
ABSTRACT 

ADAMS, GREGORY SCOTT. Increasing Success in First-of-a-Kind Projects through the 

Use of Technology Development. (Under the direction of Dr. Edward Jaselskis.) 

 

More likely than not, large, complex, first-of-a-kind (FOAK) industrial projects will 

not be completely successful. These projects tend to fail by overrunning schedule estimates, 

outspending cost estimates, and failing to meet estimated production levels. There are many 

contributing factors as to why these projects fail; some of the major factors include: changes 

in the political/regulatory environment, loss of market potential, changes of project scope 

during construction, and the use of immature and untested process technologies. This 

research takes an in-depth look into how to eliminate or mitigate the effects of immature and 

untested technologies through a rigorous technology development framework integrated into 

front-end planning models. 

Novel technologies cause project failures due to a lack of requisite “basic data” that 

has not been accrued before a project enters its execution phase. Basic data is any 

physiochemical, thermodynamic, or process-specific information required to make a fully-

informed design. A rigorous technology development process garners required basic data in a 

methodological manner in order to support the robust detailed design of a project. In the 

presented framework, basic data is fed forward from the conceptual stage of a technology’s 

development through various scales of testing, in order to reduce possible technology failures 

at full-scale applications. 

Front-end planning (FEP) is a tool that allows a project team to gather all of the 

relevant information, technological and otherwise, about a project so that the execution phase 

is completed as smoothly as possible. The three stages of FEP are: 1) develop the business 

case, 2) develop the scope, and 3) prepare to execute the project. Technology development 



and FEP can be integrated in order to give a structured approach to how and when each phase 

of each process should be completed. By using this approach, project teams for large, 

complex, first-of-a-kind projects may reduce the risk of project failure before project 

execution. 

In addition to discussing the combined approach of technology development and FEP, 

a case study was conducted to examine how the United States Department of Energy Office 

of Environmental Management performs according to the proposed methodology. A survey 

of project personnel who worked on first-of-a-kind nuclear waste treatment facilities and a 

review of the Department of Energy’s procedures were conducted in order to understand 

how, when, and why technology development and front-end planning are integrated, if at all. 

The case study revealed that the Department of Energy has a strong background in early 

project planning, but does not effectively and consistently develop novel technologies. 

Although the main procedure for project acquisition is well structured, the application of that 

method falls short and is swayed by non-technical and outside factors. 

The main recommended action for the Department of Energy Office of 

Environmental Management is to develop and use a two-phase approach to complete first-of-

a-kind projects. In the first phase, a prototypical system would be developed that is a high 

fidelity, fully operational, scaled-down version of the eventual full-scale facility. This will 

ensure that the novel technology is completely understood. The second phase would utilize 

the information gathered in the prior step and to design, construct, start-up, and operate the 

full-scale facility with less risk of failure. In addition to a two-phase methodology for project 

acquisition, further recommendations are given; these include transferring additional project 

authority to project teams, selection of the best technology alternative(s), use of pilot-scale 



systems, and measurement of technology maturity for entire systems and their sub-system 

elements.  
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INTRODUCTION 

In 1903, the history of mechanized, human flight began with the successful flight of 

Orville and Wilbur Wright’s bi-plane in Kitty Hawk, North Carolina. However, their success 

on that day was due to years of gradual technological development. The two brothers first had 

a concept. Then, they did progressively larger tests, from kites to manned gliders, to further 

develop their concept. Finally, history was made when they put all of the pieces together into 

a full-scale, powered plane that flew for over 100 feet (U.S. National Parks Service 2016). 

As with the novel project that the Wright Brothers undertook at the turn of the 20th 

century, first-of-a-kind projects take substantial amounts of time and money to accomplish. In 

fact, most industrial megaprojects consume more time and money than initially estimated 

(Merrow 2011). This failure of projects to succeed can be attributed to many factors, including 

changes in the socio-political climate, poor initial estimates, a lack of process data at the onset 

of project execution, and sheer bad luck. There are many additional reasons as to why these 

novel projects may fail, where failure is defined as a project exceeding either estimated cost, 

schedule, or both. This leads to the essential question, why do first-of-a-kind projects fail and 

what measures can be taken to improve their outcomes?  

What Are First-of-a-Kind Projects? 

The Greek philosopher Heraclitus is attributed with saying “everything changes and 

nothing stands still.” This idea is highly applicable to the fields of science and engineering. 

There is always a new process, a new way of thinking, and/or an improvement on older 

methodologies. With the beginning of a new project, there is often an accompanying new 
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technology or idea which can perform a process more quickly, safely, cost-effectively, and/or 

with less by-products. Newly created products can be slightly or vastly different than previous 

products; therefore, the process to create a new product should be different as well. The march 

of technology and the differences in products are the primary reasons why first-of-a-kind 

(FOAK) projects are attempted. First-of-a-kind projects are those that use one or more new 

technologies, use an existing technology in a novel way, and/or adapt a technology from a 

different application to the intended project. 

Problem Statement 

Some projects fail, grand projects fail on a grand scale, and FOAK projects fail in 

FOAK ways. For the large industrial projects studied by Merrow, the projects were either a 

success or a very poor failure, with little to no projects in the middle range (Merrow 2011). 

The problem can then be posed as: why do large, complex, FOAK projects fail? Why do these 

projects, in particular, tend to overrun their cost and schedule estimates and demonstrate 

production performance at a level substantially less than designed? Just as important as 

addressing the causes of project failure are possible solutions for project teams to reduce the 

risk of failure. 

For the context of this research, project success can be defined as the completion of a 

project within its estimated cost and schedule prior to the execution phase and performance of 

the final facility at design levels. Similar to how Merrow’s (2011) characterization based on 

the projects he examined, failure is defined as the lack of success in any one or more of the 

aforementioned areas. Although it seems logical to include some “middle ground” or “grey 
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areas,” in which a project may be successful in one or two aspects but not all three, in general, 

projects tend to either be complete successes or fantastic failures. This effect is called the 

Jemima Principle, from the little girl in Longfellow’s poem “There was a little girl,” but the 

principle is outside the scope of this research (Merrow 2011). 

Two examples of notable failed FOAK projects are the current construction of Units 3 

and 4 at Vogtle Electric Generating Plant (also known as Plant Vogtle) in Waynesboro, GA, 

and the completed construction of Boston’s Central Artery Project, better known as the “Big 

Dig.” Plant Vogtle Units 3 & 4 had an initial cost estimate of $4.4 billion and completion date 

of April 2016 and 2017, respectively. As of August 2015, the estimated completed cost was 

over $5 billion and the estimated completion dates had been pushed back to June 2019 and 

2020, respectively (Brown 2015). Cost and schedule increases have been associated with 

design changes and their requisite certification and delays in construction (Georgia Power 

2015). The Big Dig was completed in December 2007 at a cost of over $14.6 billion, but was 

estimated to cost only $2.8 billion in 1982, which would be $6.0 billion in 2006 dollars. Some 

of the challenges to execution involved both leaks in the walls of the tunnel and a collapse of 

concrete panels in 2006 (Le Blanc 2007).  

