaries. From the highest level of the National Defense Strategy down to
the Service level of the Marines Corps power concept of employment, the DOD holistically
identifies a need to become a more agile expeditionary force, capable of operating in
resource constrained environments. Future campaigns and operational environments will
challenge the Marine Corps ability to amass large surpluses of equipment and supplies as
experienced by the U.S. military’s campaigns in Iraq and Afghanistan over the past two
decades. To better support the Joint Force with forward reconnaissance and fires, the
Marine Corps will have to remain light and extremely mobile. China and Russia’s
improvements in intelligence collection capabilities and long-range precision guided

munitions completely change the dynamics of future conflict that will place strains on
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logistics and supply lines, requiring the Marine Corps to operate forward with minimal
resources for potentially long periods of time. Fuel and energy will likely pose a significant
issue in keeping the Joint Force’s reconnaissance force operational. The Marine Corps
needs to better understand all methods of energy development, storage, and sustainment
and determine the most cost-effective method of operating in a severely restrained

environment.

Current strategic, DOD, and Marine Corps guidance highlight future warfare
challenges, often paying specific attention to operational energy (OE). Operational energy,
as defined by the Office of the Assistant Secretary of Defense for Sustainment, is “the
energy required for training, moving, and sustaining military forces and weapons platforms
for military operations” (Office of the Assistant Secretary of Defense for Sustainment, n.d.,
para. 2). When addressing future requirements, the Office of the Assistant Secretary of
Defense for Sustainment states that the DOD needs to “improve future combat
effectiveness and capability by thoroughly integrating energy supportability into capability
development and investing in innovation tailored to an enhanced ability to operate in
contested environments” (n.d., para. 4). Carpenter et al. (n.d.) from the Naval Postgraduate
School write in Operational Energy—Essential Knowledge for Military Officers that OE
is far more than just getting fuel to where it is needed, rather than “OE decisions will be
more complex and will require an immediate understanding of the battlespace before
maneuvering and expending OE” (para 3). As the modern battlespace demands greater
energy requirements and adversarial threats are assessed to impact fuel and logistics flow,
each military organization is challenged with understanding its fuel/energy requirements,
knowing considering all options for energy development/storage, and identifying effective

methods to sustain combat roles.

Unfortunately, the knowledge gaps within operational energy are numerous. Like
Carpenter et al. state, “Many of the future weapon systems will evolve from petroleum
motors to hybrids, and then to fully electrical/alternate fuel engines that are charged from
wireless support systems” (para. 6). The Marine Corps’ Family of Mobile Power Systems
Concept of Operations (FOMPS) reflects that, “growth in the Marine Air Ground Task
Force (MAGTF) since 2001 include a 250% increase in radios, 300% increase in
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computers, and the introduction of new types of systems (e.g., counter-IED jammers,
persistent surveillance, position location/reporting and situational awareness, etc.)” (2024,
p. 3). Everything from intelligence collection to the size of command operations centers to
weapons systems, the military requires greater energy consumption. The first of many
knowledge gaps simply lies in understanding current energy requirements and how those
continue to grow. The next shortfall in information is the knowing what current and
emerging technologies will help offset fuel/energy logistics and which are appropriate at
various levels of conflict. Finally, there is the cost-effective part of the discussion. While
there may be several ways by which the Marine Corps can offset fuel/energy requirements,
not all of them are relevant in terms of operational effectiveness and suitability. These
methods or capabilities may prove too costly or may not be survivable for combat

operations.

This study seeks to identify and evaluate various methods the Marine Corps may
use to offset its current fuel use and energy consumption to suggest the best or most cost-
effective OE methods during combat operations in a resource constrained conflict with a
peer adversary. The Marine Corps’ role and responsibilities in support of the U.S. Navy
and the greater Joint Force is somewhat unique when considering the OE. The Marine
Corps and its warfighting organizations will find themselves well inside an adversary’s
weapons engagement zone. Survivability requires deception and considerable mobility.
Marine Corps units will likely have to sustain themselves for long periods of time,
potentially with limited logistical support from the Joint Force. This research executes three
things. Firstly, it uses Marine Corps formations and equipment to estimate current fuel/
energy consumption. Secondly, it identifies new and emerging technologies that support
offsetting these current requirements. Thirdly, it concludes by providing a cost-
effectiveness analysis on fuel/energy consumption methods. These findings will help guide

Marine Corps decision makers on immediate and long-term goals to meet future OE needs.

B. RESEARCH QUESTIONS

This paper seeks to answer two questions. First, it looks at current or emerging

energy production or storage technologies capable of offsetting fueled current energy use
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to allow the Marine Corps to sustain combat operations more effectively in a contested
environment. The second question focuses on how cost-effective each method or

technology is for Marine Corp implementation as a long-term solution.

1. Primary Research Question: Which emerging energy technology is more

efficient at offsetting current fueled power generation at the tactical edge?

Current and future external challenges for the Marine Corps require more
substantial changes to how it operates in a resource constrained environment. The U.S.
military peer adversaries as well as the political landscape necessitate the Marine Corps be
more responsible in both mindset, acquisitions, and training to improve current energy use.
Tactical power, while not quite as driven by the political environment, does require the
Marine Corps to explore alternative fuel sources to minimize the reliance of fuel in future
campaigns. As various organizations lobby for funding in support of research and
development within the alternative energy sector, not every alternative energy solution is
created equal in terms meeting the Marine Corps requirements. Given the Marine Corps
expeditionary nature, new systems need to be persistent, survivable, and mobile. Large
structures and permanent locations that may work for the Army and the Air Force may not
be suitable for the Marine Corps. Should logistics lines of communication and support get
severed, the Marine Corps may not be able to rely on Navy resupply for fuel or parts. A
future OE necessitates that energy production and storage capabilities be both maintainable

and highly mobile, capable of moving using Marine Corps assets.

2. Secondary Research Question: Does the costs of emerging technologies

make them a viable expeditionary energy source?

After the research applies qualitative measures of effectiveness (MOE) for each
technology, it compares those to the system cost. This cost-effectiveness analysis (CEA)
provides a systematic approach to evaluate the benefits of each technology relative to its
costs. The outcome aids with two key things. First, it creates a starting point by which
further sensitivity analysis can be accomplished at higher levels and determine which MOE

is most critical to future systems. Next, the research should aid decision-makers to choose

ACQUISITION RESEARCH PROGRAM
DEPARTMENT OF DEFENSE MANAGEMENT
NAVAL POSTGRADUATE SCHOOL




options that maximize energy capabilities while minimizing expenditures, ensuring

resources are used efficiently.

C. SCOPE AND METHODOLOGY

This study is dedicated to evaluating current and emerging energy technologies
across various industries: power storage, solar generation, hydroelectric power generation
(buoys). By analyzing the overall capability of alternative energy sources, the Marine
Corps may better identify and invest in technologies that align with the mission of

providing a light, agile reconnaissance force.

The methodology is structured into three primary phases: data collection and
effectiveness evaluation, cost analysis, and results. Data is gathered from military
development documents, commercial manufacturers, and previous research studies. This
data provides a comprehensive understanding of each capability currently available or in
development, their effectiveness as defined by DOD and Marine Corps guidance, and

associated costs.

The first phase focuses on evaluating the effectiveness of each power capability.
Effectiveness is measured in terms of the Marine Corps Family of Mobile Power Systems
Concept of Employment, identifying the need for persistence, mobility, and survivability.
This phase involves synthesizing capability data to assess how well each power capability
meets the specific needs of a tactical unit such as a Marine Littoral Regiment (MLR). The
outcome of this phase is an overall effectiveness score for each power capability, which,
when considered alongside the cost analysis, provides a comprehensive cost-effectiveness

analysis.

The cost analysis phase employs a constant dollar analysis to estimate each
system’s procurement and operations and sustainment costs. The objective is to develop a
clear picture of the cost of ownership for each power capability over its expected
operational lifespan. Cost models are standardized to ensure comparability across different

types of power capabilities.
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Finally, this thesis concludes with a graphical depiction of the cost-effectiveness
ratios for each system to aid future decisions. This work also provides recommendations

for future research.

D. BENEFITS OF THIS THESIS

As aforementioned, this study provides a systematic approach to evaluate the
benefits of three different energy storage/generation technologies relative to their costs.
The outcome of this study creates a foundation for further sensitivity analysis to assign
system MOEs most critical to the Marine Corps’ needs. The research should also aid
decision-makers in choosing options or request funding for systems that are suitable (not

shiny), while minimizing costs and ensuring resources are used efficiently.

E. ORGANIZATION OF THE STUDY

Chapter I identifies the focus a purpose of the thesis as well as the primary and

secondary research questions.

Chapter II provides the reader with additional background drivers. This chapter
also reviews various literature of emerging technologies as well as military interest and

potential application for those technologies.

Chapter III defines the measures of effectiveness for each alternative power source

and assigns qualitative effectiveness scores to determine suitability.

Chapter IV analyzes the estimated life-cycle cost of each alternative power

solution.

Chapter V presents the conclusions and recommendations of the thesis and

highlights future sensitivity analysis and research.

F. THESIS LIMITATIONS AND SHORTFALLS

The alternative power capabilities do not yet have DOD development
documentation, requiring data to be drawn from commercial sources or other academic
work. Metrics supporting mean time between failures (MTBF) and mean time to repair

(MTTR) pose issues when collecting from the commercial market, requiring some
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assumptions to be made. Hydroelectric buoys are still in the research and development
stages. While technology has made considerable progress over the last decade, supporting
data again proved challenging. The U.S. Marine Corps also operates generators ranging
from 2 kW to 60-kW at the MLR-level. This thesis focuses on the 60-kW generator as it
supports the largest combat footprint within the MLR and the largest load capacity. Future
research may extend to other power generation capabilities. Technologies, such as micro-

nuclear and hydrogen power, are great considerations for expanding this research.
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II. BACKGROUND AND LITERATURE REVIEW

This chapter provides background information on the current problem and review
current literature regarding the way forward. Reviewed literature includes national and
military strategic guidance, compares efforts from various DOD organizations, identifies
energy production/storage technologies, and compares new/emerging methods. The
follow-on chapter weighs each of the emerging technologies qualitatively to assign values
for each capability’s MOE. As there are many ways performance can be estimated, the
research method assigns each capability’s measure of effectiveness scores in terms of being
survivable, sustainable, and mobile. The final chapter provides the results, draws a

conclusion, and provides recommendations for future decisions.

A. BACKGROUND

The past 20 years of sustained combat operations in Iraq, Afghanistan, and limited-
scale operations in Syria forwarded the Marine Corps with an ability to stage equipment
and resupply without consequence. Manpower, parts, weapons, and fuel arrived to support
the Marine Corps’ combat operations with minimal concern that the adversary could shut
those supply lines off. The overall fuel requirements needed to support military operations
have grown steadily since World War II. Every new piece of equipment in the inventory
requires power generation. Gorsich and Boehman (2020) note, “In 2008 alone,
approximately 68 million gallons of fuel were supplied per month to support U.S. military
operations in Iraq and Afghanistan” (para. 3). Sustaining operations requires tremendous
fuel and energy, and it can be expected that future campaigns will require far more than

the last.

The external environment impacting the Marine Corps has changed considerably
since the United States exited Afghanistan. The area of operations over the last two decades
focused heavily on counterterrorism with a far more inferior adversary in terms of
intelligence collection and fighting capabilities. There was little in the way of stifling
forces, fuel, or equipment flow. Since the U.S. withdrawal from Afghanistan, there has

been great refocus on pacing adversaries like China and Russia, and for the first time since

ACQUISITION RESEARCH PROGRAM
DEPARTMENT OF DEFENSE MANAGEMENT
NAVAL POSTGRADUATE SCHOOL




the cold war, the U.S. military has peer adversaries rather the “near peer” threats it was
long accustomed to. Extended anti-access aerial denial assets (A2AD), greater intelligence
collection capabilities, and long-range precision guided munitions offer adversaries unique
abilities to hold U.S. bases and stations as well Air Force and Navy assets at great risks
within the Indo-Pacific area of operation (AO). China’s continued growth in both size and
capability severely limits U.S. maneuver efforts, considerably altering successful
campaigns with the Indo-Pacific AO. This means the United States and its coalition
partners no longer hold the same superiority and ability to forward stage and sustain

operations logistically against a peer adversary like China.

B. LITERATURE REVIEW

The literature review focuses on the military’s evolving OE needs and strategies to
enhance energy usage efficiency. With the DOD being the largest energy consumer in the
United States, a concerted effort is underway across all Service branches and government
organizations to reduce energy dependency and mitigate logistical vulnerabilities essential
for deterrence and the execution of large-scale operations. This section aims to synthesize
research findings pertinent to the Marine Corps’ specific mission and requirements,
addressing the broader energy and logistics challenges while spotlighting ongoing research

in power generation and storage.

The United State Marine Corps Expeditionary Energy Strategy and Implementation
Plan documents the significant increases in fuel and energy consumption, attributed to
heavier equipment, expanded computer use, and a greater number of communication
devices. Since the Vietnam conflict, “fuel consumption per military member has surged by
175%, with an average annual increase of about 2.6% over the last 40 years” (Marine Corps
Expeditionary Energy Status Section, 2011, p. 10). This escalation necessitates innovative

measures to better measure, monitor, and ultimately reduce energy usage.

