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ABSTRACT

This report investigates the feasibility and affordability of producing algae-derived
biofuel in Hawaii for military aviation. The authors evaluated methods for cultivation of
algae, investigated the processes necessary to locally refine bio-oil into bio-kerosene,
researched the environmental impacts of cultivation and refinement facilities in Hawaii,
and studied the resultant cost per gallon of bio-kerosene production. Based on the current
state of technology and the proposed system of systems architecture, this report estimates
that bio-kerosene can be produced for $8.00-22.87/gal, indicating that although this
system is technically feasible, it is unlikely to be affordable at current fuel prices without

ongoing subsidy or further technical innovation.
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EXECUTIVE SUMMARY

The United States Pacific Command (USPACOM) uses approximately
130 million gallons of aviation fuel per year. Based on possible threats to supply, the
potential for economic development, and federal mandates to increase alternative fuel
usage by 10% annually, USPACOM desires a method to produce 25% of this aviation
fuel locally in Hawaii. A team of graduate student researchers investigated the feasibility
of a system of systems capable of producing 32 million gallons of biofuel for aviation use
annually within the Hawaiian Islands. The team ultimately recommended a design
incorporating a photobioreactor for algae growth, an oil extraction facility utilizing
electroporation, and a hybrid refinery capable of both bio-kerosene and petroleum fuel
production. The team determined that, while technically feasible, the recommended
system solution is not competitive with current petroleum-based fuel costs and does not
meet the $3/gal cost goal identified by USPACOM stakeholders. In addition to the
recommended system design, project deliverables include a reusable framework for
assessing complex biofuel production method decisions. This document describes in
detail the conclusions and recommendations of the Project Team as well as the detailed

systems engineering process used to arrive at these conclusions.
Initial research by the Project Team resulted in the following problem statement:

USPACOM lacks a method to locally produce a quantity of biofuel
equivalent to 25% of its annual naval aviation fuel consumption. There is
currently only limited understanding of the feasibility of developing a
commercially viable quantity of biofuel to meet this goal within the
Hawaiian Islands.

To address the problem statement and stakeholder needs, the Capstone Team
developed a notional system design referred to in the following report as the Hawaii
Naval Aviation Algae Biofuel System (HNAABS). A systems engineering process was
utilized to decompose the complex problem into manageable pieces and to guide the
HNAABS design approach. First, the team developed system level requirements and
derived requirements based on the overarching stakeholder needs, environmental

constraints, and functional requirements. Consequently, the team identified a requirement
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for the design to consist of both a cultivation and refinement system to grow the algal
biomatter and convert the bio-oil product into bio-kerosene respectively. As such, the
HNAABS design represents a System of Systems (SOS) approach in which the

cultivation and refinement systems work together to meet the user needs.

The team also identified a requirement for the HNAABS Cultivation System to
produce 60 million gallons of green crude oil annually from the cultivated biomatter to
support the refinement to 32 million gallons of bio-kerosene. When mixed with the
appropriate additive package, this bio-kerosene product can be combined with JP-5 or JP-
8 to support Department of Defense (DoD) aviation. This report does not specify or study
the additive package or blending science to make useable jet fuel. However, this
HNAABS design effort represents only one aspect of a broader approach to understand
all facets of producing and utilizing biofuels in Hawaii. A second group of graduate
student researchers simultaneously investigated the biofuel mixing process as well as a
distribution system to support DoD aviation in Hawaii. Likewise, a separate graduate
thesis examined the environmental litigation risks related to infrastructure development in
Hawaii and the associated cost and schedule impacts based on three Hawaiian
infrastructure project case studies (Stefani 2013). Together, these three products provide
a more complete understanding of the challenges associated with developing a biofuel

system to replace 25% of the military aviation fuel consumed annually in Hawaii.

After identifying system requirements, the team performed a functional analysis
to decompose the system functions and identify key system elements. The functions were
allocated to generic physical subsystems which were later modified in the final system
model to reflect the recommended HNAABS design. The Cultivation system was
decomposed into top-level sub-functions which were allocated to four major sub-systems:
the Growth, Harvest, Dewater, and Oil Extraction subsystems. Because the Cultivation
System was divided into four physical subsystems each with the opportunity for
optimization, four separate Analyses of Alternatives (AoA) were conducted to develop

recommended subsystem designs.

Each AoA process followed the same general procedures outlined in Figure 1. The

key system requirements were prioritized and translated into weighted requirements using
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a portion of the Analytic Hierarchy Process (AHP) called a pairwise comparison matrix.
Through Quality Function Deployment (QFD), these requirements were translated into a
set of weighted functions and physical components capable of meeting key system
requirements. The analysis process enabled the development of system performance
rankings that were then combined with cost and environmental impact scores to develop
a three-dimensional comparison space. Finally, Pareto optimization analysis was
performed to determine the recommended subsystem option from each of the cost vs.

performance, cost vs. environmental, and performance vs. environmental perspectives.