Hypothesis 

There are many reasons as to why projects fail. A project can begin right before an 

economic downturn; the design or understanding of the necessary technology can be 

underdeveloped or misunderstood; changes in the regulatory environment may result in more 

stringent standards; a labor shortage can slow or halt construction; and the market for a product 
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can disappear, leading to changes in project economics; among a multitude of other factors 

causing project failure. There are factors that a project team can control, such as design, and 

factors beyond their control, such as the weather. The integration of a structured front-end 

planning (FEP) process, which examines all aspects of a project prior to project execution, and 

a rigorous technology development process, in which a novel concept is studied at growing 

scales to learn the basic data for the technology, can be used to reduce the risk of project failure. 

Objectives 

There are three main objectives for this research. First, as much has been written on the 

concepts of FEP and technology development, the integration of FEP and technology 

development for project planning will be explored on a conceptual level. This will require a 

discussion of both subjects and the details of their cooperation. Second, the potential success 

of combining FEP and technology development will be evaluated by subject-matter experts 

(SMEs). The final objective of this research is to conduct a case study to investigate the 

proposed integration of FEP and technology development. 

Benefactors of this Research 

Although this research is performed by investigators at North Carolina State University 

(NCSU) for use by the United States Department of Energy (DOE) Office of Environmental 

Management (EM), other persons or organizations that utilize technology development can 

benefit from this research. The findings from the case study will be presented in a way that 

match DOE processes and terminology, but the concepts are transferable to the chemical 

processing, petroleum, and pharmaceutical industries, among others. In addition, the model 
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presented here may be applicable to other endeavors in which high levels of uncertainty and 

of uncertainty-related risk are present, such as business start-ups and large mega- and 

gigaprojects. 

Scope of the Study 

There are many reasons why FOAK projects do not succeed; one major reason for their 

failure is inadequate data collection before beginning project execution. In other words, the 

technology to be used in new projects is either not mature or understood well enough to reduce 

the risk of project failure. This research aims to integrate both a FEP process and a rigorous 

technology development process in order to help increase project success. Although both FEP 

and technology development are discussed at length in other works, this study aims to outline 

the potential benefits of combining these two concepts, an important addition to the body of 

project management knowledge. 
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RESEARCH METHODOLOGY 

To complete complex, FOAK projects, planning on the front-end is key to success 

(Merrow 2011). The overall methodology of this study is to gather information on the subjects 

of technology development and front-end planning, process that information and evaluate their 

integration, and perform a case study based on these findings. As with any other lengthy 

project, these steps can be seen as discrete and sequential, but some steps occur simultaneously 

and share activities. The following discussion is a more detailed look into the aforementioned 

steps. 

Literature Review 

It is necessary to look at how different industries approach the topic of technology 

development. Sources were found from the Construction Industry Institute (CII) and through 

the library resources available at NCSU. During the review of those sources, any applicable 

information was noted and saved for later use. Further sources were found from in-depth 

research based on these initial sources and a more thorough searching of available resources. 

The primary initial sources where the RAND reports completed in the late 1970s and early 

1980s. From these sources additional works were found from a search of the contributing 

authors and using keywords, such as “megaprojects,” “pilot plants,” “scale-up,” and “process 

development.” Sources were eliminated based upon their applicability to this study and more 

found through the combined references of each new source. In addition, literature about the 

technology development and project management processes used by the DOE EM for the case 

study was found from the public domain. 
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Combining Processes 

After a review of the concepts of FEP and technology development, the process of 

combining them could take place. Although there are elements of each idea present in the other, 

determining the best approach to their integration was crucial. Because this study’s hypothesis 

holds that both FEP and technology development should happen concurrently, it was also 

important to identify which stage of technology development should be reached before 

proceeding to the next stage of FEP. Finally, a model was developed that outlines the use of 

both FEP and technology development. 

Department of Energy Case Study 

After a combined framework was established, the researchers conducted an 

examination of the performance of DOE EM projects. The DOE EM already has a protocol in 

place that contains elements similar to the FEP and technology development processes. 

However, since their FOAK projects have a relatively high failure rate, it is reasonable to 

assume that gaps remain in either their protocols and/or implementation processes. An analysis 

was performed to find areas in which the DOE technology development process could be 

improved. Recommendations were then given to help increase DOE EM project success, such 

as using a two-phase project acquisition process, constructing and using high fidelity pilot-

scale systems, and purposefully selecting technology alternatives. 

In addition to reviewing the protocols, guides, and reports on the DOE’s project 

management procedures and performance, a survey was conducted by the researchers, with the 

help of the DOE EM, to gain first-hand insight into the performance of DOE FOAK projects 
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and the procedures used with regards to FEP and technology development. Subject-matter 

experts were selected based upon experience with the DOE, FOAK projects, and technology 

development. The survey they were given is documented in Appendix B. The results from this 

survey were used alongside the findings from the analysis as the basis for the findings and 

recommendations. 
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LITERATURE REVIEW 

In the late 1970s, the DOE commissioned the Rand Corporation to study why the cost 

estimates of pioneer processing plants were highly inaccurate and how to better estimate their 

capital costs. The driving force behind the study was that for large processing facilities, the 

total cost of a facility could grow upwards of 100 percent from preliminary design and 

construction. This significant “cost growth” caused many projects to be less economical, 

scaled-back, or canceled altogether as they progressed. Authors of this first study, A Review of 

Cost Estimation in New Technologies: Implications for Energy Process Plants (1979), used 

the following methodology to develop and evaluate the data for their cost estimation 

framework: review what is already known about estimation accuracy in other fields; quantify 

and analyze the estimation errors in large public and private projects; and come up with 

common factors for those projects. Finally, this report applied the knowledge developed 

towards the unique aspects of DOE projects (Merrow et al. 1979). 

In the second of the Rand studies, Understanding Cost Growth and Performance 

Shortfalls in Pioneer Process Plants, the authors quantified and analyzed the following 

attributes of pioneer projects: which factors caused inaccurate cost estimates, which factors 

caused undesirable plant performance, and the impacts of the previous factors. The project data 

from 34 companies provided the statistical library in which this study was conducted. First, the 

researchers developed their conceptual model of cost growth and performance. They added 

factors that would have effects on either project cost or performance and distinguished the two 

groups from one another. Next, the research team analyzed the data from the 34 companies to 
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gauge the effect of each factor indicated in the previous step. A statistical analysis was used to 

show which factors have the most effect and the extent of their effect on project performance. 

Using this information, the researchers developed empirical models to better estimate the cost 

and performance of pioneer processing plants at the various stages of project planning and 

execution. A key finding from this report is that both cost and performance uncertainty comes 

from a lack of process and project understanding for FOAK projects (Merrow et al. 1981). 