Sprague’s thesis at the Naval Postgraduate School emphasizes the economic and
human costs of fuel and energy provision to military forces, particularly highlighting the
dangers and financial burdens of resupply missions. Sprague’s (2015) thesis reveals that

fuel deliveries during the U.S. conflicts in Iraq and Afghanistan were linked to significant
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costs and casualties, with “an estimated $1.4 billion in costs and 33 resupply convoy
casualties per year at the peak of these conflicts” (p. 8). Sprague’s analysis underscores the
inefficiency of diesel generators, which, despite their widespread use, consume a
disproportionate amount of the total expeditionary electricity, spotlighting the urgent need

for more efficient energy solutions (2015, p. 22).

The DOD’s Defense Science Board (2016) report on Energy Systems for Forward/
Remote Operating Bases critiques the current energy strategies, noting the inadequacy of
alternative energy sources like wind, solar, and tidal power in meeting the demands of
forward operating bases and expeditionary forces (p. 6). The report calls for more
aggressive efforts in acquiring energy-efficient innovations and exploring new power
generation forms to alleviate the logistical strain of liquid fuels (Defense Science Board,

2016, p. 24).

Title 10 U.S. Code 2911 and subsequent discussions on building energy resiliency
introduce “the concept of energy security and resilience as critical components of the
military’s energy procurement strategy” (2024, para b). Emphasizing the importance of on-
site generation resources, the legislation and associated briefs from the U.S. Army
Communications—Electronics Research, Development and Engineering Center lay the
groundwork for a comprehensive approach to energy production, storage, control/
distribution, and management. This holistic view extends to the identification of gaps in
knowledge and application of new technologies, highlighting the need for greater

innovation and efficiency in energy use across the military spectrum.

Collectively, the literature underlines a unified drive towards reducing energy
reliance through enhanced efficiency, innovative technologies, and a strategic reevaluation
of energy usage practices. The focus extends from high-level strategic directives down to
specific technological solutions, indicating a comprehensive approach to addressing the
energy challenges faced by the Marine Corps and the broader DOD in sustaining future

operations.

There are several ways by which energy can be produced, but not all of them are

feasible or suitable when supporting combat operations. Some methods also prove very
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costly to create infrastructure and convert power. The DOD’s Defense Science Board
published a report in 2016 on Energy Systems for Forward/Remote Operating Bases,
noting “alternative energy sources, such as wind, tidal, solar, and other sources, were
unlikely to comprehensively meet current or future energy demands for forward operating
bases, remote operating bases, and expeditionary forces” (p. 6). This report highlights
several shortfalls with the DOD’s current approaches to being more energy efficient and
quelling its fuel use, particularly at tactical level. They conclude that although military
units are working to be more energy efficient, current practices are falling well short, and
military organizations are still burning more liquid fuel to meet operational needs. The
Defense Science Board’s recommendations were numerous, stating the DOD should seek
more aggressive acquisitions for energy efficient innovation. The DOD needs to explore
new forms of power generation to meet growing power needs and to scale back the
logistical strain of liquid fuels. The study also finds that commanders at all levels need to

be more aware of energy use and methods to curb it.

A cost-effectiveness analysis offers a sound method of assessing a program’s
effectiveness and suitability when challenges exist with monetizing a system’s benefits.
There are several examples of Naval Postgraduate School theses executing a cost-
effectiveness analysis to compare programs. Paul Moreau (2022) provides an exemplary
cost-effectiveness analysis which compares unmanned aerial platforms used for
intelligence, surveillance, and reconnaissance. In Moreau’s cost-effectiveness analysis, a
program is operationally effective by having speed, being more durable, and having
increased maneuverability. Since each of these qualities present challenge with assigning
a monetary value, his cost-effectiveness analysis uses qualitative analysis to create an
apples-to-apples comparison of each system. The quantitative cost analysis is much easier
to discern. Moreau concludes the study by providing a conclusion on each program’s
qualitative effectiveness score compared to the program costs. Moreau’s analysis enables
decision-makers to identify the more effective and more costly program to decide if

increased capability is worth an increase in program costs.

There are several cost-effectiveness analyses available detailing the impacts of

incorporating renewable energy methods at a state or national level to meet strategic goals.
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However, there are very few cost-effectiveness analyses conducted about alternative
energy at a tactical level. Of the one or two cost-effectiveness analyses found during this
research focuses energy policies on permanent military installations. This research
qualitatively and quantitatively assesses an overall cost-effectiveness of various energy
technologies applied to a Marine Littoral Regiment. This work is unique, because it
provides a method by which decision-makers can continue to assess future technologies
and acquire those system’s that best align with the Marine Corps unique mission to the

Joint Force in conflict with peer adversaries.

The Army’s Capability Production Document (CPD) for tactical electric power
points to low-cost generators as a stopgap solution for medium power needs,
acknowledging the strides made in fuel consumption and efficiency but also recognizing
the significant energy potential lost through inefficiencies, particularly in diesel generator
use. This is further elaborated in the Diesel Generator Fuel Consumption Guide, which
illustrates the pressing need for advancements in energy efficiency beyond incremental
improvements, noting that approximately 65% of energy potential is lost through exhaust
alone (Journal of Cleaner Production, 2019, p 785) and current diesel generators use
approximately 0.4 litres of fuel for every kWh produced, equating to an efficiency ratio of
25% (“Diesel Generator Fuel Consumption Guide,” June 2023, para 4).

C. LITERATURE REVIEW TAKEAWAYS

Guidance from the strategic level down to the tactical edge realizes the importance
of curbing reliance on liquid fuels to support logistics in future campaigns. The external
environment has also changed considerably since the U.S. military’s exit from
Afghanistan. Internally, U.S. social and political drivers are mandating the DOD be more
responsible and more efficient with fuel consumption. Externally, growing peer
adversaries, namely China and Russia, have an ability to locate and target logistics far more
accurately than the DOD is accustomed to from previous campaigns. All these
considerations emphasize a need for every Service and DOD organization to offset its fuel
consumption. The Marine Corps arguably has a larger reason for consideration. Given the

Marine Corps’ roles and responsibilities in support of the Joint Force’s mission against
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peer adversaries, Marine forces will likely find themselves self-supporting operations
within island chains for extended periods of time. Limited logistics have the potential to

render the Marine Corps combat ineffective.

Perhaps some issues with the current guidance result from the messaging and
attention the guidance receives. Strategic and military guidance needs to separate U.S.
internal and external drivers when addressing future fuel consumption and energy needs.
As military organizations primarily focus on waging and winning wars, the message cannot
stem primarily from social and political drivers. The once established “Greening Marines”
campaign is a key example of this. Warfighting organizations have far less interest in
curbing fuel consumption when they believe it is socially or politically driven. The
Greening Marines movement had great intentions but had limited impacts to improving

fuel efficiency and becoming more persistent in a resource constrained environment.

Marines and leadership at all levels require a tremendous understanding of the vast
amount of fuel that is used to wage combat. They further need to understand what supply
lines look like when moving that amount of fuel into an operational area. Finally, a new
mindset needs to be developed focusing on the fact that fuel may stop flowing altogether
in a fight with stronger, more capable aggressors. The first step is to significantly change
how Marine Corps units and its leadership monitors current fuel consumption. All strategic
guidance has mandated this improvement for several years, but there seems to be little in
the way of accomplishing this. Units can only start to realize greater effectiveness and

efficiency if they understand the baseline from which they are starting.

The Marine Corps largely has three ways by which it continues to address its fuel
consumption issue. First, much like the example of the “Greening Marines,” the Marine
Corps can adjust its doctrine, organization, training, materiel (non-development),
leadership/education, personnel, facilities, or policy (DOTMLPF-P). Like the results
provided by the Defense Science Board, however, these changes seem to be falling short.
The next option the Marine Corps has is to invest heavily in key bases and stations to
improve its ability to move fuel and equipment more easily and efficiently throughout an
area of operations. The issue with this method is that it is expensive and targetable. If an

aggressor targets those installations, the Marine Corps may find itself again in a situation
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where fuel and equipment supply lines are severed. Finally, and the method in which this
thesis focuses, the Marine Corps can look for more unique technologies that allow its forces
to offset fuel consumption. Of the many technologies to consider, this work compares
current fueled generation, power storage capabilities, solar power, and hydroelectric buoys
to determine which of these technologies are most cost effective at the tactical edge,

predominantly focusing on a Marine Littoral Regiment (MLR).
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III. ENERGY ALTERNATIVES AND MEASURES OF
EFFECTIVENESS (METHODOLOGY AND ANALYSIS)

This chapter defines and applies the CEA methodology to evaluate each alternative
power’s operational capability. Given there is no current capability development document
(CDD) for the new technologies, this chapter assesses each technology based on guidance
within the Marine Corps concept of employment for the Family of Mobile Power Systems
(FOMPS) and the Tentative Manuel for Expeditionary Advanced Base Operation (2nd
Edition). Both documents place considerable emphasis on an agile force, noting that
systems must “effectively sustain distributed units to increase their mobility, operational
persistence, and survivability at a reduced signature” (COE, 2024, p. 20). These three
attributes guide this chapter’s MOE development. The conclusion of this chapter provides
an overall effectiveness rating for each program that can be paired with each alternative’s
cost to provide a cost-effectiveness ratio (CER) to be used for decision-making of future

tactical power systems.

The three technologies compared in this work include the addition of solar power,
energy storage, and hydroelectric buoys (wave energy converters) to identify which of
these technologies are most effective at the least costs to offset fuel used in power
generation. Solar power is assessed by applying a 12-kilowatt system to generators used to
apply tactical power. This work proposes an energy storage system capable of
approximately 52-kilowatt hours used with generators to identify tactical impacts and
increased fuel efficiency. Finally, this thesis looks at the feasibility of adding wave energy
converters, specifically point-absorber buoys, to determine the technology’s ability to
reduce fuel consumption in a tactical environment. Each of these technologies are
compared to the current method of employment of the 60-kilowatt generator used to

support combat operations at the regimental level.

A. DATA

The data used in this chapter is predominantly equipment specification data

gathered through commercial sources. Some, limited data, can be found via DOD sources
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relating to military installation solar power. A greater portion of information surrounding
power storage capabilities comes from military experts in the field conducting power

storage research and concepts of employment.

B. METHODOLOGY

Both cost-benefit analysis (CBA) and cost-effectiveness analysis are tools used in
decision-making processes, often applied in economics, healthcare, and policymaking.
CBA quantifies both costs and benefits in monetary terms, thereby facilitating decisions
where outcomes can be valued financially, making it apt for business and economic policy
decisions focused on financial optimization (Boardman et al., 2017). In contrast, a CEA is
often preferred when there are considerable challenges in applying monetary values to the
program’s outcome. Examples may include health improvements or educational
achievements of a policy. A CEA is more suited for this study because the benefits being
measured (mobility, operational persistence, and survivability) cannot easily be valued in

dollars.

1. Objectives Hierarchy

The execution of a CEA comprises several key steps. It begins with a clear
definition of the objective and the specific outcomes to be measured (Siegel et al., 1996).
The tree method is often used as a graphical depiction to help visualize the programs
objective hierarchy. Figure 1 offers a generic hierarchy tree. Wall and Mackenzie’s (2015)
work Multiple Objective Decision-Making notes the hierarchy method to CEA “takes us

from the top level down to the lowest level where measurement is obvious” (p. 5).
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Figure 1. Example Hierarchy Tree. Source: Wall and Mackenzie (2015).

As alternative energy sources are evaluated using a hierarchy, the overall objective
is an alternative that is operationally effective, but the whole of the CEA determines the
level to which the alternative is effective and at what cost. The Marine Corps Family of
Mobile Power Systems concept of employment establishes the system needs to be mobile,
persistent, and survivable. Therefore, for the execution of this study’s CEA the top portion
of the hierarchal tree includes those three objectives within the second level. Building out
sub-objectives allows the CEA to further define what is meant by the terms persistent or
mobile. The effort requires that each sub-objective is defined further until a measurable
metric can be identified that supports the primary objective. Sub-objects can be widely
debated and offer considerable room for sensitivity analysis. For this CEA, the hierarchy

tree follows the objectives outlined in Figure 2.

Overall
Effectiveness
Operaflonally Mobile Survivable
Persistent
s e, Industrial base Capability is Deployment Mt Reduces
efficienc offers high system transportable by timelines footprint maintenance
v availability USMC assets facilitate EABO b timelines
Current #of USMC Emplace / :
% of added fuel " Displace in Clelis (T Mean Time to
. Technical assets capable . footprintin sq Between Failures "
efficiency Readiness Level q L minutes, hours, MTBR) Repair (MTTR)
of moving o days feet

Figure 2.  Alternative Power Measures of Effectiveness. Adapted from
Marine Corps Concept of Employment (2024).
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The sub-objectives offer an ability to assess each power alternative’s overall
effectiveness. As Wall and Mackenzie (2015) highlight, the study must also “develop a
way to convert all these disparate measures to a common unit of measure” (p. 8). The
common unit of measure gives leadership and decision makers an apples-to-apples
comparison of all alternatives. Executing this part of the MOE analysis is a bottom-up
process whereby the first step is assigning individual attribute values to the attributes in the
lowest row in the hierarchy tree. The second and third steps determine the level to which

each of those individual attributes are important to the system’s overall effectiveness.