Prioritized Pairwise Weighted - (AHP)
Requirements AT Requirements
Weighted TR LET D EA T Weighted Design
B vs. Design Characteristics .
Requirements HolQ. Characteristics
Weighted Design w‘:ﬂ“’“ﬁ‘“’kﬁ““ Weighted — (QFD)
Characteristics HoQ Functions
Weighted F""‘(;‘i"m“‘“"t“'ﬁ“" Weighted Physical
ponents
Functions HoQ Components _
W \lf wL
Technical Cost Environmental
Performance
L ]
1

Figure 1. Analysis of alternatives methodology.

Of the potential combinations of the four Cultivation subsystems, two
configurations were selected for final evaluation based on the Pareto optimization results.
A comparison of the two options showed that the Photobioreactor and electroporation
approach offered the most affordable solution for cultivating algae and extracting the bio-
oil since electroporation negates the necessity of a separate dewatering step, thereby
reducing reoccurring costs and energy consumption. Detailed analysis results and
supporting documentation are provided in Section V of this report. Conversely, an

analysis of alternatives was not performed for the refinement architecture, as the number
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of possible system configurations was too low to support this methodology. Qil is refined
using standard, universal processes, and because this report does not address selection of
individual part and model numbers for the refinement hardware, there was no reason to
analyze the alternatives in the same manner as the Cultivation System. Instead, this paper
describes a top level business case analysis for evaluating the cost and benefits of
constructing a new refinery, modifying an existing refinery, or a hybrid option of adding
a parallel bio-refinement capability to an existing oil refinery. Ultimately, the team
concluded that a hybrid green crude refinery represents the lowest risk and most cost
effective refinery option in Hawaii. The hybrid alternative offers the greatest return on
investment and allows for production of petroleum fuels in parallel with bio-kerosene

production.

Adding to the challenge of developing a feasible SOS design to meet USPACOM
needs, a significant portion of the land in Hawaii is considered “Conservation Land”.
This focus on environmental conservation is indicative of an aggressive regulatory
culture for land use and facility construction. To avoid costly program delays, a detailed
legal and regulatory framework was developed detailing a 42 month permitting process.
Environmental risks to the local ecosystem were developed, researched, and documented,

and potential risk mitigation methods were identified.

Finally, the team investigated the ability of the recommended design to meet the
feasibility objectives of the HNAABS design. The feasibility analysis looked at three
factors: 1) the technical feasibility of producing enough bio-kerosene to meet 25% of
Hawaii's military aviation needs, 2) the environmental feasibility of producing the
required quantity of fuel within the Hawaiian Islands, and 3) the cost feasibility of
producing 32 million gallons of bio-kerosene at a Free On-Board cost of less than $3/gal.
The Free On-Board cost refers to the final delivered price of the bio-kerosene, equal to

the fully burdened cost minus subsidies resulting from the sale of by-products.

The Cultivation System costs were broken down by subsystem as shown in Table
I. The associated land, materials, electricity, and maintenance costs for each subsystem
were estimated along with their impact on the total price per gallon of bio-kerosene. A

similar breakdown for the HNAABS Refinement System resulted in a refinement cost of
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$1.58 per gallon of bio-kerosene. Further details on refinement costs can be found in
Section V of this report. Table | shows only the annual operating costs associated with

the recommended cultivation approach.

HNAABS Cultivation Annual Operating Cost
: Operating Cost $/Gallon
Capital Cost (3K) (SK) Contribution
Permit Cost $ 100
Intersystem Transport S 1,927 S 0.06
Electricity Cost S 1,927 S 0.06
Infrasturcture Cost S 4214 $ - $ -
Growth Cost - PBR s 195,288 § 175,130 S 5.47
Operations Cost S 80,745 $ 2.52
Land Cost S 55,185 S 1.72
Materials Cost S 5,046 S 0.16
Electricity Cost $ 19,715 S 0.62
Maintenance Cost S 799 S 0.02
Manpower Cost S 94,385 S 2.95
Oil Extraction Cost - Quantum Fracturing™  § 256,452 S 31,5731 § 0.99
Operations Cost S 31,4811 S 0.98
Land Cost S 17 S 0.00
Materials Cost S - S -
Electricity Cost S 31,152 S 0.97
Maintenance Cost S 312 S 0.01
Manpower Cost S 92 S 0.00
Dewatering Cost - Flash Drying s 19,740 S 75244 S 2.35
Operations Cost S 74,968 S 2.34
Land Cost S 55.4 S 0.00
Electricity Cost S 63,052 S 1.97
Materials Cost S 11,117 S 0.35
Maintenance Cost S 742.3 S 0.02
Manpower Cost $ 276.0 $ 0.01
Cultivation Annual Cost S 475,694 $ 283,974 $ 8.87
Biomass Resale/Tax Credit $ (78,152) $ (2.44)
Net Cultivation Annual Cost S 205,822 S 6.43
Cultivation Free On Board S/Gallon  $ 21.30 $ 6.43

Table I. Free on-board cost estimate for the HNAABS cultivation approach.