L.A. Robbins, who was an engineer at DOW Chemical U.S.A., created a methodology 

on how to develop a successful pilot plant, outlined in his 1979 article for Chemical 

Engineering Progress, “The Miniplant Concept.” Although labeled as a process for 

“miniplants,” the outlined process for pilot plant design and operation also has helpful 

applications for more general project development, and is as follows: develop the conceptual 

design of the production plant, scale-down the process while maintaining “good engineering 

design and critical plant characteristics,” use equipment where good scale-up relationships 

exist between small- and full-scale operations, and operate the pilot plant with actual feed 

stocks and under typical conditions to collect process data. In addition to the aforementioned 

guidelines, a “multipurpose miniplant facility” is one that would be capable of quickly and 

efficiently producing small-scale, pilot systems in a laboratory environment for multiple 

projects at a time or throughout its lifetime. Robbins concluded his article with the benefits of 

the pilot plant approach for proving new technologies, which include research and testing 

potential, providing data towards full-scale design efforts, and developing immature 

technologies (Robbins 1979). 
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In his March 1990 article in Chemical Engineering, “Piloting Processes into 

Commercial Plants,” Palluzi elaborated on the details involved with pilot plants. The sizes for 

“pilot plants” range from bench-top, 5-10 ft2, to integrated, 20-150 ft2, to semiwork units, larger 

than 10,000 ft2. In addition to describing the sizes of pilot plants, he also discussed their 

intended use, whether as single purpose, multi-purpose, or general-purpose facilities. The size 

and purpose of a pilot plant can determine many factors of the design, operation, and cost of a 

pilot plant. As well as elaborating on how to best design a pilot plant, Palluzi also laid out a 

general list of action items that should occur in the start-up of a chemical processing pilot plant. 

Finally, the subject of who should conduct the pilot plant process was discussed: the owner, 

operator, designer, or some outside contractor (Palluzi 1990). 

In 2014, Wood-Black further elaborated on the questions that need to be answered 

through a scale-up process. The stages that scale-up are broken down into bench to pilot plant 

and pilot plant to full-scale production plant. From bench to pilot plant, it is critical to 

understand the scale-up factors from bench to pilot scales, any mechanical issues, the physical 

states of the materials at the larger scale, and to foresee problems before they occur. A similar 

scenario is necessary when scaling-up from the pilot to production scale. Wood-Black 

concluded that the pilot plant is critical to developing the information required to understand 

scaling issues (Wood-Black 2014). 

Berty examined how pilot plants are utilized within the realm of process development 

in his article, “The Changing Role of the Pilot Plant.” He observed that, in 1979, pilot plants 

were used for validating models of the process system and forecasts rather than generating data 
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for full-scale process design. The bench-scale is important to the pilot process because 

preliminary design should be based off of the results of experiments at the bench-scale. Once 

the preliminary design is completed, it should then be scaled down and a pilot plant 

constructed. The pilot plant then feeds information forward to the final design of the production 

facility. In addition, while Berty addressed the decision to continue a project to full-scale or 

abandon it after the pilot-scale, no definite criteria to make this decision were discussed (Berty 

1979). 

Using the findings from the Rand studies, Bell (2005) examined why the scale up of 

particulate processes caused, and continues to cause, so much trouble in process development. 

From the Rand studies, it was shown that after one year of operations, the design rate 

percentage for liquid and gas fed processes had a median of 90%. Processes being fed refined 

solids reached a median of 50% of their design rate and raw solids only 38%. One contributing 

factor to this is a lack of fundamental equations that define processes on solids at various scales 

comparable to those for gasses and liquids, such as the Ideal Gas Law. Other factors that affect 

the scale-up of particulate processes are the tendency of particles to act like multiple states of 

matter, effects from the time history and scale of a process or equipment, troubles in scaling 

models of processes, and the difficulty in collecting data in existing processes. The difficulties 

in several common unit operations were discussed, including crystallization, centrifugal 

dewatering, grinding, and silo design (Bell 2005). 

Richard Palluzi defined a pilot plant as “a tool intended to allow investigation of a 

process or process problem on a manageable scale in a realistic manner in a timely fashion.” 
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In his 1992 book, Pilot Plant Design, Construction, and Operation, Palluzi traced all of the 

steps required for a successful pilot plant from program definition to cost estimates and design 

to construction, start-up, and operations. A key point of his book was the description of both 

the size and application of a pilot plant. Palluzi also discussed how to deliver a pilot plant, with 

the proposed options as follows: design and construct in-house; design in-house and contract 

out the construction; rent an existing pilot plant; or contract out the entire process. Another 

point made in Palluzi’s book that pertains to this research was the notion that new technology 

or components need to be tested before the design is finalized to minimize future problems 

(Palluzi 1992). 

Like Palluzi, Vogel has written an entire book, Process Development, on how to bring 

a concept to fruition as a chemical production plant. However, unlike Palluzi, Vogel defined 

many of the individual components of a chemical production facility and the process data 

required to ensure operation of those components. In addition, he provided an outline of the 

process for developing a chemical processing facility; an explanation of the iterative nature of 

process development; and a list of scaling factors for several important process steps, such as 

absorption, extraction, and drying process. Also highlighted are the planning, construction, and 

start-up phases of a project, where planning is key to the success of later phases (Vogel 2005). 

In addition to the work by Palluzi and Vogel, Harmsen wrote Industrial Process Scale-

Up, which is intended to be a guide for technology developers. Harmsen identified process 

scale-up as “knowledge generation for risk identification, risk assessment and risk reduction.” 

Similar to Wood-Black, Harmsen divided technology development into stages, as follows: 



14 

 

 

 

 

ideation and research, development, and demonstration. In addition to defining and elaborating 

on the stages of technology development, different types of knowledge gaps, their associated 

risks, and plans to generate missing knowledge were identified, as shown in Table 1. Harmsen 

also discussed the various methods for the scale-up of unit operations, which include brute 

force, model based, empirical, and empirical-model hybrid based methods (Harmsen 2013). 

Table 1: Types of Knowledge Gaps, Risks, and Knowledge Generation Plans 

Flyvbjerg, Bruzelius, and Rothengatter studied megaprojects, especially large, public 

transportation projects in Europe, and how risk affects them. In their study, they found that in 

order to best manage these large, complex projects, decisions regarding those projects need to 

come from a risk-informed framework. The risks involved can be project-specific, market, 

sector-policy, or capital-market risks. Sector-policy risks arise from regulatory requirements 

and can reflect changes in the political landscape surrounding a project. Capital-market risks 

arise with the need for modern projects to acquire international funding. After describing the 

conventional approach to completing projects, the authors offered four ways to make project 

teams accountable for the development of an infrastructure megaproject: transparency, 

performance specifications, explicit formulation of a regulatory regime, and the involvement 

of risk capital (Flyvbjerg et al. 2003). 