2. Assigning Individual Attribute Values

This CEA uses natural measures to determine the effectiveness measures. Natural
measures, as defined by Wall and Mackenzie (2015), are “those that can be easily counted
or physically measured” (p. 7). Individual attribute values between 0—1 are added to the
bottom level to “provide a scaling function to convert the natural units of measurement into
units of value” (Wall & Mackenzie, 2015, p. 8). Creating a value function can be done
using several different methods. Since each power alternative should either seek to
maximize or minimize the attributes at the lowest level, the methods used in this study uses
a cumulative value function to assign individual attribute values. Consider the “percentage
of added fuel efficiency” attribute for determining if the alternative is operationally
persistent. Each 10% increase in efficiency increases the incremental increase by a value
of 1. The following cumulative value functions are applied to assign all individual attribute

values along the bottom of the hierarchy table.

a. Percentage of Added Fuel Efficiency

As previously mentioned as an example, for every 10% increase the alternative
provides in fuel efficiency, it increases the incremental value assigned to that measurement.

Incremental values for fuel efficiency follow the increases outlined in Table 1.
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Table 1.  Incremental Values for Fuel Efficiency

Fuel Efficiency Incremental Value

10%-20% 0
20%—30%
30%—40%
40%—-50%
50%—60%
60%—70%
70%—80%
80%—90%
90%—100%

W | N O|e(wiNa| -

Next, using the incremental values assigned in Table 1, a cumulative value function

can be created by summing all incremental values.

Sum: 0+1+2+3+4+6+7+8+9=35

Table 2.  Individual Attribute Values for System Fuel Efficiency

Fuel Efficiency Cumulative Value Attribute Value
10%—20% 0 0/40=0
20%—-30% 1+0=1 1/40=.03
30%—40% 2+1=3 3/40 = .08
40%-50% 3+43=6 6/40 = .15
50%—60% 4+6=10 10/40 = .25
60%—70% 6+10=16 16/40 = .40
70%—80% 7+16=23 23/40=.58
80%—-90% 8+23=31 31/40=.78
90%—-100% 9+31=40 40/40=1

As an example, if the alternative storage or power system’s increases fuel efficiency

to approximately 25%, that system is assigned an individual attribute of [.03].
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b. Technical Readiness Level

The technical readiness level (TRL) indicates a strong industrial base (IB) capable
of sustaining each power alternative and its requisite equipment. The stronger the IB, the
more flexibility a program has, making it more sustainable and persistent. For the TRL
considerations, any TRL level three or below is not sufficient to sustain the program. The

rest of the incremental values are assigned as defined in Table 3.

Table 3. Incremental Values of Technical Readiness Levels

Technical Readiness Level (TRL)  Incremental Value

Between 1-3 0
4

Wl (d|h (WL
DN | |Ww

The sum of the incremental values creates the cumulative value function for

assigning this metric.

Sum: 0 +3+4+6+7+8+9=37

Table 4. Individual Attribute Values for TRL

Technical Readiness Level (TRL) Incremental Value Attribute Value
Between 1-3 0 0/37=0
4 3+0=3 3/37=.08
5 4+3=7 7/37=.19
6 6+7=13 13/37=.35
7 7+13=20 20/37 = .54
8 8+20=28 28/37=.76
9 9+28=37 37/37=1
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As an example, given TRL-7, the alternative storage or power system is awarded

an individual attribute of [.54].

c. Number of Marine Corps Assets Capable of Moving the System

This individual attribute value considers the amount of flexibility a commander has
within the operational area. While this individual attribute leaves room for discussion, this
study uses the total number of Marine Corps land and air transport assets capable of moving
the power alternative capability throughout the AO. The Marine Corps has seven transport
vehicles and aircraft (listed in Table 5) available to move equipment. Again, the total
number of available transport vehicles relies solely on Marine Corps assets to capture

internal support to mobility.

Table 5.  Marine Corps Transport Vehicle (Equipment)

Marine Corps Transportation Assets

Family of Medium Tactical Vehicles (FMTV)
Medium Tactical Vehicle Replacement (MTVR)
Logistics Vehicle System (LVS)
Logistics Vehicle System Replacement (LVSR)
MV-22 Osprey
CH-53 Super Stallion
C-130 Hercules/Super Hercules

Using the total number of transport assets provides an ability to create a cumulative
value function. A cumulative value function is created in the same manner as before.

Incremental values for transportation assets are assigned in Table 6.

Table 6.  Incremental Values for Capable Transport Vehicles

Total # of Vehicles Incremental Value

0-2 Vehicles 1
3-4 Vehicles 5
> 5 Vehicles 10
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Next, using the incremental values assigned in Table 6, a cumulative value function

is created by summing all incremental values.
Sum: 1 +5+10=16

Using the total incremental value of 16 from the above equation, Table 7 creates
individual attribute values for the number of vehicles capable of moving each alternative
power source by dividing the cumulative value for each displacement/emplacement block

of time by the cumulative value of 16.

Table 7. Individual Attribute Values for Transport Capabilities

Total # of Vehicles Cumulative Value Attribute Value
0-2 Vehicles 1 1/16 = .06
3-4 Vehicles 5+1=6 6/16 = .38
> 5 Vehicles 10+6=16 16/16=1

As an example, if one of the power alternatives can only be transported (due to size
or any other limitations) by four Marine Corps assets, it receives an individual attribute

value of [.38].

d. Equipment Emplacement and Displacement Timelines

Another significant part of mobility stems from the amount of time it takes for a
unit to emplace and displace equipment. Expeditionary forces will likely need to displace
often to slow or confuse an adversary’s targeting calculus. Dreadfully slow displacement
and emplacement timelines hamper the MLR’s ability to move and reestablish effective
positions quickly. Delays in equipment setup and breakdown times strain a commander’s
ability to properly plan for mutually supporting positions, ensuring at least one element is
operational and integrated with the Joint Force. Assigning the individual attribute values
for equipment emplacement and displacement times follows the same cumulative function
approach as used with vehicle transport considerations. The incremental values assigned

to displacement/emplacement timelines follows Table 8.
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Table 8.  Incremental Values for Displacement/Emplacement Times

Displacement/Emplacement Incremental Value

> 16 Hours 0
14-16 Hours
12-14 Hours
10-12 Hours
8-10 Hours
6-8 Hours

4-6 Hours

0—4 Hours

W00 (|| (M| =

Next, using the incremental values assigned in Table 8, a cumulative value function

is created in the same manner that it was calculated for the previous attributes.
Sum: 0+1+2+3+5+7+8+9=35

As shown in Table 9, individual attribute values are created for each displacement
and emplacement time block by dividing the cumulative value for each block of time by

the overall cumulative value of 35.

Table 9.  Individual Attribute Values for Displacement/Emplacement Times

Displacement/Emplacement Cumulative Value Attribute Value

> 16 Hours 0 0/35=0

14-16 Hours 1+0=1 1/35=.03
12-14 Hours 2+1=3 3/35=.09
10-12 Hours 3+3=6 6/35=.17
8-10 Hours 5+6=11 11/35=.31
6-8 Hours 7+11=18 18/35 =.51
4-6 Hours 8+18=26 26/35=.74
0—4 Hours 9+26=35 35/35=1

Here, assume an estimated emplacement and displacement timeline is

approximately 14 hours to set up and hours to pack for the next movement. An average of
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those two times is taken for an average displacement and emplacement time of 11.5 hours.

Therefore, that energy alternative receives a [.17] value for the individual attribute.

e Capability Increases Combat Footprint

It is important to understand how a system or capability’s combat footprint may
make the MLR more observable and targetable within the battlespace. The Marine Corps
continues all efforts to conceal unit positions or create deception to limit an adversary’s
ability to locate and target friendly assets. Measuring this individual attribute considers
how much the capability increases a unit’s footprint once the system is placed and
operationally effective. Using the same methodology for operational combat footprint, the
incremental value is assigned by an increase in square footage the asset needs to be
functionally operational, increasing every additional 500 square feet. Incremental value
assignments follow in accordance with Table 10. The individual attribute values are

calculated and represented in Table 11.

Table 10. Incremental Values for Combat Footprint

Combat Footprint (Sq ft) Incremental Value

> 2500 Sq ft 0
2000-2500 Sq ft
1500-2000 Sq ft
1000-1500 Sq ft
500-1000 Sq ft
0-500 Sq ft

Wi

After conducting the cumulative value functions in the same manner as the previous
examples, individual attributes for the system’s combat footprint are annotated in

Table 11.
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Table 11. Individual Attribute Values for Combat Footprint

Combat Footprint (Sq ft) Cumulative Value Attribute Value
> 2500 Sq ft 0 0/24=0
2000-2500 Sq ft 1+0=1 1/24 =.04
1500-2000 Sq ft 2+1=3 3/24=.13
1000-1500 Sq ft 5+43=8 8/24 = .33
500-1000 Sq ft 7+8=15 15/24 = .63
0-500 Sq ft 9+15=24 24/24=1

In this example, assuming additional equipment increases the MLR’s current
footprint by 600 square feet (in addition to the current generation requirement), the

individual attribute score is [.63].

f Equipment Maintenance Considerations

Finally, the last evaluation for each power alternative is the level of anticipated
maintenance required to keep the system operating. To assign the final two attribute values,
the study applies data collected for each alternative’s MTBF and MTTR to better
understand the system’s overall reliability. MTBF is defined as “a maintenance metric that
measures the standard amount of time between expected equipment failures for an asset
performing under normal operational usage” (Eisner, 2022). MTTR is the total time it takes
to repair a failed system, including all times to determine there is a failure, diagnose the
issue, and fix it. To assign the individual attribute values for MTBF, this study uses the
same cumulative value function approach measured over three-month periods (see Table

12). MTTR values are assigned based on number of days passed until the system can

recover.
Table 12. Individual Attribute Values for MTBF
Mean Time Between Failures Cumulative Value Attribute Value

0-3 Months 0 0/26=0
3-6 Months 3+0=3 3/26=.12
69 Months 6+3=9 9/26 = .35
9-12 Months 8+9=15 15/26 = .58

12-15 Months 9+15=26 26/26=1

ACQUISITION RESEARCH PROGRAM
DEPARTMENT OF DEFENSE MANAGEMENT
NAVAL POSTGRADUATE SCHOOL




Attribute values for the equipment’s MTTR follow in accordance with the
individual attribute values listed in Table 13. It is worth noting that MTTR days are

reflective of commercial data and not representative of a resupply of parts in a combat

environment.
Table 13. Individual Attribute Values for MTTR
Mean Time to Repair (MTTR) Incremental Value Attribute Value

50-60 Days 0 0/267=0
40-50 Days 3+0=3 3/26=.11
3040 Days 4+3=7 7/27 = .26
20-30 Days 5+47=12 12/27 = .44
10-20 Days 6+12=18 18/27 = .67
0-10 Days 9+18=27 27/27=1

Providing examples for both metrics, if an asset has a MTBF roughly ten months,
the individual attribute value for that asset is [.58]. Likewise, should the asset have a MTTR

of 23 days, it receives an individual attribute mark of [.44].

3. Direct Assessment for Importance Weights

The second and third steps of the CEA are to assign importance weights to first the
sub-objectives and finally the primary objectives. If there are a limited number of
effectiveness measures, “the most obvious way to gain the information required is to
directly ask the decision maker” (Wall & Mackenzie, 2015, p. 12). Since there was no
direct access to the decision maker for the purpose of this study, two primary considerations
from the concept of employment and the Tentative Manual for Expeditionary Advanced
Base Operations are used to assign importance weights for the objectives and sub-
objectives. First, when balancing the perceived importance required to execute
Expeditionary Advanced Basing Operations (EABO), Marine forces must first remain
operationally persistent to provide the greater Joint Force with battlespace awareness.
Secondly, Marine units need to be light, agile, and mobile. This portion of the MOE

evaluation typically offers the greatest source of debate and lends itself well to future
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sensitivity analysis. Therefore, the importance weights for this study are assigned in

Figure 3.
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Figure 3.  Assigned Importance Weights. Adapted from Marine Corps
Concept of Employment (2024).

C. ASSESSING ALTERNATE ENERGY AND INDIVIDUAL ATTRIBUTES

The analysis in this report is based on the power requirements of a MLR operating
forward and composed of approximately 2,500 Marines. The MLR serves as the Joint
Force’s “stand-in force (SIF) for maritime reconnaissance and Counter-reconnaissance”
(DON, 2023, p. 11). The MLR conducts operations using company reinforced size units
(comprised of 100-300 Marines), or EABs. Each EAB is tasked with either fires, sensing
or collecting, and logistics. Because the MLR focuses efforts to maintain light, agile
capabilities, the largest footprint, in terms of power requirements, is the MLR Command
Operations Center (COC). This analysis assumes the MLR is operating within the Indo-
Pacific Area of Operations (INDOPACOM) to provide the basis for each alternative’s
expected output based on environmental conditions, specifically for solar and hydroelectric

power.

While all three of the researched alternate energy measures may have specific
benefits, this portion of the chapter measures each technology’s data required to assess the
individual attribute values defined in the above methodology. Applying the MOE includes

current generator use to provide a comparative foundation for all other alternative
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measures. This section concludes with an overall effectiveness rating for each power

alternative to best compare all three systems against the defined objectives.