The technical feasibility details are provided within the body of the report.
However, the recommended system is technically capable of producing the required
quantity of bio-kerosene based on subsystem performance estimates. Details associated

with the environmental feasibility analysis are provided in Table 1. The resulting energy,
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water utilization, and land usage estimates are reasonable to support an HNAABS design
located within the Hawaiian Islands. Available land estimates can support the 7,267 acres
required for the cultivation and refinement processes. Furthermore, the water
requirements can be met based on the decision to utilize a strain of algae that grows in

saltwater.

Approximate HNAABS Annual | gnergy | water
Operating Resource . Requirement | Uitlization
Requirements
Cultivation ! 331.0 110,269.6 : 7,2424
Transport W 5.5 g
Growth E
Photobioreactor ] 56.3 I 7,232.9
Oil Extraction :
Quantum Fracturing 89.0 ! 2.2
Dewatering ;
Flash Drying 180.1 l 7.3
Refinement 3 9.7 71.2 ; 25.0
Total | 3406 | 1103408 | 7,267.4

Table 11. Energy, water, and land resource requirements of the HNAABS design.

The HNAABS cost estimate addressed a $3/gal cost objective for bio-kerosene
production. Table 111 shows a current estimate of $8.00/gal, which includes operating
costs of HNAABS and cost benefit opportunity. These operating costs include electricity,
maintenance, materials, manpower, and land leasing costs while the net benefit was the
recouped cost from the sale of by-products. Cost analysis excursions were performed to
explore the effects of variable and fixed cost drivers on the overall system cost estimates.
The "Excursion 1" analysis, shown in Table I11, removed the effects of drying and selling
the dried biomass by-products. Because the dewatering process is only required to
support by-product resale, it was eliminated as well as the cost benefit opportunity. The
results show that while there is a moderate benefit of selling by-products, this benefit is
almost completely negated by the costs associated with preparing the by-product for sale.
Alternately, the "Excursion 2" analysis examined all non-recurring capital cost for
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production equipment and operational costs. “Excursion 2” in essence estimates a
potential year 1 cost of HNAABS startup, assuming resale of dried biomass. Even after
accounting for the sale of by-products and the removal of non-recurring costs, the
resulting estimated cost range of $8.00 to $22.87 per gallon remains outside the

acceptable range provided by USPACOM stakeholders.

Approximate HNAABS Cost
Excursions ($/gal)

?Current Estimate? Excursion 1 Excursion 2

6526  21.29

Cultivation S 643 | $
Transport S 0.06 | S 0.06 : $ 0.19
Growth $ 547 | $ 547 | $ 11.58
Oil Extraction S 099 ¢S 0.99 E S 9.00
Dewatering $ 235 $ B 2.97
Net Benefit $ (2.44)| $ ; E $ (2.44)
Refinement ) 1.58 | $ 1.58 | $ 1.58
Total G 8.00  $ 810! S 2287

Table I11. HNAABS design cost estimate.

In conclusion, the HNAABS design team developed a reusable analysis process to
assess algae biofuel production systems. The team used this process to develop a
recommended system of systems design approach, which was feasible from a technical
and environmental standpoint, but did not meet overall cost feasibility objectives. The
HNAABS design represents the team's assessment of the best combination of current
cultivation and refinement technologies for use within the Hawaiian Islands. Additional
design files, including CORE models, are available electronically from NPS from
http://diana.nps.edu/~dholwellHNAABS/index.htm. Additional study of alternate algae
strains and maturation of growth techniques could further improve cost competitiveness

with petroleum-based fuels.
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l. INTRODUCTION

A BACKGROUND
1. History

The United States military accounts for a majority of the total energy consumed
by the U.S. government. Moreover, oil and primarily petroleum-derived aviation fuel,
accounts for more than three-fourths of the Department of Defense’s (DoD) total site
delivered energy consumption (Karbuz 2007). As illustrated in Figure 1, aviation fuel
alone accounts for more than 50% of total DoD energy consumption and nearly 60% of
its mobility fuel. Because it is a large consumer of petroleum-derived products, the DoD
is dependent on petroleum to satisfy its energy needs.
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Figure 1.  DoD energy consumption trends (From Karbuz 2007).

On captions, The U.S. Navy, in conjunction with other military departments
within the DoD, is investing in several research efforts to minimize this dependence. The
Secretary of the Navy, Ray Mabus, announced a number of energy initiatives for the




Navy in 2009, including “a 50 percent reduction in petroleum-based fuel consumption in
the fleet by 2020 (Stein 2012). There are, by all appearances, many renewable sources
with the potential to provide an alternative fuel to offset the diminishing supply of crude
oil on the planet. However, any potential crude oil replacement efforts should consider
the cost of production, availability of the renewable fuel source, and the impact on

existing mechanical systems that will utilize the alternative fuel.