As the number of simultaneous projects being worked on by the Jet Propulsion 

Laboratory (JPL) at the California Institute of Technology increases, so does the need for 

Type of Knowledge Gap Risks Knowledge Generation Plan 

I know what I don’t know Specific and limited Specific research 

I don’t know what I don’t know Unknown Integrated process tests 

(Adapted from Harmsen 2013, Table 1.1, p. 4) 
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support of those projects. A major area in which these projects need support is during the early 

project planning phase. The JPL has identified front-end planning as an effective tool to 

address the need for project support. The process used by JPL includes an advanced studies 

phase, mission and systems definition, and a preliminary design phase, all of which occur 

before the execution of the project. In addition, reviews are completed at the close of each 

phase and a supplemental technical, management, and cost review is done at the end of the 

first two phases (Webster 2004). 

In the context of a project’s timeline, the start-up of a new, untested process is an 

extreme event. Lager tackled the implications of this statement in his research into start-up 

management. To understand the context of a project’s start-up, project characteristics were 

defined on a low-medium-high rating for the following categories: newness of process 

technology to the world, newness of process technology to the firm, newness of product to the 

world, newness of product to the firm, complexity of technology size of installation of process 

plant, and supplementary project specific determinants. Once project context is understood, 

then a fitting organizational structure can be chosen. The organizational structures Lager 

proposed are: the production organization fully responsible for start-up activities and the 

project organization is responsible until start-up and project handover; the production 

organization is responsible for start-up and the project organization is responsible until start-

up; the project handover occurs once the facility is operating well and an intermediate 

organization is responsible for startup thru satisfactory plant operations. In addition, how to 

choose, train, and lead a project start-up organization are discussed (Lager 2012). 
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Industrial Megaprojects: Concepts, Strategies, and Practices for Success is a complete 

analysis of the process of bringing large, complex projects from concept to actuality. In his 

work, Merrow (2011) examined over 300 megaprojects to highlight common problems, 

identify overall trends, and provide best practices to help ensure a megaproject’s success. Of 

the 318 projects studied, 51% used some level of novel technology. Here, a project failure may 

result from any of the following factors: cost overruns, cost competitiveness, slip in execution 

schedules, schedule competitiveness, and production level versus design. For the projects 

investigated, a project was either very successful or unsuccessful in its level of performance, 

with not many projects falling in-between. To combat such failures Merrow proposed a multi-

pronged approach, which includes opportunity-shaping, gathering basic data, and front-end 

planning. During opportunity-shaping, project management should take the time to fully 

understand the necessary environment for a megaproject to succeed. Gathering accurate basic 

data, which includes any and all information relating to a process and its contained technology, 

assists with a more exact assessment of the project itself before design and construction. 

Finally, the front-end planning process in project development helps to ensure that the 

execution phase, detailed design, and construction proceed as smoothly as possible (Merrow 

2011). 
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TECHNOLOGY DEVELOPMENT 

Pertaining to projects in the processing industry, technology is best defined as any 

process; system, subsystem, or component of that process; or variation on an existing 

technology. For the scope of this research, some examples of a technology would be: a process 

to separate radioactive materials from a sludge, a system that performs the material removal 

from the sludge, a subsystem used to deliver a catalyst to a reactor vessel, or a valve that 

regulates the flow of the catalyst into the reactor. Technology consists of both physical 

elements, ranging from individual components to full systems, as well as the process itself that 

uses these products.  For large, FOAK projects, construction technology, such as modular 

construction and pre-fabrication, can be developed as well, but construction technology is 

outside the scope of this research. 

Defining Technology Development 

Technology development is the process in which an idea is brought from a conceptual 

stage through progressively larger and more complex phases that feed information forward to 

the final product being realized and operational as originally intended. This process of starting 

on a small scale and then working up to full-scale is found in most every facet of human 

endeavor. Marathon runners start out running short distances and increase their distance slowly 

to reach their final goal of being able to run 26.2 miles. Inventors start out with an idea or a 

solution to a problem and build prototypes and mock-ups before ramping up to mass-

production. Artists learn to paint on small canvases before producing breathtaking frescos that 

span entire ceilings. 
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As L.H. Baekland said in Industrial & Engineering Chemistry, “commit your blunders 

on a small scale and make your profits on a large scale” (Baekland 1916). Technology 

Development is important because it allows for a structured approach to learning the details of 

an idea on a small scale before they become problems on the large scale. In addition, making 

mistakes, or at least learning about them, at an earlier stage can save time and money, as the 

cost of solving a problem at a full-scale facility can be one thousand times more expensive 

than solving the same problem on the bench-top scale, as shown in Figure 1. Also, by having 

specific “kill criteria,” the management of a project can choose to abort or revert to a previous 

stage (Vogel 2005), which can save time and money by going back to solve problems at a more 
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Figure 1: Relative costs of fixing mistakes by development stage 

(Adapted from Vogel 2005, Fig. 4-3.) 
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manageable scale or abandoning a technology altogether if forecasts of performance are not 

promising. 

Characterizing Basic Data 

One of the most important aspects of successful technology development is the 

characterization of information described as “basic data” (Merrow 2011). There may be many 

names for “basic data,” but every technology development process generates information that 

defines the physiochemical, thermodynamic, and mechanical properties of a process and the 

components and materials therein (see Table 2). Any missing, assumed, and unvalidated basic 

data can lead to problems in later and larger stages of technology development, which can lead 

to cost and schedule overruns (Merrow 2011). If some piece of basic data cannot be known, 

then contingencies can be developed in order to minimize future risk and should be adhered 

to. 
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Table 2: Examples of Basic Data 

Another important aspect of basic data is the development of “kill criteria.” Kill criteria 

are specified situations, results, or performance levels that are predetermined to indicate that a 

technology is not developing as expected or towards economic or physical feasibility. While 

some kill criteria will indicate that a technology should be abandoned, other criteria can be 

used to indicate that the technology is not mature enough for a specific stage of development 

and should return to an earlier stage. Kill criteria are very important because they set reasonable 

limits, usually lower bounds, on the development of a technology. 

 

 

 

Category of Basic Data Basic Data Type 

Material Properties of Pure Substances 

Empirical Formula 

Molar Mass 

Melting Point 

Boiling Point 

Density 

Viscosity 

Process Information 

Product Characteristics 

Reaction Temperature 

Yields (including waste) 

Hydraulic Requirements 

Scale-up Effects 

Other Considerations 

Construction Materials and Reactivity 

Patent and Licensing Issues 

Development Cost and Time 
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Scales of Technology Development 

Although the many facets of the processing industry have different terminology for the 

names and criteria for different scales of technology, the following discussion will be in a 

general context. In addition, technology development typically occurs in a logical sequence of 

small to large scale, so the discussion will follow this sequence: conceptual, bench-top, 

laboratory, pilot, and production. Each scale has an important role to play in the successful 

development of a novel technology. 

Before discussing the different scales, some limitations need to be addressed. The 

limiting factors in the different scales that can be utilized, especially in terms of progression in 

size, are the scaling factors of both processes and components used within a process. A scaling 

factor is a multiplier that indicates how much a technology can be expanded and still be 

understood. Table 3 shows several processes and their respective scaling factors. The 

difference in size between two scales of a technology should not be more than the smallest 

scaling factor of any part of that technology. Exceeding the scaling factors can result in the 

breakdown of performance observed between scales and the underlying assumptions of a 

technology (Vogel 2005). 