1. Assessing Fuel Powered Generators

According to Technical Manual 11300-15/1, the Marine Corps currently has 10
generators within its inventory ranging from 2 kilowatts (kW) to 60 kW. It is most common
that six of the 10 generators are standard at a regimental level. At the time of this writing,
units within the MLR are working to refine future power requirements. It is important to
note within this work moving forward: since load rates and fuel efficiency vary
considerably between all generators 2 kW and 60 kW, this study focuses on the MLR COC
requirements. The COC, as the largest MLR element, offers the largest personnel footprint,
the heaviest load capacity requirement, and uses two of the 60-kW generators to meet
mission objectives. It is of considerable importance to note that power requirements across
MLR units vary considerably. Therefore, future research should expand across all available

generators to best ensure maximum fuel efficiency at all tactical levels.

a. Current Generator Fuel Efficiency

Considering the MLR COC’s load requirements and generator use to meet
operational requirements, working documents detailing MLR COC’s load plan notes
several considerations. The average kilowatt hours (kWh) required for COC operations is
approximately 50 kW, with periodic surges just over 52 kW. The standard operating
procedure for all power supply units is to run two 60-kW generators to provide redundancy
in the case of a generator failure. The MLR typically splits the load requirements between
the two generators, each operating at approximately 40% load capacity. Figure 4 reflects

the technical manual’s 60-kW fuel consumption at various loads.
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Technical Description

Information Fuel

Manufacturer: Cummins Power Type: Diesel/JP-8/F-24

Models: IDN 09244C/MEP-1070 Fuel Capacity (Gal): 34.7
IDN 09244D/MEP-1070A Average Fuel Consumption (GPH) 3.0

Engine 25% Load: 1.59

Manufacturer: Cummins 50% Load: 2.47

Model: QSB4.5 Tier 111 75% Load: 3.51

[Type: 4 Cycle 100% Load: 4.47

ICylinders: 4 Temperatures

Displacement: 275 in® (4.5L) Operating: -50°F to +135°F

Speed (RPM): 1,800 Shipping Dimensions

lQutput Length (in): 82.0

IAC: 120/208V/240/416V, 50/60Hz Width (in): 36.0

Phase: 3-Phase Height (in): 52.8

[Wire: 5-Wire Square (fi2)/Cube (ft3): 20.5/90.2

lAural Signature Weight (lbs)

lAudio Rating: 72dBA @ 7m Dry: 3,015.0

Wet (Coolant & POLs): 3,205.0

Figure 4. Technical Manual 11300-15/1. Source: U.S. Marine Corps (2023).

At approximately 40% load capacity for each generator, the technical manual
presents an average fuel consumption of about 2.3 gallons of fuel per hour for each
generator. This means the two generators consume more than 110.4 gallons of fuel per day.
Using the efficiency equation provides an estimated fuel efficiency of about 26.7% for each
generator, giving the 60-kW generator’s assigned individual attribute value for fuel

efficiency a [.03] (refer to Table 2).
Efficiency = [Energy Output (kWh)/ Energy Input (kWh)] x 100%

b. Current Technical Readiness Level

Much easier to discern is the current TRL of fueled generators. At the time of the
Army’s CPD in 2014, the assessed TRL was a TRL-8, meaning “the system is completed
and qualified through test and demonstration” (Carter, 2022, para 9). The 60-kW generator
technology has been fielded for over two decades and tested extensively in all
environments through military operations, making the capability a TRL-9. Given the high
TRL of current fuel-generating equipment, the assigned individual attribute value is [1] as

referenced in Table 4.
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c Marine Corps Assets Capable of Transporting the System

The dimensions of the 60-kW generator support the individual attribute values for
both vehicle and aircraft transport as well as total footprint when being employed. The
Marine Corps’ technical manual 11300-15/1 (2023) provides shipping dimensions for the
generator with a length of 82 inches, a width of 36 inches, a height of 52.8 inches, and the
total square footage of 20.5 (fig. 6-11). Then manual also provides both dry weight and
wet weight at 3,015 pounds and 3,205 pounds respectively. Given these dimensions and
weight, all equipment transportation vehicles and aircraft can move the 60-kW generator
throughout the AO. Therefore, the individual attribute value assigned to this sub-objective

is [1] (reference Table 7).

d. Generator Emplacement and Displacement Timelines

Perhaps one of the biggest positives for the diesel generator is the emplacement and
displacement timelines. The generator is trailered, so Marines typically train to placing the
system and starting power flow in just minutes. The complete emplacement of tentage to
complete the COC takes longer, but the generators power equipment while the position is
being refined. The same holds true for displacing the generators. They are often left
generating power until a position teardown is almost complete, taking only minutes to
connect to a truck and prepare for movement. For this reason, the 60-kW generator is given

a [1] for the individual attribute of movement timelines (Table 9).

e Observable footprint within the AO

As previously mentioned in the transportation metric, the technical manual denotes
the total square footprint of one generator is 20.5 square feet. Since the MLR COC employs
two generators, the total square footprint is 41 square feet. While the MLR and all EABs
have become experts at concealing their generators, we still include this metric to give
equal comparisons to all alternative power capabilities. The individual attribute for total

combat footprint for the two generators is [1] as referenced in Table 11.
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JA Mean Time Between Failure and Mean Time to Repair

Although the key performance parameters (KPP) within the Army’s CPD outline
thresholds and objectives for reliability and maintainability, it does not as easily paint the
picture for how often generators experience failure during operations. Marqusee, Ericson,
and Jenket’s work Emergency Diesel Generator Reliability and Installation Energy
Security conducts an in-depth study into MTTF and MTTR for various generators. The
datasets used in Marqusee et al. (2020) comes from “over 200 sites in the United States
and Canada. The sites include military facilities, hospitals, and universities” (p. 11). Within
their dataset, two key facts are noted. First, a large majority of the generator data collected
is from generators below 200 kW. The second key fact is their study found, “data contains
no statistically significant evidence that the generator’s make, model, or size (10 kW-2,000
kW) has any significant impact on reliability” (Marqusee et al., 2020, p. 13). Although the
development document has a lower objective for MTBF, Marquess et al.’s (2020) study
concludes that well-maintained generators within the 10 kW-2,000 kW range have an
average MTBF of 1,662 hours or approximately 69 days (p. 13). The Army’s CPD (2014)
also provides that with dedicated mechanics MTTR should not exceed two hours in field
conditions (p. 11). Given the MTBF results in Marqusee et al.’s study and the MTTR
outlined in the CPD, the individual attribute values for the 60-kW generator is [0] and [1]
(Tables 12 and 13).

g Generator Overall Effectiveness Score

All assignments to the individual attribute scores for the 60-kW generator are

represented in Table 14.
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Table 14. Generator Individual Attribute Scores

60-kW Overall Effectiveness Rating

Attribute Individual Score
Fuel Efficiency 0.03
Technical Readiness Level 1

Transportation Assets

1
Displacement/Emplacement Times 1
Combat Footprint 1

0

1

Mean Time Between Failure

Mean Time to Repair

2. Assessing Solar Power Generation (without Power Storage)

Assessing the overall effectiveness of solar power is limited to commercial data
requiring a few assumptions to be made with individual attribute scores. At the time of this
writing, there were no discovered military units training on rapid displacement or
emplacement of solar capabilities at a magnitude compared in this work. Therefore, rough
estimations are used to determine individual attribute values for transportation dimensions
as well as setup and breakdown timelines and the system’s transportation dimensions. Also,
very few datasets discuss reliability specific to MTBF and MTTR. Most simply discuss the
reliability and life of the panels.

The SolarGIS website provides peek sunlight hours for portions of the
INDOPACOM, primarily pulling reports for the Philippines, Indonesia, and Japan (Figure
5). The averages for Japan and Indonesia tend to be slightly lower, while the Philippines
offers an average between 4.5 and 5 peek sunlight hours per day. Although these areas
average up to five peak sunlight hours, this study applies an even 6-hour daily duration,
assuming enough sunlight on either side of the peak hours to produce the full capability of

the proposed solar power system.
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Figure 5. Photovoltaic Potential (Philippines, Indonesia, and Japan). Source:
SolarGIS (2024).

As previously indicated, the average energy load for the MLR COC is 50 kW and
a 52-kW surge. Estimations can consider providing a solar power system up to and
including the full 52-kW load; however, calculations approximate the combat footprint of
a system that size is almost 3,400 square feet. Therefore, this study assesses a 12-kW
capability to improve efficiency and help minimize footprint. The overall size and output
capability for future systems can be debated and used in further sensitivity analysis. It
should also be noted that, even with a solar power system capable of supporting the full
power load (52 kW), one generator must continue running to serve as a system failure

backup.

a. Solar Power Increased Fuel Efficiency

There are a couple ways by which the improved fuel efficiency of adding a solar
power capability can be calculated. The first and easiest method is to recognize that the
two 60-kW generators are operating close to their 50% load capacity. Mathematically, at
50% load capacity the generator produces 30 kW. If the generator consumes 2.47 gallons
per hour (Figure 4), dividing the 30 kWh of production by 2.47 gallons highlights that it
produces just over 12 kWh per gallon of gas. Using a 12-kW solar capability at the 6-hour
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planning factor, provides 12 kW per hour that a generator no longer needs to produce.
Using this calculation, assuming the sunlight facilities the power for any given day, a 12-

kW solar system saves approximately six gallons of fuel over a 24-hour period.

The second way of calculating is in terms of the system’s fuel efficiency.
Sciencing’s How to Calculate the Efficiency of an Electrical Generator provides equations
by which a generator’s efficiency is calculated. This article notes, “the efficiency of the
generator can be calculated as the ratio of the energy output to the energy content of the

fuel used” (Sciencing, 2017).
Efficiency = [Energy Output (kWh)/ Energy Input (kWh)] % 100%

Using this equation to calculate the fuel efficiency of a generator at a 50% load
capacity results in approximately 30.3% fuel efficiency. Now, consider the 12-kW solar
power system is connected to the grid. The solar power takes that 12-kW off the bottom
line, leaving the generator to account for the rest. Sciencing (2017) gives the following
equation to calculate energy input using a British thermal units (BTU) conversion of 1 kWh

=3,412 BTU.

137,000 BTU/gallon x 2.47 gallons = 338,390 BTU
338390 BTU ~ 3,412 BTU/KkWh = 99.17 kWh

Simplifying this a bit, assume the load now requires 42 kW of power, and the peak
sunlight hours allow the 12-kW solar system to supply the initial 12 kW of needed power.
The generator, running at 50% load capacity, supplies the other 30 kW at the previously
calculated 30.3% efficiency. Again, using the above equation, the system is now providing
the same energy input as before with a 12-kW increase in energy output. For six hours of
the day, the system’s energy efficiency jumps to approximately 42.35%. The shortfall in
this approach is failing to account for the other 18 hours of the day. When averaged over
the 24-hour period, fuel efficiency of the system reaches about 31%. Given these

considerations, adding a 12-kW solar capability (without additional power storage) is
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awarded a [.08] for an individual attribute score assessing increased fuel efficiency (refer

to Table 2).

b. Solar Power’s Technical Readiness Level

This research did not find any military specific documents supporting the current
TRL classification of photovoltaic (PV) technology. However, ETP Clean Energy
Technology Guide, an interactive commercial database, places this technology at a TRL-9,
stating the technology is “in commercial operation in relevant environments, Integration
needed at scale” (International Energy Agency, 2023). Although IEA’s assessment largely
refers to rigid PV panels, flexible PV panels are widely available within the commercial
space. Therefore, the individual attribute value for solar will retain the TRL-9 score,

assigning the individual attribute value of [1] as referenced in Table 4.

c Marine Corps Assets Capable of Transporting the System

Again, the assumption for this section is that MLR and other expeditionary forces
require flexible solar panels to limit the damage of transporting, assembly, and
disassembly. At the time of this writing, the largest one-piece flexible solar panel identified
within the commercial market was a 330 watt (w) solar panel. A 12-kW system with 330-
w solar panels requires 38 solar panels. Each 330-w solar panel measures 41.5 inches wide,
71.8 inches long, and .8 inches thick (Xantrex, 2023). Referencing the Marine Corps Unit
Embarkation Handbook, the overall system packed for transportation exceeds the limits of
a Palletized container. A solar system capable of this output likely requires at least two
quadruple containers (QUADCON) when factoring in protective packing measures, cables,
and inverters. Given a rough assessment of a PV system’s containerized footprint, five total
USMC transportation assets can move a full system. Therefore, the individual attribute

value for transportation is [.38] (see Table 7).

d. Solar Power Emplacement and Displacement Timelines

The assessment for emplacement and displacement has no verifiable metric to
support it, requiring major assumptions to be made. At the time of this writing, neither U.S.