2. Fuel Consumption Outlook

Because petroleum-based aviation fuels naturally have supply and availability
limitations, there is significant interest in locating an alternate form of biologically
harvested fuel, or biofuel (Seymour 2009). A cost effective and easily produced biofuel,
with the ability to be grown and refined into a drop-in fuel alternative without equipment
changes, would revolutionize military logistics and could lead to new commercially
available biofuel for the entire aviation industry (NASA URS 2010). The demand for an
alternative to petroleum based fuels is shown by the climbing cost over time (Figure 2).
As the cost of petroleum based fuels continue to climb, the costs will eventually cross the

inflection point of biofuel costs.
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Figure 2. Oil spot prices in $/bbl since 1986 (From U.S. Energy Information
Administration 2013).

As a result, the United States Navy and Air Force have both investigated the
harvesting of plants for fuel (Custer 2007). While many plants can be converted into fuel,
algae have shown particular promise as renewable feedstocks for biofuel production. This
is due to their abundance, rapid and easy growth, and high oil content. According to Dr.
Julie Zimmerman of the Yale School of Engineering and Applied Sciences and the Yale
School of Forestry and Environmental Studies, algae offer many advantages for biofuel
production compared to options such as corn and sugar cane, since algae do not compete
with food demand, grow on marginal land, and produce more oil per acre of crop (Ky
2011).

There are also environmental benefits of using algae as a biofuel source. Dr.
Zimmerman noted that since algae decompose easily in landfills, the nutrients produced
by anaerobic digestion of biomass can be recycled directly back to the first step of
cultivation (Ky 2011). Furthermore, because algae grow quickly and easily, the repeating
feedback loop of renewable energy could make algal biodiesel production partially self-
sustainable.



3. Biofuel Efforts and Challenges

A major factor driving the U.S. military’s interest in finding alternative sources of
fuel is cost growth of crude oil. In 2009, the price of a barrel of oil was approximately
$62 (Saphire Energy 2009). In comparison, market data compiled by Bloomberg L.P.
indicates that crude oil was being traded at close to $97 per barrel during the first quarter
of 2013 (Bloomberg 2013). This escalation does not include the ancillary costs the U.S.
military faces as oil prices increase. In fact, it is estimated that the U.S. military pays a
$31 million penalty in ancillary fuel costs for every $1 increase in the cost of a barrel of
oil (Abbotts 2012). To combat rising oil costs, Navy Secretary Mabus outlined a plan for
the development and procurement of a biofuel alternative as a replacement for petroleum-
based fuel. Navy Fuels Team Lead, Rick Kamin, further outlined that any new biofuel
source would need to meet current performance specifications and be able to mix

successfully with current petroleum fuel (Abbotts 2012).

The Naval Air Station (NAS) Patuxent River in Maryland began testing small
amounts of biofuels in 2008. In 2009, the Defense Logistics Agency (DLA) awarded a
contract with Sustainable Oils, Inc. to provide almost 600,000 gallons of biofuel (Abbotts
2012). The Sustainable Qils test fuel was created from the oil of a mustard seed called
camelina. Camelina-based JP-5 was blended with petroleum-based JP-5 in a 1:1 ratio and
was tested for performance degradation during 16 test flights on an F/A-18 Green Hornet
in 2010. Following the successful Green Hornet testing, an MH-60S Seahawk helicopter
completed flight testing with the same 50/50 blend. In 2011, the Seahawk flew again, but
this time with an algae-based fuel. Finally, in August 2011, the MV-22 Osprey became
the first Marine Corps aircraft to fly with a biofuel blend. These successful test events
resulted in the conclusion that oils produced from different renewable feed sources could
be used interchangeably with traditional petroleum-based fuels without the need for

costly regression test and evaluation (Abbotts 2012).

Naval testing of algae-based fuels transitioned to sea operations, as well. In July
2010, a biofuel powered Rigid-Hull Inflatable Boat (RHIB) was tested side-by-side with
an identical craft powered by petroleum. This biofuel powered RHIB achieved a top

speed of 44.5 knots, or approximately 52 miles per hour (Abbotts 2012). A Yard Patrol
4



(YP) boat became the next marine vehicle to successfully operate using a biofuel blend
called algae-F-76. Finally, in December 2011, the Navy tested an algae-petroleum fuel
blend on a Landing Craft-Air Cushioned (LCAC) hovercraft in Panama City, Florida.
The LCAC achieved a top speed of 50 knots, approximately 58 miles per hour, setting a
record as the fastest U.S. Navy waterborne vehicle using an alternative fuel blend
(Abbotts 2012). There is, however, a noticeable performance drop from using biofuel.
For example, the LCAC using conventional fuel can reach up to 70 knots (Storms 2011).
The aforementioned flight and sea tests combined with federal energy mandates and
clean energy initiatives, are paving the way for future use of biofuel-powered vehicles in
naval operations (Abbotts 2012).