 

Conceptual Bench-top Laboratory Pilot Production

Figure 2: Scales of Technology Development 
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Table 3: Example Scale-up Factors 

 

The first scale to be discussed is the concept or ideation scale. At this scale, a new 

technology is only an idea or a concept and has not yet taken physical form. The novel 

technology may also be found in research or published studies of the project team. Although 

this stage of technology development is purely theoretical, a project team can still think ahead 

and develop some criteria for performance in future systems, identify broad categories of 

required basic data, and choose some potential components and subsystems. 

Next, the bench-top scale serves as a proof of concept for a novel technology’s critical 

ideas and scientific concepts. At this scale, it is likely that the final components and subsystems 

have yet to be determined, so the components used at this stage do not reflect the final process. 

This scale is best suited for basic research into a technology, not for optimizing performance, 

and developing simulants of materials used by or created by a process. In addition, processes 

Technology Scaling Factor 

Reactors 

Tube-bundle reactor >10,000 

Homogeneous tube >10,000 

Homogeneous stirred tank >10,000 

Bubble column <1,000 

Fluidized-bed reactor 50-100 

Separation processes 

Distillation and rectification 1,000-50,000 

Absorption 1,000-50,000 

Extraction 500-1,000 

Drying 20-50 

Crystallization 20-30 

(Adapted from Vogel 2005, Tab. 4-1) 
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at this scale are generally operated manually, but can be automated if the proper equipment is 

available (Palluzi 1992). 

The laboratory-scale follows the bench-top scale; these systems are larger than their 

bench-top predecessors, but are generally less than 10% the size and/or throughput of a 

production-scale facility (DOE 2011). At this stage in development, the conceptual design of 

the production-scale facility should be completed, so scaled-down versions of components and 

subsystems can be tested with both simulants and actual feedstocks. Unlike previous scales, 

for some components and subsystems, there may be enough fidelity to their production-scale 

counterparts that integrated systems checks may occur. Those systems and components that 

can be integrated should be able to be scaled-up to production-scale from the laboratory-scale. 

A pilot-scale system is the intermediary between the laboratory and production scales. 

The primary purpose of this scale is to fill in the basic data relating to scale-up of the 

technology elements. For the pilot-scale system to be most effective at simulating the 

production scale, it needs to be large enough to capture the complex physiochemical, 

mechanical, and operational data required but small enough to be quickly and economically 

constructed. If fidelity at the laboratory-scale was not adequate, then it is imperative to achieve 

production-scale fidelity at this level. 

An engineering-scale system may be developed in addition to a pilot-scale system. On 

the spectrum of project scales, the engineering-scale system fills the same space as the pilot-

scale system. However, an engineering-scale system tends to be on the smaller end, towards 

the laboratory scale, while a pilot-scale system is more akin to a production-scale system. For 
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the purpose of this research, only the pilot scale will be used to represent the space between 

the laboratory and production scales. 

If the production-scale facility is to be constructed in such a way that there will be 

multiple, identical trains of the same process, e.g., “Alpha,” “Bravo,” “Charlie,” and “Delta” 

units, then it may make sense for the project team to develop one full-scale unit as a pilot. In 

doing so, they can run experiments and characterize all of the required basic data for the other, 

unconstructed units. However, for facilities that will only have a single process train, it would 

be redundant to construct a full-scale, full-process pilot facility. Two additional benefits of 

either type of pilot are the ability to train operators and the opportunity to begin some level of 

production before the execution phase is complete. 

Production-scale is the final, full-process version of the system, with full-sized 

equipment and is intended to operate as close to design capacity as possible. A successfully 

operating production-scale facility is the end goal of the technology development process. 

Although a production-scale facility is usually a stand-alone facility, it may be integrated with 

some smaller-scale facilities, namely the pilot-scale facility, to ease troubleshooting and 

personnel training. 
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Hierarchy of Process Systems 

As with any technological system, there is a natural hierarchy that appears between the 

system, subsystems, and components. This “tree-like” nature of systems is important to 

technology development because it forces information to flow from smaller Critical 

Technology Elements (CTEs) to larger elements. Critical Technology Elements are 

subsystems or components of a system which, by their own technological development, affect 

the technology development of other CTEs or the system as a whole (DOE 2011). An example 

of some CTEs in a modern automobile can be found in Figure 3. In the example provided in 

Figure 3, some of the major subsystems are the fuel, engine cooling, and braking subsystems, 

all of which have their own set of components. 

 

Engine 

Cooling 

Subsystem

Braking 

Subystem

Fuel 

Subsystem

Automobile

Drums and/or 

Rotors
Calipers

Brake Pads

Radiator Coolant

Water Pump

Fuel Tank Fuel Lines

Fuel Pump

Figure 3: Hierarchy of Automobile System 
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An important idea in the hierarchy of systems is that a system cannot be at a certain 

level of technology development until all of the constituent subsystems beneath it are at least 

at the same level. The same can be said for all of the subsystems and components that make 

up the system. This goes hand-in-hand with the notion that technology development starts at 

the base of the system “tree.” Once all of the components are adequately understood, the 

subsystems can be understood, and then the system as a whole. It is important to identify all of 

the relevant CTEs and their hierarchy at the onset of technology development in order to map 

out where efforts need to be made and to facilitate the flow of basic data from bottom to top. 

Integrated Systems Check 

Coordination between components and subsystems is important for overall project success. If 

all of the subsystems are not working together, then the system as a whole will either suffer in 

performance or fail altogether. An integrated systems check is a way to ensure that all of the 

components and subsystems of a process can work together at the production-scale. This can 

be achieved by physically linking the subsystems together as a scaled-down, full-process 

system. However, a project team may not have the resources to recreate the entire system at a 

single time, so they will need to test interactions between subsystems and components either 

individually or in groups. In the case of a linear process, the interaction between subsystem 

“A” and subsystem “B” can be studied, noting the range of inputs, outputs, and basic data 

generated. Then, to study the interaction between subsystem “B” and subsystem “C,” the 

ranges found previously should be used to determine their effects and outputs. This is repeated 



27 

 

 

 

 

until the whole process has been exhausted. Following this procedure will allow for the 

prediction of production-scale system performance across a range of inputs and conditions. 

In the case of more complicated processes, the above methodology can still work. 

Instead of moving from one step to the next, a study should be conducted in which a range of 

inputs are performed for each step, noting the range of outputs and the effects on the subsystem 

itself, then testing those conditions on each of the following steps that are affected. A project 

team should also pay close attention to those processes that involve recycle flows, as 

undesirable materials may build up over time. However, this method of validating integrated 

system performance is only accurate if the components, subsystems, and interactions between 

subsystems are scalable to production-scale. If they are not able to be scaled-up to production 

scale, then an integrated systems check should be performed on a larger scale. 