Army nor Marine Corps units were identified as training on expeditious setup of flexible
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solar panels, at least to this magnitude. UEC Electronics (2024) both publishes and
provides a video of setting up the 1000-w Ground Renewable Expeditionary Energy
System (GREENS) in 20 minutes (para. 1). GREENS has prefabricated angular stands on
which that system’s solar panels can be placed, expediting setup. Supposing a ground force
commander decides the tactical situation is such that all flexible solar panels can be
positioned, it is likely that flexible panels will be placed atop tents or vehicles. Otherwise,
tactical positions must be built to place the solar panels. Factoring the proposed flexible
panels are placed at the same pace as the GREENS panels, a full 12-kW system takes more
than 240 minutes to complete. Without a prefabricated installation method, emplacement
and displacement is estimated to take 30—40% longer, placing the estimated time between
four and six hours. Therefore, an individual attribute value for emplacement and

displacement timelines is assessed as [.74] for this attribute (Table 9).

e Solar Power Observable Footprint Within the AO

This section requires the least amount of explanation. Solar panels capable of
providing the full load of the MLR COC require a massive footprint. As previously
mentioned, solar power is extremely scalable, so the commander may employ solar panels
as the tactical situation dictates. Calculating the system’s combat footprint into square
footage, with each panel measuring 41.5” x 71.8,” that is approximately 766 square feet.
A 305 tent is roughly 18 feet by 25 feet. If flexible panels are placed on one side of the 305
tent to maximize sun exposure, it takes approximately seven tents to place all panels. Due
to the footprint of the system’s panels, the individual attribute value for observable

footprint is [.63] (reference Table 11).

f Mean Time Between Failure and Mean Time to Repair

Although data is limited to these metrics and collected typically from large industry
solar grids, most commercial sources boast impressive numbers for both solar power’s
MTBF and MTTF. Several sources agree that due to the nature of the system it is difficult
to calculate reliability rates. Almost all sources note PV panel degradation is minuscule. A
National Renewable Energy Laboratory study states that solar panels sold and installed

after 2000 “exhibited a median failure rate of 5 panels out of 10,000 annually” (2017, para.
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3). One study did note that inverters tend to have a shorter MTBF, noting that “75% of the
failures were due to inverters, with a MTBF of 1.65 year” (Cheng et al., 2019). Although
inverter technology has likely improved since Maish’s work, applying this MTBF still
exceeds the threshold for this individual attribute. Therefore, MTBF is assessed as a [1]
(referencing Table 12). It is also worth noting that due to a solar system’s simplicity,
comprised of the PV panels, inverters, wires, and a control module, they are capable of
self-assessment. Given this knowledge and the fact that most reputable solar companies
offer extensive warranties for the life of the system, the individual attribute value for

MTTR is also a [1] in accordance with Table 13.

g Solar Power Overall Effectiveness Score

All assignments to the individual attribute scores for the 60-kW generator are

represented in Table 15.

Table 15. Solar Power Individual Attribute Scores

12-kW System Overall Effectiveness Rating

Attribute Individual Score
Fuel Efficiency 0.08
Technical Readiness Level 1
Transportation Assets 0.38
Displacement/Emplacement Times 0.74
Combat Footprint 0.63
Mean Time Between Failure 1
Mean Time to Repair 1
3. Assessing Power Storage in Concert with Generators

Adding power storage to diesel generators to create a hybrid capability has
numerous advantages which improve the system’s fuel consumption and over energy
efficiency. Of note, battery storage improves the system’s load balancing and load
smoothing during operations, redirects otherwise lost energy into power storage for later

use, and potentially allows for a downsizing of generators required to meet load demands.
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Load smoothing, as defined by Rocha, Maia, and Filho (2022), is when “systems store
energy during off-peak hours, releasing it for usage during high consumption periods” (p.
1). Rocha et al. (2022) also highlights that load smoothing “has been the preferred approach

to smooth the electricity load curve of consumers from different sectors around the world”
(p. 2).

Many of the individual attributes for power storage get similar assignments to the
ones assigned for the 60-kW generators. Hybrid systems are like-sized to a generator,
capable of being trailered, and do not require excessive time to emplace or displace. The

assignments for power storage’s individual attributes are presented as follows.

Figure 6. HGT20K Hybrid Generator during Exercise STEADFAST LEDA
2021. Source: IDE Intracom Defense (2023).

a. Power Storage Increased Fuel Efficiency

It is hard to precisely identify the increase in fuel consumption and energy
efficiency of adding power storage to a system without knowing or simulating hourly load
demands. There are, however, several sources present developmental testing data of these
systems. Much of this data presents considerable increases in efficiency and fuel
consumption to a 60-kW generation system. Trevizan et al.’s (2021) research states,

“generators typically operate more efficiently close to their rated power output” (p. 58).
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Using the efficiency equation provided by Sciencing.com “Efficiency = [Energy Output
(kWh)/ Energy Input (kWh)] x 100%” to again calculate the efficiency of the 60-kW,
shows the generator witnesses an increase in fuel efficiency from 23.5% to 33.5% as it
nears full capacity (1996, para 6). Another key consideration is that using a power storage
capability prevents the requirement of running a second backup generator. Since the
batteries and inverter are a feasible backup, the hybrid portion of the system can hold power

to allow the second generator to start.

More interestingly, the load balancing of the system has multiple positives to both
system efficiency and longevity. Keeping batteries in peak condition requires they are not
overcharged or completely expelled for long periods, essentially “minimize the amount of
time the battery spends at either 100% or 0% charge” (Erickson, 2020). Load balancing
allows the system to maximize the load on the generator while passing power requirements
to the batteries for optimal use. This is essentially the “talking guns” of power generation,
whereby the generator covers the life and wellbeing of the batteries, and the batteries return
the favor. IDE Intracom Defense portrays data collected from the pictured system during a
NATO exercise. The data presents the system’s ability to load balance where the system
transitioned the load between the two, using 51% generator power and 49% power storage
(silent power). While IDE’s data presents periods where the hybrid system ran at 91%
efficiency, mathematically the MLR 60-kW generator nears 70% efficiency while running
at its current load requirements. This is calculated by estimating a 3.74 gallons per hour at
approximately an 81% load. If load balancing places only 50% of the work on the
generator, this means the system potentially delivers 52 kW while only burning 1.87
gallons per hour. Using the efficiency equation puts the system at approximately 70%

energy efficiency.

Perhaps even more important is the amount of fuel that can be saved. As previously
calculated, the current two generator setup consumes approximately 110.4 gallons per day.
Assuming the hybrid system runs at the calculated 70% efficiency, without the second
generator requirement, means it consumes approximately 44.9 gallons over the same 24-

hour period. This is a savings of approximately 65.5 gallons per day. Given the possibility
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of seeing a fuel efficiency upwards of 70%, the individual attribute for this is [.58]
(reference Table 2).

b. Technical Readiness Level of Power Storage

Again, this research did not find any military specific documents supporting the
current TRL classification of power storage. ETP, the commercial source used for solar
power places power storage capabilities at a TRL-9, stating the technology requires
“integration needed at scale” (IEA, 2023). Unlike the adjustment made to solar power’s
TRL, due to flexible PV requirements, the batteries and inverters required for this
capability are already being used by the military. Therefore, the recommendation is
keeping the technology rating with focus on integration, making the individual attribute

value a [1] as referenced by Table 4.

c Marine Corps Assets Capable of Transporting the System

Many of the researched commercial power storage capabilities are similar in size
to the 60-kW generator. Systems are also being developed to support developmental and
operational testing. These systems can be trailered to offer easier transportation throughout
the operational environment while minimizing the system’s overall size and weight. This
offers ground force commanders greater flexibility to move the system by land or air. The
current assessment is this attribute receives a [ 1] but may require change as system designs

are finalized (reference Table 7).

d. Power Storage Emplacement and Displacement Timelines

Like the 60-kW generator, power storage capabilities can be implemented in a
matter of minutes to support energy flow. This assigns an individual attribute value of [1]

(reference Table 9).

e. Power Storage Observable Footprint Within the AO

This metric is again like transportation and emplacement considerations. The
pictured system shows dimensions comparable to that of the 60-kW generator. Therefore,

footprint receives a [1] for the individual attribute (reference Table 11).
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JA Power Storage Mean Time Between Failure and Mean Time to Repair

Public Works and Government Services Canada’s published Request for
Information (RFI) details data for both MTBF and MTTR of the hybrid system (figure 6).
System designs specify a minimum MTBF of 3000 hours (Public Works and Government
Services Canada, 2023). Although the document does not give a specific number for
MTTR, the RFI does specify an overall availability of 98%. Using the overall availability
and the given MTBF, the MTTR is calculated using the following equation. The MTTR is
approximately 61 hours. Given these metrics, the individual assignments for MTBF and

MTTR are [.12] and [1] respectively (reference Tables 12 and 13).
Ao = MTBF / (MTBF + MTTR)

g Power Storage Overall Effectiveness Score

All assignments to the individual attribute scores for power storage are represented

in Table 16.

Table 16. Energy Storage Individual Attribute Scores

Power Storage Overall Effectiveness Rating

Attribute Individual Score

Fuel Efficiency 0.58
Technical Readiness Level 1
Transportation Assets 1
Displacement/Emplacement Times 1
Combat Footprint 1

Mean Time Between Failure 0.12
Mean Time to Repair 1

4. Assessing Hydroelectric Buoys in Concert with Generators

This research finds the application of hydroelectric power capabilities interesting
as the Marine Corps focuses on littoral combat operations and both the Marine Corps and
the Navy explore sea basing opportunities. Using the power of the ocean, also known as

wave energy converters (WECs), represents numerous approaches to harnessing energy
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from ocean waves. A few examples of WECs include point absorbers, attenuators, and

overtopping devices.

Point absorber Terminator ) Attenuator / Line absorber Multiple Absorber

Figure 7.  Different Energy Conversion Principles. Source: Hansen et al.
(2013).

This technology is an area of active research and development, aiming to provide a
sustainable and clean source of power. Given the size and complexity of these WEC
devices, this study assesses that a point absorber buoy is currently the WEC technology
most capable of supporting tactical level operations. At the start of this study, these
technologies seemed promising. However, further research shows these technologies, due
to relative size to power output, still require advancements to meet energy efficiency and

fuel offsetting goals.

a. Hydproelectric Increased Fuel Efficiency

Current available literature challenges the accurate evaluation of a point absorber
buoy’s ability to offset energy requirements. Multiple reports conducted by Offshore
Energy note that a one-year test conducted on the BOLT Lifesaver wave energy device
conducted off the coast of Kaneohe Bay, Hawaii did not produce the energy expected of
the device. Melo and Jeffrey note that while the WEC device is rated at a maximum output
of 50 kW, it only averaged an “output of 3.2kW lasting 200 days, according to the project’s
website” (2017, p 144). An article in Business Norway details the dimensions of the BOLT
Lifesaver WEC at 16 meters in diameter, weighing in at 60 metric tons (2024, para. 4). In
assessing the fuel efficiency of this 60-ton behemoth, the study applies a similar approach

to the solar power approach. Assuming the WEC averages 3.2 kW, meaning 3.2 kW per
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hour, suggests that it takes about 4 hours to produce 12 kWh of energy. Referencing earlier
calculations, the 60-kW produces approximately 12 kWh per gallon at a 50% load capacity.
Therefore, the Bolt Lifesaver WEC offsets approximately 6 gallons of fuel in a 24-hour
period by averaging 12 kWh every four hours. The 12-kW solar capability offset almost
the same number of gallons daily, factoring in 6 hours of sunlight. Therefore, this WEC is
awarded an [.08] for an individual attribute score assessing increased fuel efficiency (refer

to Table 2).

b. Technical Readiness Level of Hydroelectric Power

The LiquidGrid.com provides a database identifying approximately 60 companies
globally conducting research and development on point absorber buoys. Each company
seems intent on downsizing the WEC while making the technology output much greater.
Research on devices much smaller than the BOLT Lifesaver places the current technology
at a TRL-5 with a desire to reach a TRL-7 over the next couple of years. A company named
AquabuQY presents a model rated at 250 kW (Figure 8). The company does not provide a
buoy weight, but the diameter of their WEC is 6 meters, 10 meters smaller than the

previously described device. Given the current TRL presented by several companies

currently leading the market, the individual attribute value is assigned at [.19] as referenced

by Table 4.

Figure 8. AquabuOY Wave Energy Converter. Source: University of
Strathclyde (2024).
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c Marine Corps Assets Capable of Transporting the System

This study focuses predominantly on point absorber buoys, because they are the
smallest WEC devices capable of producing energy. There are smaller point absorbers than
the two compared in the previous sections, but those devices only create 300—400 watts of
power and are designed to power small environmental collection devices while at sea.
While these devices certainly have their applications, they do not currently possess the
output capability to offset fueled generation. As previously mentioned, the size of these
buoys prevent movement throughout the AO by Marine Corps transportation assets.
Furthermore, many of these devices require heavy equipment at sea to emplace. These
considerations give the transportation individual attribute for current WECs a [0] (refer to

Table 9).

d. Hydroelectric Buoy Emplacement and Displacement Timelines

The previous section highlights both the size and the weight of point absorber
buoys, noting a need for heavy equipment to aid in emplacement and displacement of these
hydroelectric assets. To emplace or displace a point absorber buoy requires the Marine
Corps to either rely on the Navy to support these efforts or contract host nation support to
accomplish the task. Even with dedicated support, moving a WEC takes days to weeks to
accomplish. These timelines far exceed the metrics of this individual attribute score,

placing WEC’s score at [0] (reference Table 11).

e Hydroelectric Observable Footprint Within the AO

Even with the size and weight of these devices. The observable combat footprint is
small. Consider once again the dimensions of the BOLT Lifesaver. At 16 meters in
diameter and 60 metric tons, the observable footprint is still minimal due to the device
being mostly submerged. Another factor considered for this attribute is that power is cabled
ashore, providing standoff from the floating WEC to forces ashore. These considerations
provide an individual attribute score of a [1] for even the largest WEC (reference

Table 13).
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JA Hydroelectric Power Mean Time Between Failure and Mean Time to
Repair

Current absorber buoys, being a relatively new technology, have varying MTBFs.
Generally, MTBF can range from several months to a few years, depending on the
technology and environmental conditions. Current technology from a company named
“Ocean Power Technologies” boasts a MTBF of over three years. These portrayed MTBF
metrics far exceed the individual attribute scores. The MTTR for buoy systems can be
significant due to the challenges of working in marine environments. Repair times can
range from a few days to several weeks, depending on the severity of the issue and
accessibility. For these reasons the MTBF and the MTTR are assessed as [1] and [0]

respectively (reference Table 15).

g Hydroelectric Buoy Overall Effectiveness Score

All assignments to the individual attribute scores for power storage are represented

in Table 17.