B. DEFINING THE PROBLEM
1. Problem Definition

The United States Pacific Command (USPACOM) in Hawaii uses approximately
130 million gallons of fuel for aviation each year (Simonpietri 2011, p.16). This fuel
arrives as crude oil and refined fuel from the United States (and other countries) via
tankers and is delivered to refineries located in Hawaii. In 2007, it was reported that 24%
of the refined fuel is imported from CONUS (Continental United States) with all other
crude oil and refined product coming from other countries (Simonpietri, Ashworth, and
Aden 2012). Delivery of the fuel can be impeded by both weather and potential hostile
naval action. In order to reduce these threats and ensure continued operations,
USPACOM expressed an interest in locally producing 25%, or 32 million gallons, of its
required aviation fuel in Hawaii each year (Simonpietri 2011, p.14). Consequently,
USPACOM identified biofuel from algae as a leading candidate for potential fuels to
reduce the existing reliance on crude oil. In a briefing given by CDR Joelle Simonpietri
of the USPACOM Energy Office (USPACOM J81), an Enterprise Model developed by
Green Initiatives for Fuel Transition Pacific (GIFTPAC) identified a critical gap in the
Grow, Harvest and Pre-process elements, as shown in Figure 3. GIFTPAC is a working
group with the goal of offsetting petroleum-based fuel supply in Hawaii with non-fossil
fuel (Simonpietri 2011).



Critical Gap

Figure 3.  Enterprise model for biofuel production and use, showing critical gap in
the process (From Simonpietri 2011, p.17).

The production of sufficient biomass to meet the USPACOM production goal of
32 million gallons of biofuel, with a target cost of less than $3 U.S. per gallon, poses

significant challenges and concerns related to:

o land availability,

o natural resources required,

. energy consumption,

. environmental impact, and

o the economic impact on the state of Hawaii.
2. Scope

The team developed the following problem statement to capture project scope and

guide project efforts throughout the Capstone process:

USPACOM lacks a method to locally produce a quantity of biofuel

equivalent to 25% of its annual naval aviation fuel consumption. There is

currently only limited understanding of the feasibility of developing a

commercially viable quantity of biofuel to meet this goal within the

Hawaiian Islands.

The desire to locally produce biofuel stemmed from several issues including
potential threats to supply, economic development, and the environment. While algal
biofuel has been widely studied in both the military and civilian environments, there have
been no previous efforts to develop a complete algal biofuel system located in Hawaii

that is capable of meeting the biofuel output requirements. The processes and methods for



studying the feasibility of a potential solution to the problem, called the Hawaii Naval

Aviation Biofuel System (HNAABS), are discussed throughout this paper.

There were several assumptions made during the project development stage which
shaped the original scope for the HNAABS design and evolved into necessary
constraints. The key assumptions are as follows:

o The target price of $3/gal was assumed to be for biofuel only and does not
apply to a biofuel-petroleum fuel blend. The direct cost associated with
biofuel was assumed to be independent of the fuel blend and does not
affect the cost of petroleum-based fuels.

o For production estimation purposes, the HNAABS design was assumed to
operate continuously 24 hours a day, 7 days a week.

Cost estimation of the HNAABS design was of particular importance for this
capstone project. Key areas of interest included 1) the cost of building the necessary
infrastructure or utilizing existing infrastructures, and 2) the Free On-Board cost per

gallon produced. Detailed cost estimates are provided in Section V of this report.

There was also a strong desire to determine what effects algal biofuel may have
on the tactics and operations of naval aviation. This portion of the overall biofuel
problem was de-scoped from the HNAABS effort due to time and manpower limitations.
However, according to an article in the Spring 2012 issue of Currents Magazine, an F/A-
18 Green Hornet aircraft operating with a 50-50 blend of biofuel and petroleum
performed "as expected, through its full flight envelope with no degradation of
capability” (Abbotts 2012). Likewise, the rigid-hull inflatable boat testing described in a
previous Section I.A showed that “there were no differences in the ship’s performance,
even at full power” (Abbotts 2012).

The Capstone research team chose to focus its analysis of the HNAABS design
primarily on the cultivation and refinement systems, as shown in Figure 4. These systems
will be referred to as the HNAABS Cultivation and HNAABS Refinement systems
throughout this document. The Cultivation system design focused on analysis of the
Growth, Harvest, Dewatering, and Oil Extraction subsystems while the Refinement
system design was evaluated through a business case analysis comparing the option of

building a new oil refinery to the options of retrofitting an existing petroleum refinery or
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using a combination of the two options. Cultivation and Refinement system results and

recommendations are provided in Section Il of this document.