Figure 4 shows an example of a process system with N number of sub-process steps. 

For some reason, the entire system cannot be reproduced at an appropriate scale in order to 

complete an integrated systems check. In order to ensure that each sub-system can work with 

one another, the process outlined in Figure 5, which is discussed above, will allow the project 

team to test the expected range of inputs on each sub-system without setting up a full-process, 

scaled-down system. The full range of expected inputs is tested on sub-process 1, which will 

then produce a range of outputs. Then, the range of outputs from sub-process 1 are used to test 

sub-process 2. This continues until all process steps have been tested and understood. 
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Technology Readiness Levels and Assessments 

As with other scientific or engineering endeavors, metrics have been developed in order 

to measure technology development. The metric that will be discussed here is Technology 

Readiness Level (TRL), developed by the National Aeronautics and Space Administration 

(NASA) in the mid-1970s (Sadin et al. 1988) and then adopted by the U.S. Department of 

Defense, specifically the U.S. Air Force, and the DOE (Mankins 2009). The purpose of the 

TRL is to give a metric outside the pressures of project management to measure the maturity 

of a developing technology. See Table 4 for a description of TRLs. 

Technology Readiness Assessments (TRA) are the framework by which the TRL 

metric is measured. These assessments of a technology’s maturity are to be conducted regularly 

and can be used as a tool to measure progress. Similar to NASA and the U.S. Air Force 

protocols, TRAs should be standardized to effectively evaluate technologies across different 

disciplines. In addition, there should be separate TRAs conducted for CTEs at the component 

and subsystem levels, as well as one for the overall system. In doing so, the progress of each 

part of a technology can be tracked. 

Feedstock Sub-process 1 Sub-process 2 ...
Sub-process 

N
Output

Determine 

full range of 

input 

parameters

Apply full range 

of inputs to sub-

process 1

Record 

outputs 

from sub-

process 1

Apply range of 

outputs from sub-

process 1 to sub-

process 2

Record 

outputs 

from sub-

process 2

...

Record 

outputs 

from sub-

process N

Figure 4: Example Process System 

Figure 5: Methodology for Integrated Systems Check without Full-Process System 
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Table 4: Description of Technology Readiness Levels 

 

The Importance of Evaluations 

Both TRLs and TRAs play an important role in standardizing how technology is 

measured, but it is the evaluation of those measurements that proves to be the important tool 

to a project team. By evaluating a technology at each TRL, through a TRA, it can be shown if 

the technology is developing according to schedule, budget, and generation of basic data. 

Evaluation is important to sort out what basic data has been generated, what data is missing, 

and what information is expected to be found at the next stage of development. In addition, 

any assumptions from prior stages should be validated during the evaluation period, as 

TRL Name Description 

1 Basic Principles Basic science has been established 

2 Technology Concept Technology applications are formed, but not proven 

3 Proof of Concept Technology concept proven on the benchtop-scale in 

limited conditions 

4 Lab-scale w/ Simulants Technology has been proven on the laboratory-scale 

with simulants or in a limited range of operating 

conditions 

5 Lab-scale w/ Actual 

Material 

Technology has been proven on the laboratory-scale 

with actual materials or in a broad range of operating 

conditions 

6 Pilot-scale w/ 

Simulants 

Technology has been proven on the pilot-scale with 

simulants or in a limited range of operating conditions 

7 Pilot-scale w/ Actual 

Material 

Technology has been proven on the pilot-scale with 

actual materials or in a broad range of operating 

conditions 

8 Full-scale 

Demonstration 

Technology has been proven at the production-scale 

with actual materials on a broad range of operating 

conditions but is not operating at design capacity 

9 Full-scale, Full-process 

Operations 

Technology is operating at design capacity in a 

production-scale facility 



30 

 

 

 

 

unvalidated assumptions can lead to system problems later on. Depending on the balance of 

basic data versus maturity of the developing technology, there are three possible outcomes of 

an evaluation: move forward, gather more information, or abort development. 

The best case scenario after an evaluation of a technology’s development would be to 

move forward to the next stage of development. For this to occur, an evaluation should find 

that all of the basic data needed for the next stage of development has been gathered and that 

all of the problems of the previous stage were either solved or dealt with in an appropriate 

manner. Some of the information of the previous step may be unknowable, so parameters and 

contingencies should be created in order to mitigate the effects of that basic data. It is important 

to take the time at this point in development to then list the information to be found and 

assumptions to be validated in the next stage of development and to plan how it will be 

acquired. 

If, through the evaluation of technology development, it is found that not enough basic 

data was found in the previous stage, the system’s performance was not as expected, or new 

categories of information were discovered that were not studied at prior stages of development, 

then the development should regress back to a previous stage in order to find and feed the 

missing data forward. This helps the technology develop in a stable manner so that overlooked 

problems or untested assumptions do not continue to grow into larger problems at a later time. 

Basic data is easily measurable, and assumptions can be investigated, through testing. If a 

parameter has changed during the transition from one stage to another (e.g. the composition of 
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a feed stock or fuel source), then testing at previous stages should also be conducted to study 

the effects of the change. 

The third outcome of an evaluation would be to abort the development of the 

technology. This decision should be reached based upon specific “kill criteria” that are 

determined at an earlier time, either at the onset of technology development or at the prior 

stage’s evaluation. Kill criteria are situations and indicators of the performance of the 

technology development process, such as budget, schedule, and performance of the developing 

technology. If it is determined that a technology’s development should be stopped, then either 

the project itself is canceled or an alternative technology is chosen. 

In addition to tracking the progress of a technology’s development, assessments can be 

used to predict the amount of work remaining based upon the amount of missing basic data 

surrounding the new technology. Figure 6 outlines this relationship. The less known about a 

technology, more rigorous development at a larger scale will be required for reliable 

information. Technologies for which most of the basic data has been gathered will require little 

to no development at a smaller scale. 

 

Information Missing

Technology Development Rigor

Little to No Information 
Missing

Some Information 
Missing

Large Amounts of 
Information Missing

No Tests Needed
Test Individual 

Components, as needed
Test Individual 

Subsystems, as needed
Full Process Test 

Needed

Figure 6: Relationship between Technology Development Rigor and Amount of 

Information Missing 
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Using Technology Readiness to Tailor Technology Development 

Like the Pyramids at Giza, whose uppermost stone blocks are built upon and supported 

by the layer beneath them, a technology system is dependent on the function of the subsystems 

and components that comprise the whole system. Using TRLs and TRAs on the subsystems, 

components, and interactions between them, the overall technology development of a system 

can be mapped out which will indicate which CTEs need more development and which have 

reached maturity. Using the hierarchy of the system itself and the TRAs of each CTE, a project 

team can tailor their technology development approach to fit the state of the system and allocate 

resources accordingly. An organization chart depicting the hierarchy of the system can be used 

as a visual tool; each CTE can be color-coded to match its individual level of technology 

development (see Figure 7 for an example using the earlier automobile example). In the given 

figure, CTEs that are green are matured technologies; yellow CTEs indicate that there may be 

Engine 
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Braking 

Subystem

Fuel 

Subsystem

Automobile

Drums and/or 

Rotors
Calipers
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Radiator Coolant

Water Pump

Fuel Tank Fuel Lines

Fuel Pump

Figure 7: Tailoring of Example Automobile System 
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some missing basic data, but parameters have been developed to lessen their impact; and red 

CTEs need further development. At the end of technology development, the whole system 

organization chart should be green, with some yellow as necessary. 