Table 17. Power Storage Individual Attribute Scores

Hydroelectric (Buoy) Overall Effectiveness Rating

Attribute Individual Score
Fuel Efficiency 0.08
Technical Readiness Level 0.19
Transportation Assets 0

Displacement/Emplacement Times
Combat Footprint
Mean Time Between Failure
Mean Time to Repair

(=Rl R =]

D. MOE SCORE AND COST-EFFECTIVE SOLUTION

This chapter concludes with the final measure of effectiveness for all alternative
power capabilities. Now that all attributes are assigned for all power capabilities, the
effectiveness measures are determined by adding together each value function product and

the assigned importance weights. as referenced in Table 18.
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Table 18.  Capability Measures of Effectiveness
Individual Attribute Importance Weight 60-kW Generator Solar Power Power Storage Hydroelectric (Buoy)

Fuel Efficiency 0.24 0.03 0.08 0.58 0.08
Technical Readiness Level 0.16 1 1 1 0.19
Transportation Assets 0.28 1 0.38 1 0
Emplacement/Displacement 0.12 1 0.74 1 0

Combat Footprint 0.06 1 0.63 1 1

Mean Time Between Failure 0.07 0 1 0.12 1

Mean Time to Repair 0.07 1 1 1 0

Overall Effectiveness: 0.7204 0.6251 0.7996 0.2322

The next chapter of this study analyzes each program’s life-cycle cost to develop
the final cost estimation relationship. Once costs are applied, the CER is graphed to present
the results. Wall and Mackenzie (2015) write, “The decision maker ultimately pursues two

overall objectives when searching for a solution: (1) maximize effectiveness and (2)

minimize cost” (p. 19).
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IV.  PROGRAM COST ANALYSIS

This chapter presents a comprehensive cost analysis of each of the four energy
programs, focusing on their estimated life cycle costs over a period of 17 years at the MLR
COC level. To ensure a consistent comparison, this analysis employs a constant dollar
approach, wherein all monetary values are converted into 2024 calendar year (CY) dollars.
This approach enables a straightforward comparison of costs by eliminating the distortive
impact of inflation throughout the period of analysis. For each program, the life cycle costs
capture two main components: procurement costs, which cover initial acquisition of per
unit costs, and annual sustainment costs, which estimates maintenance and operational
expenses, including fuel consumption. This analysis, coupled with the previous chapter’s
overall program effectiveness scores, aims to provide a clear financial perspective on each
program’s long-term economic viability and efficiency, serving as a critical resource for

decision-making in energy program selection and investment.

A. DATA

This chapter comprises published cost data from three different sources to estimate
each program’s life cycle costs. First, U.S. Army’s 2014 capability production document
provides data for the current 60-kW generators, detailing both procurement and
sustainment costs. Similarly, data for energy storage devices are gathered from a 2023
request for information on Tactical Power Systems (TPS) from the Government Works and
Public Services Canada. Finally, this work relies on published commercially sourced data
for both the solar power and hydroelectric buoy programs. Much like the previous chapter,
hydroelectric buoy cost data is limited. The primary source of commercially available data
is drawn scholarly work on estimated costs. Commercially available data for solar power

and point absorber buoys is limited regarding annual sustainment costs.

1. Calendar Year Dollars and Inflation

This research converts all associated program costs into constant CY 2024 dollars
to ensure the most accurate and equitable comparison across each alternative. Since

gathered data extends from the generator’s production document, estimated in constant
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2010 dollars, to the energy storage’s request for information document in constant 2023
dollars, converting all estimates to CY 2024 values neutralizes the effects of inflation and
allows for a clear, apples-to-apples comparison of the programs’ costs. This research uses

the Joint inflation calculator to apply inflation indices across all program years.

2. Time Covered for Estimates

The 17-year cost analysis reflects the projected life of a 60-kW generator as
outlined in the U.S. Army’s 2014 capability production document. This study will assess

procurement and sustainment for each power alternative for a 17-period beginning in 2024.

3. Updated Fuel Costs

In updating fuel costs for calculating fuel consumption, this analysis adheres to the
Joint Inflation Calculator, rather than applying a fully burdened cost of fuel (FBCF). While
the FBCF provides a comprehensive view of fuel-related expenditures by cost of logistics,
support, and transportation to the point of use, these calculations can vary widely over time
and across different regions. This chapter’s analysis offers a more direct comparison of the
programs’ fuel efficiency and annual sustainment costs by simplifying the estimates based

on inflation adjusted fuel costs.

4. Methodology

This section’s cost analysis confines itself to MLR COC operations to determine
the average procurement costs and sustainment costs of each program. Therefore, this
analysis compares the current method of 60-kW power generation by the MLR COC, using
current logged load capacities, to each alternative method. To expand further, as
Chapter III previously notes, the MLR COC uses two running 60-kW generators with a
third generator in reserve. The cost analysis focuses specifically on those three generators
required to produce mission requirements, not considering any additional generators the
MLR maintains in its inventory. Likewise, for each power alternative, since the compared
energy alternative requires the use of fueled generators, this cost analysis factors the
additional procurement costs of adding the alternative to the COC’s current setup. Life

cycle sustainment costs are adjusted over the 17-year period by adding each alternative’s
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estimated sustainment costs while adjusting for any fuel consumption savings resulting
from the alternative’s fuel efficiency. While this work can be expanded to the whole of the
Marine Corps, an enterprise-level costs analysis requires inclusion of far greater cost
elements. Based on the results of this effort, future research is required to estimate any

program’s expansion to the Marine Corps level.

B. PROGRAM ESTIMATES

This section applies to the above methodology to each power generation or storage
capability. As evidenced by Chapter III, this section begins with the current 60-kW
generation capability to provide the foundation to compare the three energy alternatives.
This chapter concludes with a chart depicting the estimated costs of each program’s effort

to supply the MLR COC'’s load capacity requirements.

1. 60-kW Generator Cost Analysis

There are four key factors analyzed in estimating the life cycle costs of the MLR’s
current power generation capability: procurement costs of each of the three generators,
average annual operating hours, average annual maintenance costs (parts and man-hours),
and average annual fuel consumption. Estimating operating hours, maintenance cost and

annual fuel consumption provides the average annual operating and sustainment costs.

a. Procurement Cost

First, an Army working document (Figure 6) provides the latest contracted
procurement cost of each 60-kW generator as of 2023. Therefore, this work applies the

latest contracted price of $36,886 for each generator set, totaling $110,658 for the

procurement costs of three generators used in the COC’s power generation (U.S. Army,

2023).
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4019 MEP-2103; 60kW 50/60 Hz AMMPS GEN SET ON M200A1
1-25 $ 36,670
26-100 $ 36,670
101-250 $ 36,670
251+ $ 36,670
INITIAL FIELDING KIT 1-25 $ 216
26-100 $ 216
101-250 $ 216
251+ $ 216

Figure 9. Contracted Generator Price List. Source: Department of the Army,
working document (2023).

b. Operations and Sustainment (Annual Fuel Costs)

The next steps estimate the annual fuel consumption for the MLR’s 60-kW
generators. Referencing the CPD, the Army identifies an annual sustainment cost per set
of $14,725.61, while applying 1,280 annual operating hours and the Defense Energy
Support Center’s FY'10 price per gallon of $2.82 (Figure 7). This work applies the same
1,280 operational hours while incorporating the MLR’s fuel consumption calculated in
Chapter III. Referencing Chapter III’s calculations, each MLR generator consumes
approximately 2.3 gallons of fuel per hour while operating at or around a 40% load
capacity. The Joint inflation calculator specifies that $2.83 (CY10 fuel cost) inflates to an
average of $3.27 (CY 24). Therefore, if the MLR’s two generators together consume
approximately 4.6 gallons per hour, the annual cost of fuel consumption, assuming 1,280

operational hours, equates to $19,241.73 (Table 19).

Although the Army’s CPD uses 1,280 operational hours (or 53.3 days) as a planning
factor, a 3d MLR training and exercise plan for fiscal year 2024 reflects the MLR COC
may anticipate far more 60-kW operational hours to support of various exercise and
deployment requirements. Since the COC’s operational setup varies greatly based on the
situation, Table 15 provides two calculations; one for lower annual life cycle estimates,
using the CPD’s 1,280 operational hours; as well as a higher annual life cycle estimate,
applying approximately 3600 operational hours (or 150 days) due to potential MLR

operational support. It is worth noting that annual sustainment estimates vary greatly based
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on unit training and deployment timelines. MLR’s estimated fuel costs for 3600 operational
hours, consuming 4.6 gallons of fuel per hour (110.4 gallons per day) and at a fuel inflation

cost of $3.27, results in an annual estimate of $54,151.20 (Table 19).

C Operations and Sustainment (Annual Maintenance Costs)

The next cost analysis step extrapolates the average annual maintenance of each
generator by using Figure 10 from the capability production document. At the time of this
writing there was no identified database capturing annual maintenance metrics for the 60-
kW generator, requiring some calculable assumptions. Referencing the CPD, the Army
identifies an annual sustainment cost per set of $14,725.61, while applying 1,280 annual

operating hours and the Defense Energy Support Center’s FY 10 price per gallon of $2.82.

Set Ontput Unit Price + Spare Parts Quantity Total $M Total SM
(Initial Delivery) (SK) [1] | (each) (Threshold) (Objective)
SKW $17,298 1515 $26,206.470 $24,896,147
10KW $18.900 3487 $65,904.300 $62,609,085
15KW $19,488 1369 $26,679.072 $25,345,118
30KW $21.864 332 $7,258,848 $6,895.906
60KW $25,552 415 $10,604,080 $10,073.876
Unit Price Totals = 7,118 $136,652,770 $129,820,132
. Annual Total LSCE
Set Output | Annual Sustainment Cost g:g;:)nty Sustainment Sustainment Costs
Estimate per Set [2] Costs (3M) 17 Years($M)
SKW $1,952.72 1515 $2,958,371 $50,292,307
10KW $4,029.27 3487 $14,050.,064 $238.851,088
15KW $4.617.47 1369 $6,321,316 $107.462,372
30KW $10,472.10 332 $3.476,737 $59.104.529
60KW $14,725.61 415 $6,111,128 $103.889.176
Sustainment Totals = 7,118 $32,917,616 $559,599,472

[1] Army quantities above are based on FY12-16 available funding only. The 7,118 medium sets represents only
18% of the total 39,476 medium TEP set requirements based on Army Equipping Enterprise System Database
(AE2S). Total Medium Generator Set Costs (FY 2010 Constant § - OPA). Objective costs = 5% under threshold.
The unit price for each TEP medium set includes initial spare parts (scheduled maintenance consumables).

[2] The Lifecycle Sustainment Cost Estimate (LSCE) is the annual cost per set multiplied by the total initial
procurement quantity for that set. The annual sustainment cost is then multiplied by the 17-year projected life for
the set. The total LSCE equates to supporting this mix of 7,118 sets for 17-years. This cost estimate is based on
projected annual operating costs for fuel and maintenance. Fuel cost reflects Defense Energy Support Center
(DESC) FY10 price per gallon ($2.82) for JP-8 fuel. These costs also depend on each system's annual operating
hours based on the mission. The Army does not centrally record and track these hours. Therefore, the 1,280
average annual operating hours used here was based on Type Unit Code (TYPCO) components and the
ARFORGEN (Army Force Generation) phase in the TEP Cost-Benefits Analysis.

Figure 10. Program Affordability Estimates. Source: Department of the Army
(2014).
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Since the CPD’s provided numbers do not separate the total sustainment costs by
fuel consumption cost and maintenance costs, this work first estimates the annual fuel
consumption using an average load capacity of 75% (3.51 gallons per hour) for each
generator for two reasons. First, by applying a 100% load capacity at $2.82 per gallon and
1280 operating hours, fuel costs exceed the overall annual estimated sustainment costs
($16,134.91). Additionally, by applying a 50% load capacity to the CPD’s estimated
sustainment costs, annual fuel costs only account for $8,915.71, suggesting maintenance
cost average almost $6,000 per generator, or approximately 40% of the CY10 total
sustainment cost estimate. The application of a 75% load capacity at $2.82 per gallon over
1,280 operational hours results in fuel consumption cost of $12,669.70 in CY 10 dollars.
This fuel cost is subtracted from the overall sustainment costs to project the estimated
maintenance cost of approximately $2,056 in the CPD’s CY 10 dollars, approximating 14%

of the total estimated annual sustainment costs.

Due to the 60-kW AMMPS generator’s preventative maintenance schedule,
increasing the system’s annual operational time results in increased annual maintenance
costs. Therefore, calculations for annual maintenance follow the same method as fuel
consumption costs; 14% is applied to both the CPD’s 1,280 operational hours (low
estimate) and to MLR’s potential 3,600 operational hours (high estimate). Projected annual
maintenance cost at 1,280 and 3,600 operational hours calculates to $3,124.30 and
$8,760.23 per unit respectively. The estimated annual maintenance cost is applied to each

of the three generators in CY 24 dollars (Table 19).