System Boundary

Hawaii Naval Aviation Algal
Biofuel System

* Raw Materials (CO,, water,
Requirements Cost Cost Requirements H drogen etc )
Cultivation . R

Svat * Waste Disposal
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External Systems

Personnel
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Faciliies :} Refinement I[: External Interfaces
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e Production Facilties o N REA Cohord

__________________________________________________________

Figure 4.  Proposed HNAABS system of systems diagram showing key interfaces
and boundaries.

The team decided to treat the HNAABS design as a System of Systems (SOS).
The team did not perform a full DOTMPLF analysis; however, the HNAABS Project
Team did analyze the system problem in terms of the DOTMPLF categories, specifically
the organization, materiel solution, personnel, and facilities aspects of the process.
DOTMLPF is used by the Department of Defense as a mnemonic device for “doctrine,
organization, training, materiel, leadership and education, personnel and facilities.”

(Defense Acquisition University 2012).

The Cultivation and Refinement systems were designed as materiel solutions. As
a result, personnel, facilities, and the external systems identified outside the system
boundary in Figure 4, were not included in the scope of this system design effort due to
time constraints. While these items were not considered part of the system design, they
were not omitted from the analysis altogether. The HNAABS Project Team accounted for

the external system boundary items by:

o estimating land and resource usage,
o developing associated requirements,
o considering these factors while analyzing Cultivation and Refinement

system alternatives, and



o including associated costs in the estimated Free On-Board cost per gallon
of bio-kerosene

The detailed aspects of these external items were not considered. For example, the
personnel assessment would have included determining not only how many workers
would be needed for HNAABS, but also the qualifications and skills required to run each
subsystem. The facilities assessment would have required a full design of both the
Cultivation and Refinement facilities, complete architectural interface design, and
selection of a proper location within the Hawaiian Islands. The external systems box in
Figure 4 included items such as raw materials, waste disposal, and intra-system
transportation. These systems were de-scoped from the HNAABS design process in an

effort to limit the project scope to a level commensurate with the nine-month timeframe.
C. PROJECT TEAM

1. Project Tasking

The HNAABS Project Team was broken into five distinct teams charged with
exploring the feasibility of a design to meet USPACOM biofuel production goals in
Hawaii. The teams each focused on a particular area of research and were named the
Cultivation, Refinement, Environmental, Cost, and Requirements Teams to reflect this.
Figure 5 shows the HNAAB Project Team structure.

Project Lead
1 1 1 1
Cultivation Refinement Requirements Cost Team Environmental
Team Team Team oSt ied Team

Figure5. HNAABS team organization breakdown showing the top level IPT
structure.




The Cultivation team was responsible for identifying the process and system
components addressing:

o the growth and harvesting of algae,

o the extraction of algal oil from the harvested algae

Because the Cultivation system comprised such a large portion of the HNAABS
design effort, the Cultivation team was divided to form four Integrated Product Teams
(IPTs) associated with each of the cultivation sub-functions. The IPTs each contained at
least one member from each of the five main research areas to ensure adequate subject
matter expertise throughout the analysis process. The four Cultivation IPTs that were

created were called:

. the Growth team,

o the Harvest team,

. the Dewatering team, and
o the Oil Extraction team

The Refinement team was responsible for identifying the process and system
components to be used in refining the extracted algal oil into bio-kerosene.

The Environmental team was responsible for determining the laws and regulations
that would constrain the HNAABS design as well as providing environmental oversight
to the overall HNAABS system design. This oversight included issues such as

determining water sources and methods for waste treatment and disposal.

The Cost team provided oversight for the cost feasibility analysis of the HNAABS
design. They were responsible for developing the overall HNAABS design cost
estimation approach as well as the Free On-Board cost of biofuel per gallon.

Finally, the Requirements team was responsible for developing the following
documentation:

o the project Integrated Master Schedule (IMS),

. the HNAABS CORE® model,

o the Program Management Plan (PMP),

o the Risk Management Plan (RMP),
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J the HNAABS risk oversight and mitigation plan and overall final risk
assessment,

o the HNAABS performance specification, and

o the HNAABS system level requirements

The goal of the team management process was to build a strong hierarchy. This
allowed a smaller number of people to manage the entire group, thereby enabling more
engineers to remain directly focused on the project, rather than efforts in support of the
project. This project leadership group (COR3), addressed the when (Scheduler), what
(Librarian), and how (Project Leader) questions that came up during the course of the
capstone project. Due to the number of moving parts associated with such a large team,
the project group was decomposed into the five lower level Project Teams described
previously. Having a leader in each team allowed the project leadership group to manage
five aspects of the project, rather than the efforts of twenty six individual people.