Which Critical Technology Elements Need Development? 

At the onset, deciding which CTEs need more development or attention than others can 

be daunting, but knowing a few indicators that point towards potential problems before they 

coalesce can help to simplify the process. Primarily, any truly novel CTE should be 

investigated heavily, as should any subsystem or component that is downstream of the new 

CTE’s outflow. A new technology is inherently unevaluated, and the missing data from lack 

of testing can raise tremendous problems at large scales of utilization. In addition to truly novel 

elements, any technology element that has been adapted to a new application also merits 

scrutiny as changes in purpose or inputs can affect performance (DOE 2011). 

Critical Technology Elements that are involved in complex recycle flows need to be 

closely inspected as well. Left to its own processes, a system with recycle flows can develop 

an unforeseen concentration of materials that will, likely, affect the performance of the overall 

system. The recycle flow can develop materials that may slow overall process performance or 

may change the output altogether (Vogel 2005). Understanding the complex workings of 

recycle flows allows designers to design solutions to eliminate or work with their effects. 

Other candidates for scrutiny during technology development are CTEs that involve 

processing or handling solid or semi-solid materials. Unlike gasses, liquids, and their mixtures, 

there are not equations that allow for easy scaling of solids processing, like the Ideal Gas Law. 
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Typically, these technology elements have very low scaling factors when compared to those 

elements that deal with gasses or liquids. In addition to straight solids, those elements that 

process or handle gasses or liquids with suspended solids should also be evaluated carefully 

because they are similarly problematic (Vogel 2005 and Merrow et al. 1981). 
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FRONT-END PLANNING 

Preparing the elements to conduct a good design before entering the execution phase 

of a project is a key factor in the success of a complex project. Front-end planning is a process 

that works to ensure a robust design so that the execution phase of a project yields better results 

(CII 1995). In essence, FEP reduces the risk of a project failing during the execution phase, 

which is defined as the detailed design, construction, commissioning, and start-up activities of 

a project. The three main stages of FEP are developing the business case, completing the 

project scope, and preparing for execution (Merrow 2011). See Figure 8 for the organization 

and placement of FEP within a project’s timeline. 

 

Developing the Business Case 

At the onset of any project, the need to show that a project is a viable business endeavor 

is key. No project will receive approval if it cannot prove it will be profitable during operation, 

at least in the long-term. Although cost estimates at the earliest stage of a project are typically 

the most inaccurate, they can still give insight into a proposed project’s performance. This 

stage is about setting up the project and developing a plan to succeed. 

Project 

Initiation

FEP-1

Developing 

the Business 

Case

FEP-2

Completing 

the Project 

Scope

FEP-3

Preparing for 

Execution

Project 

Execution

Project 

Conclusion

Initiation Front-End Planning Execution Conclusion

Figure 8: Front-End Planning Organization and Placement within Project Timeline 

(Adapted from Merrow 2011, Fig. 10.1) 
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The first major decision is the creation of the project team. Members of the FEP project 

team should all be contributors to the project; all stakeholders should be represented, which 

would include the owner, operator, construction contractor, designer(s), and any regulatory 

bodies, among others. A general list of groups to be represented on a FEP team is given in 

Table 5. This team of people will develop the foundation of the FEP process, so selection 

should be taken with great care. If needed to better accomplish FEP tasks, sub-teams may be 

created in order to distribute work to smaller groups of members who may have more expertise 

in a certain area, desire to see a task completed properly, or live or work in geographical 

proximity (CII 1995). 

Table 5: Groups Represented in Front-End Planning Team 

 

 

 

 

 

 

 

 

 

 

Group 

Business and Market Evaluation 

Construction 

Cost and Schedule 

Environmental 

Financial Analysis 

General Engineering 

Human Resources 

Image 

Labor Relations 

Legal 

Operations 

Process Engineering 

Procurement 

Project Controls 

Project Management 

Project Sponsor 

Public Relations 

Quality 

Safety 

Specialist Engineering 

(Adapted from CII 1995, p. 19-20) 
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The team then is tasked with developing the business case of the project. Research 

should be conducted with regards to process alternatives, locations, feedstocks, unit costs, 

amount of technology development needed, and eventual product market. All of these factors, 

among others, should factor into initial estimates of the project’s profitability. Any partnerships 

between entities, e.g. corporations, private groups, governments, or other public groups, should 

also be addressed and defined at this point in the FEP. The FEP team should be called upon to 

lay out the objectives of the project, which may be to increase profits, lower overhead of 

another internal project or process, meet new regulatory requirements, bring a new product to 

the market, etc (CII 1995 and Merrow 2011). 

Before continuing on to complete the project scope, the FEP team should plan out the 

rest of the FEP tasks. The FEP process is, in and of itself, a mini-project and should be held 

accountable to a budget and schedule in the same manner as the execution phase. Important 

dates for milestones should be agreed upon and a budget established. These dates, budget 

targets, and all other FEP information should be recorded in the event that the FEP activities 

are halted for any reason so that those activities may be resumed later with little time wasted 

(Merrow 2011). 

Completing the Project Scope 

The next major stage in FEP is to complete the project scope. With the high-level 

planning done in the previous stage, the FEP team can look into different locations and 

technology alternatives, develop cost and schedule estimates for each possible combination 

thereof, and evaluate the proposed estimates. The FEP team must select a technology 
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alternative relatively early in FEP-2, but location selection can affect the technology selection, 

and vice versa. Overall, the technology and location combination that is selected may not be 

the cheapest or quickest option at face value, but should be the solution that best fits the 

business case and project need laid out in FEP-1 (CII 1995 and Merrow 2011). 

There are many questions to be asked and analyzed before finalizing a project location. 

How far from the closest airport is the site? Are there any environmental issues? Should we 

construct on a green-field or an existing site? What is the local/state/federal government 

oversight? Table 6 lists some of the factors that should be considered in choosing a site (CII 

1995). 

Table 6: Example Factors for Site Evaluation 

Site Factor 

Access to Feed Stocks 

Labor Economy 

Expandability 

Energy Cost 

Location 

Configuration 

Topography 

Zoning 

Weather 

Climate 

Ownership 

Environmental Restrictions 

Governmental Incentives 

For some projects, there may be a multitude of technology alternatives to choose from. 