Rather than applying those total maintenance estimations across all three
generators, this work assumes the most equitable division of the total required operational
hours amongst all three generators. This method of estimating annual maintenance costs is
carried out for all programs to evaluate how each program impacts annual maintenance
costs. Using this method, dividing 1,280 operational hours by two running generators
results in a total runtime of 2,560 hours. The most equitable split between three generators
is approximately 854 hours per generator to fulfill mission requirements. The adjusted
annual maintenance for each generator running at 854 hours is approximately $2,082.11

per unit or $6,246.34 for all three generators. Similarly, fulfilling the 3,600-hour
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operational requirement results in an equitable distribution of approximately 2,400 hours
of runtime for each generator. This results in an approximate cost of $5,858 per generator

rather than the previously estimated $ $8,760.23.

d. Generator 17-Year Life-Cycle Cost Estimate

As expressed in Table 19, the procurement costs extend to three 60-kW generators
responsible for the COC’s power. Two generators constantly run to provide the average
load capacity of 50 kW, and a third generator is stationed in case one running generator
malfunctions. The maintenance cost applies to the 14% total sustainment cost previously
calculated and extends to all three generators. Fuel costs assume the average 40% load rate
for the two generators constantly running, noting that the third generator only operates if
one fails. Annual sustainment costs total the maintenance and fuel costs. Finally, the 17-
year LCCE multiplies the 17-year period to the annual sustainment cost and adds the total

procurement costs to provide the overall assessment.

Table 19.  60-kW Generator 17-year LCCE

60-kW Generator Cost (MLR-Level Power Production)

CPD (1,280 Operational Hours) MLR TEEP (3,600 Operational Hours)
Generator Costs
Procurement (x3) S 110,658.00 | $ 110,658.00
Annual Maintenance Cost (x3) S 6,246.34 | S 17,575.00
Annual Fuel Cost (MLR fuel rate) S 19,241.73 | § 54,151.20
System Annual Sustainment Costs S 25,488.07 | 71,726.20

Factoring a low-end operational period of the CPD’s 1,280 hours, an estimated 17-
year LCCE is approximately $597,000. The high-end calculation for upwards of 3,600

operational hours increases the 17-year LCCE to approximately $1.5 million.

2. Solar Power Cost Analysis

Calculating solar power’s addition to the MLR’s 60-kW requires the three-

generator construct to be maintained as the 12-kW system does not have the capacity to

ACQUISITION RESEARCH PROGRAM
DEPARTMENT OF DEFENSE MANAGEMENT
NAVAL POSTGRADUATE SCHOOL

55



cover the COC’s average load. Therefore, this estimate maintains the calculations for the
generator LCCE and factors in procurement and maintenance of one 12-kW solar system.
The fuel consumption estimation reduces based daily fuel saved from incorporating the

solar capability.

a. Procurement Cost

Procurement costs for a 12-kW solar system are estimated from commercial
vendors averaging prices for all necessary components to build the system across multiple
vendors. System prices are subject to vary based on acquisition processes and competitive
bidding. Emily Walker (2023) notes that “As of January 2022, the average cost of solar in
the U.S. is $2.77 per watt or $33,240 for a 12-kilowatt system” (para 2). After accounting
for inflation, the Cy 24 average price is $34,549. However, this average price provides a
solar system with rigid PV panels. As has already been noted, a lightweight and survivable
solar system requires flexible PV panels. An article published on Solar.com details cost
planning for solar investments, stating that “today’s premium monocrystalline solar panels
typically cost between $1 and $1.50 per watt (2024, para 10). Using the median estimate
of $1.25 for a 330 w rigid panel results in a price of $412.50 per panel. Flexible PV panels
are far more expensive than rigid panels. An online search for flexible 330 w solar panels
result in a limited number of vendors with prices ranging from approximately $1,200 to
$1,700. Again, taking the median price equates to approximately $1,450 per flexible panel.
Given a 12-kw system requires approximately 36 total 330 w panels, the price increase of
flexible panels can increase the total cost of the system between approximately $28,000
and $46,000, with a median price increase of approximately $37,000. To provide greater

validity to these estimates, consider the quote in Figure 8.
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Item Details Unit Price Qty Subtotal

Solis-1P10K-4G-US-APST SOLIS INVERTERS, 1P10K-4G-US- 2,033.37 1 2,033.37
APST, SOLAR INVERTER 10KW 4G
SINGLE PHASE FOUR MPPT. US
VERSION WITH APS TRANSMITTER
WITH 10 YEARS WARRANTY

RSD-S-PLC APSYSTEMS, RSD-S-PLC, MODULE | 32.13 36 1,156.68
RAPID SHUTDOWN

784-0330 XANTREX, 784-0330, SOLAR MAX 1,670.14 36 60,125.04
PANEL 330W

MIN 10000TL-XH US GROWATT, MIN 10000TL-XH US, AC | 1,631.72 1 1,631.72

HYBRID INVERTER WITH RGM,
CELL CARD, TIGO TRANSMITTOR
INTEGRATED, 10000W

TS4-A-F TIGO, TS4-A-F, RAPID SHUTDOWN 27.39 36 986.04
RECEIVER

Total: $65,932.85

Figure 11. Online Solar Calculator Quote for 12-kW Solar System. Source:
Inverter Supply (2024).

Figure 8 provides an online estimate provided by an online solar calculator for a
like-sized system. Using the numbers previously calculated, this work estimates a flexible
panel solar system at approximately $71,900. The system quote provided by the calculator
equates to roughly $66,000, but it is worth noting that the quote only provides a 10-kW
inverter. A commercial search of 12-kW inverters suggests they cost between 4 and $5,000
(Sunwatts, 2024). Given all considerations, this work applies the conservative estimate of

$68,500 for a solar system procurement price.

b. Operations and Sustainment (Annual Fuel Costs and Savings)

Recalling the solar fuel efficiency section of Chapter 111, a 12-kW offsets roughly
six gallons of fuel over a 24-hour period by estimating six hours of sunlight. To provide
another method of calculation for this 24-hour fuel consumption, consider the solar system
provides 12-kW of power up front (when sunlight supports), reducing the generator’s
requirement by that amount. Therefore, if each of the two generators split the new load
capacity (38 kW), they average an approximate 30% load capacity. Solar’s employment
lowers each generator’s fuel consumption to roughly 1.77 gallons per hour or 3.54 gallons

per for both running generators, approximating a savings of around 1.06 gallons per hour,
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or 6.36 gallons for the six hours the solar system can provide power. Overall, the system
saves approximately $1,115.46 over 1,280 operating hours and approximately $3,139.20
over 3,600 operating hours (Table 20).

C. Operations and Sustainment (Annual Maintenance Costs)

Solar power’s annual maintenance estimates reflect little costs associated with
maintaining the average system. Kimberly Magerl (2023) writes in a 2023 article that “the
average cost of solar panel maintenance is $570 annually, but the cost typically varies from
$400 to $740” (para 1). Annual solar maintenance averages, however, do not account for
damage caused by emplacement and displacement of panels in a tactical environment. This
work takes a conservative approach and estimates 10% of the solar panels will require
repair or replacement annually from tactical employment considerations. Future research
will need to review the estimate for panel damage as data is collected. Applying a 10%
damage criterion to the provided quote (Figure 8) estimates an annual maintenance cost of
approximately $6,125.50. The maintenance costs ($6,125.50) are applied to the high-end
calculation, while a third of the cost ($2,041.83) is applied to the low-end calculation
(Table 20).

d. Solar 17-Year Life-Cycle Cost Estimate

Again, the addition of a 12-kW solar system still requires the MLR to run two
generators to meet load capacity of the COC. While the solar system does offset the

generator’s fuel consumption and cost, the offset does not result in a lower total life-cycle

cost.
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Table 20.  12-kW Solar System 17-year LCCE

12-kW Solar System Cost (MLR-Level Power Production)

CPD (1,280 Operational Hours) MLR TEEP (3,600 Operational Hours)

Solar System Cost
Generator Costs
110,658.00

110,658.00
68,500.00 68,500.00
Annual Maintenance Cost 6,246.34 17,575.00

Procurement (x3) S S
5 5
5 5
Annual Maintenance Cost (System) S 2,041.83 | S 6,125.50
s s
$ 5
5 5

Procurement (1 System)

Annual Fuel Cost (MLR fuel rate) 19,241.73 54,151.20
Annual Fuel Savings (1,115.46) (3,139.20)
Total Annual Sustainment Costs 26,414.44 74,712.50

The calculations in Table 20 account for the procurement of both the generators
and the solar system. Each system’s assessed annual sustainment costs are calculated.
Notice that annual fuel cost for the solar system reflects negative to account for fuel
savings. Each system’s annual sustainment cost is totaled. Finally, the 17-year LCCE
multiplies the 17-year period to the total annual sustainment cost and adds the total

procurement costs.

Recalling the generator’s low-end cost estimate (1,280 operational hours) and the
high-end cost estimate (3,600 operational hours) at $597,000 and $1.5 million respectively,

the solar system fails to pay for itself for either estimate.

3. Energy Storage Cost Analysis

Like solar power capabilities, energy Storage systems are highly modular and can
assume a wide variety of load capacities and associated price ranges. Energy Storage’s
greatest cost results from the size and number of batteries required to meet the system’s
load capacity requirements. At the time of this writing, the lithium-ion 6T-E battery is one
of few batteries options found in the commercial market that both supplies an acceptable
kilowatt hour (kWh) capacity and meets Naval Sea Commands (NAVSEA) certification
requirements. NAVSEA’s (2020) technical publication Navy Lithium Battery Safety
Program Responsibilities and Procedures states, “Systems Commands (SYSCOM) with

certification authority (CA) must ensure that concurrences have been obtained from all
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SYSCOMs responsible for the platforms that will use, maintain, store, or transport” (p. 1-
1). As Chapter III mentions, the Li-ion 6T-E battery is currently used in a wide variety of
military vehicles. Therefore, this work’s cost estimations use the costs and assessed life
cycle of the Li-ion 6T-E battery for the LCCE. Acquisition experts evaluating future
alternatives note that future Energy Storage efforts will likely witness an increase in
NAVSEA certified Li-ion batteries, both increasing market options and lowering current

battery pricing.

a. Procurement Cost

There are a multitude of scaling options capable of improving the MLR’s 60-kW
fuel consumption and lowering maintenance costs. As an example, purchasing a 25-kW
storage capacity, coupled with a 30-kW generator allows the MLR to only use one
generator, while using the storage capacity and 30-kW generator as a feasible back-up
option in case of generator failure. While this option presents a lower-cost option, this
effort maintains the three-generator procurement and estimates the procurement of a full
52-kW energy storage capability. Continuing to match cost with the MLR’s three-generator
procurement maintains a consistent comparison with the previous LCCE. Future
acquisition efforts must evaluate the load balancing to best optimize system performance

and costs.

Price estimates for the Li-ion 6T-E battery are not readily available online,
requiring project submissions. Experts in the field note that the 6T-E battery ranges
between $5,000 and $7,000 pending the project size and order quantity. As this research
seeks to aid decision-making for future acquisitions, a price of $5,000 is applied to estimate
the system’s procurement costs. The major components of an energy storage system are
the batteries, power inverters, and a control system. Prices for inverters and control systems
are estimated based on current market prices as full military systems remain largely in the
research and development phase, working towards prototyping like systems. Each li-ion
6T battery has a 2.1 kWh energy capacity, requiring 25 batteries to meet the MLR COC’s
average load capacity. Assuming a fuel 52-kW energy storage system, places the cost of

the system’s batteries at approximately $125,000. Various power inverters in the 30-kW
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range can be found commercially as household energy storage options grow. System
inverters range considerably based on size. This estimate provides the cost of one 60-kW
inverter priced at $19,750 (Solar Electric, 2024). Total procurement costs of the detailed is
approximately $144,750 (Table 21).

b. Operations and Sustainment (Annual Fuel Costs and Savings)

Annual fuel savings using the procured system depends largely on the system’s
concept of employment. Considerable saving stems from the energy storage’s ability to
maintain the COC’s full load capacity if the primary generator fails. Having energy storage,
as previously mentioned, eliminates the need to have a second generator running. Another
consideration for employing energy storage is the life of the batteries. The 6T-E life
expectancy is discussed in more detail in the annual maintenance section, but the system’s
proposed concept of employment is to solely remain in back-up of the primary running
generator in case of generator failure. This employment method limits the number of
battery cycles and conserves fuel by eliminating the second generator. Future concepts of

employment require more research to obtain the greatest efficiency.

With the energy storage in stand-by for the primary generator, approximately one-
half gallon of fuel is saved each hour for a total of 12gallons saved daily. Although the
second generator is no longer required, the primary generator now runs at just over 80%
load capacity or approximately 4.1 gallons per hour rather the 4.6 gallons per hour when
running two generators. This proposed concept of employment saves over 360 gallons of
fuel per month, while limiting the batteries total cycle times. Saving 12 gallons of daily
reduces fuel costs by approximately $5,300 over the low-estimated 1,280 operating hours

and almost $15,000 over the 3,600 operating hours estimate (Table 21).

C. Operations and Sustainment (Annual Maintenance Costs)

Operations and sustainment costs are much harder to calculate for the combined or
hybrid system. First, Table 21 reflects a reduction in the maintenance costs for the
generators to approximately a third of the generator’s original calculations. As previously
mentioned, preventative and scheduled maintenance costs are reduced when the generators

run less. Since the energy storage now removes the need for a second running generator,
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each generator can be cycled to spread the operational load evenly. For example, rather
than having two generators running for 3600 operational hours, each generator can support
a more even 1,200 operational hour distribution, reducing maintenance costs by
approximately one third. The maintenance cost of the energy storage is a bit different from
the maintenance costs of the other systems. While there will likely be routine preventative
maintenance, the life of the battery is the life of the battery. Once the battery life is over,
there is no maintenance to fix it. The battery must be replaced. In this procurement concept,
the batteries make up approximately $125,000 of the total system. The 6T-E li-ion battery

is far more capable than most in terms of life.
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Figure 12. Cycle Life to 80% Capacity Loss. Source: Saft America (2023).