Meetings were held weekly with the team leads to monitor the progress of each
team and to identify missing data elements between groups. Team leads were empowered
to manage their organization, allowing for maximum flexibility and preventing
micromanagement. This left the COR3 team free to manage the group interfaces, without

being burdened by internal group decisions.

The end result of this process produced five, relatively independent papers, which
were combined into a full Capstone team thesis (four sections plus the appendices).
Although this created an integration burden for the entire Project Team, this integration
method closely follows the large program systems engineering methods for design
integration and qualification. This structure drove the need for the project Librarian to
manage the physical data interfaces such as content format and location. This increase in
modularity allowed all the teams to work in a more parallel structure, which resulted in

an increase of the possible scope of this project and a decrease in project cycle time.

2. Association with NAVSEA Capstone

This Capstone project is part of a systematic approach to identify a solution to

supplying 25% of Hawaiian military aviation fuel needs through the use of algal biofuels.
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While the five Project Teams described in the previous section focused on project
requirements, algae cultivation, green crude oil refinement, and the cost and
environmental impacts associated with these processes, a second Naval Postgraduate
School (NPS) capstone team was responsible for another part of the problem. A cohort
from the Naval Sea Systems Command (NAVSEA) attempted to develop a solution to
the problem of transporting the theoretical refined bio-kerosene output from the
HNAABS design, mixing the biofuel with petroleum-based aviation fuels and additives,
storing the resulting biofuel blend, and distributing the algae biofuel for use in Hawaii.

Close coordination between the two capstone teams resulted in a set of system
boundaries for each cohort. It was determined that the NAVAIR cohort would:

. investigate the feasibility of cultivating enough algae within the Hawaiian
islands to provide an adequate supply of green crude oil to meet the stated
annual aviation fuel needs, and

. determine the feasibility of refining green crude oil into a product that can
be blended with petroleum-based aviation fuel to produce biofuel.

This feasibility assessment incorporated all facets of cultivation and refinement up
to the production of biofuel, including an examination of the land and resources available
to support biofuel production and the capital and continuous costs associated with the

cultivation and refinement infrastructure.

The NAVSEA cohort was tasked with establishing a system to blend bio-kerosene
with petroleum-based aviation fuel and developing a methodology to distribute the
blended product to the point of use by the Department of Defense in Hawaii. The findings
and conclusions generated by the first group, NAVAIR cohort 311-113A, are described

in this paper.

D. SYSTEMS ENGINEERING PROCESS
1. Organization

The Systems Engineering Process used during the HNAABS project is a
modification of the International Council of Systems Engineers (INCOSE) process
model. The modified process, shown in Figure 6, enabled the Project Teams to apply
systems engineering analysis to define the stakeholder needs, utilize dedicated resources
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and tools to construct a System of Systems model, and ultimately present a
recommendation for an HNAABS design solution at the end of the allotted capstone
project schedule. Figure 6 also depicts the tailored HNAABS project in three basic
sections aligned to the NPS academic calendar: Early-Preparation Phase, Research Phase,

and Development Phase.

Early-Preparation Phase Research Phase Development Phase

1

+ Project Organization + Cultivation AoA’s * Final CORE Model :
+ Preliminary Research * CORE Model * Final Report(FR) |
+ Networking + Risk Analysis + Final HNAABS Presentation 1
1

Final HNAABS
Report

N
Winter Quarter
Jan2013-Mar2013

Customer
Needs >
T A T N N !

Summer Quarter
Jul2012-8ep2012

Fall Quarter
Sep2012-Dec2012

IPR&EL IPR#2 R

Figure 6. HNAABS systems engineering/project cycle model.

The Early-Preparation Phase (Summer Quarter) consisted of building the team
organization, performing early research, and engaging in networking activities and open
discussions with various stakeholders and capstone project advisors. During this initial
research phase, it was determined that a face-to-face meeting with USPACOM and other
Hawaii stakeholders would be beneficial to fully understand the customer needs. The
sponsor and stakeholder needs were used to identify early-design requirements, a system
Concept of Operations (CONOPS), and prioritization of the SOS capabilities.
Additionally, risks identified by initial research and internal team discussion were
captured in a formal Risk Management Plan (RMP). This facilitated early identification
of team risk and assigned ownership for each risk. To support the given schedule of the

project, an Integrated Master Schedule (IMS) was created to track and monitor project
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deliverables. To capture the system scope and essential technical activities, a Program
Management Plan (PMP, Appendix B) and Performance Specification (Appendix A)
were created to provide a methodology for completing the HNAABS feasibility analysis.