The 6T-E battery is “able to support an order of magnitude more cycles than
traditional batteries and is designed for the high depth of discharge demands required for
effective silent watch” (Xcellion, 2023). The estimated calendar life of the battery, up to
45 degrees Celsius (114 degrees Fahrenheit) is approximately 11 years. The previously
mentioned concept of employment limits the number of cycles to extend the life of the
battery. To account for a full battery replacement within the 17-year life cycle, this includes
an average maintenance cost. This cost divides the cost of a full battery replacement
($125,000 evenly across the 17-year span, averaging an annual cost of approximately

$7352.94.
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d. Energy Storage 17-Year Life-Cycle Cost Estimate

There are multiple things to consider when evaluating the 17-year LCCE of an
energy storage capability. First, the initial energy storage investment is costly, and having
to replace expensive batteries halfway through the life cycle requires more use for the
system to show value. Consider the low-end estimate at 1,280 operational hours
(approximately 53 days). Although the system offsets fuel consumption, only using it 53
days per year does not offset the cost of the system. Recall the 17-LCCE for the MLR’s
three generator setup is estimated to around $597,000. Therefore, energy storage falls short

of paying for itself by more than $70,000.

Table 21. Energy Storage 17-year LCCE

Power Storage Cost (MLR-Level Power Production)

CPD (1,280 Operational Hours) MLR TEEP (3,600 Operational Hours)
Power Storage Cost
Generator Costs
Procurement (x3) S 110,658.00 | $ 110,658.00
Procurement (1 System) S 144,750.00 | $ 144,750.00
Annual Maintenance Cost S 3,124.30 | $ 9,372.90
Annual Maintenance Cost (System) S 7,352.94 | § 7,352.94
Annual Fuel Cost (MLR fuel rate) S 19,241.73 | $ 54,151.20
Annual Fuel Savings S (2,091.49)| 5 (5,886.00)
Total Annual Sustainment Costs S 27,627.48 [ S 64,991.04

The high-end estimate, using 3,600 operational hours (150 days), represents a lower
total LCCE than the current fueled generation by more than $280,000 dollars. Finally, a
key consideration is this work only applies the Joint inflation calculator’s inflation cost of

fuel at $3.27 and does not factor any burdened costs of fuel.

4. Hydroelectric Buoy Costs Analysis

Cost data for hydroelectric point absorber buoys is difficult to find primarily due to
commercial sensitivity and the proprietary nature of the technology. Most efforts in this
sector are still largely in the prototyping phases. Therefore, the cost estimations in this

section are provided by the University of Strathclyde, drawing data obtained from two
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different projects. Both projects, one from the Federal Energy Regulatory Commission in
Washington D.C and one from a report of the Spanish Association of Renewable Energy
Producers, estimate the cost of an AquabuOY (University of Strathclyde, 2023).

Chapter III’s references the AquabuOY while assessing system effectiveness.

a. Procurement Cost

Depicted in Figure 10, the University of Strathclyde’s cost assessment provides
costs in Euro, requiring a U.S. dollar conversion. In terms of procurement cost, this cost
assessment assumes that future applications of such technology enables either the Marine
Corps or the Navy to install and manage its own systems. While installation and
management likely come in the form of military occupational specialties and/or contracted

support, this research does not include those metrics in this evaluation.

SLIEL e & Point Absorber Capital Costs
Structure 377,250€
Moorings 37,725€ m;:f,‘,f,m
Transmission (12%) structure (26%)
& Grid Connection Dol
Installation 471,562,50€
Project Management 169,762,50€ '
TOTAL 1,452,413€
0&M (5%) 72,621€
Figure 13. AquabyOY 20-year LCCE. Source: University of Strathclyde

(2023).

Therefore, the estimated procurement cost of the system is derived from the cost of
structure, cost of the moorings, and transmission and grid connection costs. After

conversion, these costs total approximately $875,099.53.

b. Operations and Sustainment (Annual Fuel Costs and Savings)

Assessing annual fuel costs requires a look back at Chapter III’s calculation of

average daily fuel savings from implementing a WEC. Again, using the average output of
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the Bolt Lifesaver WEC, one of few studies found that provides the devices output, results
show the device creates an average output of 3.2 kW. This assessment gives credit that an
employed system maintains an average output at or above 3.2 kW for all operational hours.
Therefore, the system’s fuel efficiency applies a period of about 4 hours to produce 12 kWh
of energy (or 76.8 kWh over 24 hours). Taking the average energy produced by the WEC
(76.8 kWh) and dividing it by the 12 kWh of production from one of the MLR’s generators
operating at 50% load capacity, results in a fuel saving of approximately 6.4 gallons of fuel
in a 24-hour period. Recall the solar system’s estimated fuel savings is 6.36 gallons per 24-
hour period, making the fuel savings for the WEC essentially the same as the solar system’s
savings. Overall, the system saves approximately $1,115.46 over 1,280 operating hours

and approximately $3,139.20 over 3,600 operating hours (Table 22).

C Operations and Sustainment (Annual Maintenance Costs)

Figure 10’s estimated operations and maintenance costs are just over $78,000 for a
twenty-year period. Most research supports that the operations and maintenance cost of a
WEC is low, requiring little maintenance over the system’s life. This study applies a
maintenance cost ratio to assess a 17-year maintenance cost of approximately $66,650.
Dividing the overall maintenance cost over a 17-year period is around $3,915 per year

(Table 22).

d. Hydroelectric Buoy 17-Year Life-Cycle Cost Estimate

A wave energy buoy system, given procurement price and its limited ability to
offset fuel consumption, is approximately 137% more expensive than the MLR’s current
generator over a 17-year period when using 1,280 operational hours. When applying the
same calculations over 3,600 operational hours, a WEC is about 40% more expensive than

current generator use (Table 22).
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Table 22. Hydroelectric Buoy 17-year LCCE

Hydroelectric Buoy Cost (MLR-Level Power Production)

CPD (1,280 Operational Hours) MLR TEEP (3,600 Operational Hours)
Wave Energy Coverter (WEC) Cost
Generator Costs
Procurement (x3) 3 110,658.00 | $ 110,658.00
Procurement (1 System) S 875,099.53 | S 875,099.53
Annual Maintenance Cost S 3,124.30 | $ 8,760.23
Annual Maintenance Cost (1 System) | $ 3,914.15 | $ 3,914.15
Annual Fuel Cost (MLR fuel rate) S 19,241.73 | § 54,151.20
Annual Fuel Savings S (1,115.46)| S (3,139.20)
otal Annual Sustainment Costs S 25,164.72 [ $ 63,686.38

C. OVERALL PROGRAM COSTS

Table 23 provides the final calculations for all programs. Assuming 1,280
operational hours of each system, the MLR’s current generator employment provides the
lowest cost over a 17-year period. However, after applying fuel savings and adjusting
maintenance estimates, adding energy storage provide the lowest cost option for a 3,600

operational hours LCCE.

Table 23.  17-year LCCE for all Programs (1,280 / 3,600 Operational Hours)

OVERALL COST COMPARISON

Energy Program Assuming 1,280 Operational Hours (CPD) | Assuming 3,600 Operational Hours (MLR TEEP)
Current (3x) Generators S 597,106.71 | $ 1,478,000.13
Adding 12-kW Solar s 681,355.00 | 5 1,597,267.23
Adding 52-kW Battery Storage S 670,556.84 | 1,196,411.89
Adding a Hydroelectric Buoy 5 1,413,557.77 | $ 2,068,425.99

The last chapter provides graphical displays of each program’s cost estimation ratio
(CER) between their 17-year LCCE and measure of effectiveness score, considering cost
estimates for both 1,280 and annual operational hours (Figures 11 and 12). These CER
allow a comparison of each program’s costs and overall effectiveness. Chapter V also

draws final conclusions and provides recommendations for future research.
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D. COST-EFFECTIVENESS RESULTS

Cost-effectiveness ratios are graphed and presented in Figures 14 and 15. When
comparing each program’s overall effectiveness score and its estimated life cycle costs,
assessing system usage of 1,280 operational hours, the current method of employing 60-
kW generators dominates solar power. Power storage is more effective than both solar and
the 60-kW employment, but adding energy storage is also more costly than both. Due to
high cost and low effectiveness, the hydroelectric buoy (WEC) is dominated by all other

power capabilities (Figure 14).

Program Cost-Effectiveness
0.9
0.8 Power Storage
0.7 ® Generator
o 06 Solar Power
S 05
v
L
& 0.4
2 0.3
0.2 WEC
0.1
0
$450,000.00 $800,000.00 $1,150,000.00 $1,500,000.00
17-Year LCCE (1,280 Annual Operational Hours)

Figure 14. All Programs 17-year (1,280 Operational Hours)

Interestingly, Figure 15 reflects a change when comparing each system’s overall
effectiveness score and its estimated life cycle costs when the systems are used 3,600
annual operational hours. Due to solar power’s lower effectiveness scores, energy storage
becomes the dominant alternative energy capability. Also notice that the cost gap closes
between the current 60-kW employment method and the addition of energy storage the

longer the system is employed.
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Program Cost-Effectiveness
0.9
0.8 ® Power Storage
0.7 ® Generator
o 06 Solar Power
S 05
vy
(VN
& 0.4
= 0.3
0.2 WEC
0.1
0
$1,000,000.00 $1,400,000.00 $1,800,000.00 $2,200,000.00
17-Year LCCE (3,600 Annual Operational Hours)

Figure 15. All Programs 17-year (3,600 Operational Hours)

Energy storage’s ability to reduce maintenance costs and conserve fuel buys down
costs over the 17-year period. Overall, energy storage is more effective than the 60-kW

generator but is still more expensive.
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V.  CONCLUSIONS AND RECOMMENDATIONS

This chapter presents the study’s findings, draws final conclusions, and
recommends future research. Cost-effectiveness ratios are graphed and presented in

Figures 14 and 15.

A. CONCLUSION

The intent of a cost-effectiveness analysis is to identify programs that maximize
effectiveness and minimize the costs. The results of this study do present challenges to that
effort, largely dependent on how much each system will be used. Both estimates presented
in Figures 14 and 15 show generators are effective at providing tactical power. Both figures
also show that additional energy storage has the highest level of effectiveness. Again, the
costs change slightly based on annual system use. These results suggest that decision-
makers will need to trade-off costs to maximize effectiveness. If decisionmakers are most
concerned about costs, the best decision may be to stay with the generator, however, if

effectiveness is the most important consideration, energy storage presents the best option.

In answering the two primary research questions, consider first the costs of each
emerging technology to their viability of providing expeditionary energy. The costs of both
energy storage and solar power present viable options of offsetting fuel consumption. Wave
energy converters present a high-cost option that is limited in tactical application.
Therefore, this assessment concludes that current buoy technology does not offer a viable
cost-effective tactical energy alternative. Finally, in addressing the most efficient method,
energy storage is the only technology that eliminates a need for a second running generator
while providing adequate backup power. Coupling this with energy storage’s mobility
makes this technology both efficient and suitable in meeting the Marine Corps mission.
Solar power requires an increasingly larger combat footprint to effectively offset fuel
consumption. Therefore, this study concludes that energy storage offers the most efficient

method of offsetting fuel consumption.

This study conducted minimal sensitivity analysis, primarily altering weights

associated with mobility, survivability, and operational persistence. Sensitivity analysis
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consisted of altering each value by plus or minus [.1]. As an example, measures of
effectiveness scores were compared with operational persistence weights between [.2]
and [.4], mobility weights between [.3] and [.5], and survivability weights between [.2] and
[.4]. In all instances of sensitivity analysis, energy storage displays the highest MOE, with
the lowest overall MOE of .7328 and ranking more than 13% more effective than solar
power. For solar power to gain a higher overall effectiveness score, survivability’s weight
must increase to approximately [.7], dropping the system’s persistence and mobility

weights to [.1] and [.2] respectively.

B. FUTURE RESEARCH

Many assumptions are made in the conduct of this research. The first step for
improving this research is gaining senior leadership’s refinement to the measures of
effectiveness and each one’s respective weights. Overall program effectiveness measures
are largely subjective in assignment, so receiving decision-makers’ inputs will improve

metrics to best identify future program requirements.

Once the measures of effectiveness are refined and solidified, this research can
provide a foundation by which other energy programs may be assessed. This research does
not include small nuclear reactors or hydrogen alternatives due to limited data availability,
but these alternatives are worth researching as the technologies mature. Technologies, like
wave energy converters, can also be revisited as the capability improves. The future of

hydroelectric buoys may prove beneficial when supporting sea basing operations.

Finally, the concepts of operations for the compared energy alternatives require
refinement. While solar power seems less suitable at the MLR-level, other applications
may improve the system’s overall effectiveness. As a consideration, suppose an energy
storage is containerized with solar panel lining the top of the container. Even with the
smaller footprint, the solar panels may provide “free energy” by aiding with charging the
energy storage system. The capability’s footprint does not change considerably but allows
more efficiency from the system. Also, with respect to concepts of employment for each

system, should the Marine Corps decide to adopt an energy storage capability, future
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research is required to determine to what level the system will be employed. The level of

employment will support an enterprise-wide cost estimate.
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