The Research Phase (Fall Quarter) comprised the majority of the system
functional analysis and concept assessment. Following the establishment of the
requirements baseline and derived CONOPS, functional analysis was performed in
parallel with ongoing stakeholder queries and technical research. Vitech Corporation’s
CORE® 8.0 Modeling Based Systems Engineering (MBSE) tool was used to capture the
identified top level functions and functional decomposition. The CORE® software
provides a method to display the Input, Controls, Outputs, and Mechanisms/Information
Definition Exchange Format (ICOM/IDEF) models, hierarchical structure, Functional
Flow Block Diagrams (FFBDs), and other system architecture diagrams in a visual
manner. Initial Cultivation and Refinement System architectures were developed to
define generic system functions and capture design constraints and risks. As the system
alternatives were analyzed, the CORE® models were updated to reflect the specific
details associated with the recommended system designs. The major inputs used in re-
evaluating the system architecture came from assessment of the Cultivation and
Refinement system Analysis of Alternatives (AoA) reports. These inputs were used to:

. properly define and support the selection of the functions to satisfy the
requirements,

o capture the system design constraints, including risks which might affect
system operations, and

. identify a list of benefits/improvements to the system functions.

The final Deployment Phase (Winter Quarter) consisted of in-depth analysis of
results obtained during the Research Phase, cost analyses, continuation of risk
management efforts, compilation of a final CORE® model, release of a final report
documenting the recommendations for the preferred HNAABS solution, and presentation
of findings to all stakeholders.
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2. Cultivation Component

Several algae cultivation alternatives were identified for potential use in the
HNAABS design. An AoA process was used to determine the optimal cultivation
approach. The analysis included evaluation of the comparative cost, performance, and
environmental impact/risk of each alternative. Furthermore, the analysis was used to
determine the appropriate subsystems to integrate within the entire algae Cultivation

system.

The HNAABS Project Team used a form of Quality Function Deployment (QFD)
to assess the merits of each alternative. QFD is a “method to transform user demands into
design quality, to deploy the functions forming quality, and to deploy methods for
achieving the design quality into subsystems and component parts, and ultimately to
specific elements of the manufacturing process” (Akao 1994). Using QFD, the
alternatives were compared with each other using an established set of criteria derived
from expected stakeholder priorities. In the end, the photobioreactor growth process and
single-step oil extraction™ process were chosen as the proposed cultivation solution.
Details regarding the Cultivation AoA process are described in detail in Section 11.C.1 of

this report.

3. Refinement Component

Several business scenarios were analyzed for the HNAABS Refinement system.
These scenarios included retrofitting an existing refinery to accommodate biofuel
processing, building a new refinery, and a hybrid solution combining the other two
options. Ultimately, the hybrid alternative was chosen as it was assessed to be the lowest
risk and most cost effective alternative for implementing a green crude refinery in
Hawaii. The cost comparison between the retrofit and hybrid alternatives was negligible;
however, both were cheaper than building a new refinery. The hybrid alternative has the
flexibility of producing petroleum fuels in parallel with HNAABS bio-kerosene whereas
the retro fitting option only allows for the production of bio-kerosene and would be
constrained to the existing petroleum refinery infrastructure. Another consequence of

retrofitting a petroleum refinery into a green crude refinery is the potential for lower
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reliability in the system components due to their incompatibility with the green crude
composition. The primary drawback of the new refinery alternative is the increased
amount of indirect costs due to the requirement to construct the entire external refinery,
support infrastructure, and interfaces to support the facility. A hybrid system offers the
optimal cost solution with lower risks related to reliability, as well as increased system
capabilities. Detailed Refinement system analysis can be found in the Section I11.C of this

report.

E. PROJECT DELIVERABLES

To address the Capstone problem statement, the HNAABS Project Team
developed a repeatable process to assess potential alternatives capable of furnishing 25%
of Hawaiian naval aviation fuel needs. Additionally, the team used this design process to
determine a recommended problem solution with associated feasibility and cost
assessments. While stakeholders and subject matter experts may disagree with the scoring
assessments used by the HNAABS Project Team, the design process can be easily
modified with alternate data to arrive at different conclusions.

In addition to these two major products, the following project deliverables support

the conclusions and recommendations outlined in this paper:
o Functional model of the complete SOS

J Complete cost analysis of the SOS:

o Free On-Board cost of biofuel production.

o Cost of necessary infrastructure

) Environmental impact of the SOS.

. Energy and economic impact on the state of Hawaii.
o CORE® models and other re-usable analysis tools.
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Il. PROBLEM FORMULATION

A. NEEDS ANALYSIS

The first HNAABS In-Progress Review (IPR-1), conducted on 27 September,

2012, was used to formalize the results of the need analysis performed by the HNAABS
Team. IPR-1 attendance included a USPACOM representative, a NAVSEA cohort
representative, and the entire HNAABS Team to include advisers. Stakeholder analysis

as well as needs & constraints, derived from IPR-1, are discussed in the following

sections.

1.

Stakeholder Analysis

Based on the results of IPR-1, the HNAABS Team identified the following

organizations as stakeholders:

Department of Defense. Responsible for supervising and the protection of
U.S. national security and of all U.S. Armed Forces (U.S. Department of
Defense 2013). A feasible and affordable algal-based b