Other projects may only have one or two options. Each possible technology needs to be 

assessed for its maturity, fit for the application, cost of construction, ease of operation, 

(Adapted from CII 1995, Tab. 3.2) 
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maintenance and resale costs, and production performance. Similar to choosing a facility’s 

location, choosing the technology alternative is not a straightforward decision either. For 

example, while it may be economical to build a combined facility that can process more than 

one material stream, this would require a major change in project planning and a return to FEP-

1 would be warranted (Merrow 2011). 

Given the information obtained from researching possible locations and technology 

alternatives, estimates can be made as to the cost and schedule of the project’s execution phase 

of the project. All of the factors should then be weighed against one another to choose the best 

fitting technology and location combination for the project. In this manner, the FEP team can 

determine which aspects of the project’s scope are most important and tailor their alternative 

selection based upon those criteria. Once an alternative has been established, the Process Flow 

Diagrams (PFD) can be established with a conceptual design (Merrow 2011). 

Preparing for Project Execution 

With a project site and a conceptual design established from FEP-2, the last stage of 

FEP is to prepare to execute the project. The two major tasks at this stage are to complete a 

preliminary design of the facility and establish a project execution plan. Any and all lose ends 

still present from previous planning stages must be addressed before continuing on to project 

execution (Merrow 2011). 

The development of a preliminary design is important because it is the culmination of 

all engineering activities up until project execution. By the time the design is completed, most 

of the relevant information about the process should be known and understood. An analysis of 
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any unobtainable basic data should be carried out and actions taken to lessen or mitigate the 

effect of the missing information. In addition to those risks the FEP team can identify, there 

will also be risks that evade detection, so additional contingency should be added towards 

lessening the unknown risks’ effects. Three major accomplishments in the preliminary design 

phase can serve as indications that the project is ready for the execution stage: the completion 

and approval of piping and instrumentation diagrams, completion of major equipment 

specifications and the order of long-lead time items, and a more accurate cost estimate 

developed from the piping and instrumentation diagrams (Merrow 2011). 

While the preliminary design is being completed, the FEP team can proceed to work 

on the project execution plan. The approach to execute the project is very important in 

determining the execution plan, which should include all of the tasks required for 

implementing the project and describe who is responsible for completing that task. Extending 

the information garnered from developing the approach, a detailed project execution schedule 

can be created, including appropriate milestones and project control guidelines that serve as 

stops to keep the project on track (Merrow 2011). 
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COMBINING FRONT END PLANNING AND TECHNOLOGY DEVELOPMENT 

Although both FEP and technology development are established concepts, the 

combination of these two processes and the extent to which they can be performed together 

can have large benefits for FOAK projects. The use of a rigorous technology development 

protocol supports the need for process information throughout the FEP process. A well-

managed FEP process gives more structure to the development of technology. The most 

important aspect of the relationship between FEP and technology development is that the 

timing of each process logically fits into the pace of the other. The following discussion will 

be formatted around the stages of the FEP process because the small increments of technology 

development, specifically the TRLs, fit better into the larger progression between FEP stages. 

See Figure 9 for a layout of how TRLs fit into the FEP stages. 
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From Ideation to FEP-1 

The purpose of FEP-1 is to establish the business case of a project. To do so, the initial 

concepts of the project facility and process need to be developed. In doing so, technology 

alternatives are found and analyzed in order to determine their order-of-magnitude cost and the 

amount and intensity of technology development that still needs to occur. It is at this stage that 

technology alternatives should be at a TRL 3 or above. This level of technology development, 

TRL 3, is important to developing the business case because it represents the first major 

milestone in understanding a technology at larger scales and can begin to provide insight into 

the intensity of further technology development. Technology Readiness Level 3 indicates that 

the alternative technology concept has been proven and is well documented in scientific and 

engineering papers. It is also at this TRL that the notion of how much and how intense the 

technology development process will be. Put simply, the practicality of developing a 

technology to a TRL 6 or TRL 7 for the detailed design stage needs to be considered in the 

alternative analysis. As an example, it may be easier to develop an alternative that is at TRL 2 

at FEP-1 to TRL 6 than a different alternative that is at TRL 3 at FEP-1. With that information 

in mind, an initial evaluation should be conducted to rule out any significantly costly, ill-

performing, and developmentally difficult technology alternatives. 

If a technology alternative is below a TRL 3 at FEP-1, then it is not mature enough for 

continued consideration by the FEP team; this is because the basic principles of the technology 

alternative have yet to be proven. The risk of a production-scale system failing is too high. 

However, if the FEP team wants to keep the under-developed technology alternative in 
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contention, they can either wait for the alternative to mature to at least TRL 3 or allocate 

resources to ensure its maturation. There is a third possibility: to abort that technology 

alternative for the current project and save it for a later need. If the technology has developed 

beyond a TRL 3 at that time, then there should be no adverse effect on the project. 

Technology development assists FEP at this stage by demonstrating that a proposed 

technology alternative is a viable solution to solving a project’s need. It does this by proving 

that the concept behind the technology is possible and not just scientific theory. Front-end 

planning assists technology development at this early stage by providing a goal for basic 

science research to help solve engineering and business problems. In addition, it can also be a 

possible avenue of funding for researchers to develop concepts and offer solutions to current 

sponsors or future organizational partners. 

From FEP-1 to FEP-2 

Between FEP stages one and two, the scope of a project is fully developed and the 

technology alternative, which should be chosen soon after FEP-1 is reached, if not before FEP-

1 approval, matures by the gathering of basic data. Before FEP-2 is reached, the basic process 

data needs to be gathered and analyzed; this includes information regarding the feedstocks and 

end product, the conceptual PFD, major equipment to be utilized, and any other items critical 

to overall system performance. Once a conceptual design and the corresponding theoretical 

performance of the system are completed, the design can be appropriately scaled down and 

rigorously studied through the technology development process. 
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Starting with TRL 4, basic component and system validation at a laboratory scale, the 

technology should develop to at least a TRL 6, component or system validation at the pilot 

scale, or TRL 7, validation at full scale. For certain processes and technologies, it may be 

important to distinguish between the use of simulant materials to test a system, as required for 

TRLs 4 and 6, and the use of actual materials for the same validation procedures, as required 

for TRLs 5 and 7. The characteristics that a simulant is designed to replicate in the actual 

material are likely to be the important features of the actual material, but no simulant can truly 

capture the exact behavior of the original material. If simulants alone are used in the validation 

of TRLs, then the FEP and technology development teams should continue the work until TRL 

7 is reached with actual materials. 

Reaching TRLs 6 or 7, as appropriate, by the completion of FEP-2 reduces the risk of 

missing basic data and lessens the potential negative impact of that unknown information on 

the execution and performance of a project. By developing a technology to a TRL 6 or 7, its 

development team has shown that the system can perform the intended process as planned at 

either pilot- or full-scale, depending on the TRL reached, and with reasonable certainty that 

the production-scale system will perform as intended as well. Pilot- or full-scale systems at 

TRLs 6 or 7 should be scaled-down, high-fidelity recreations of production-scale facilities. 

The scope of a project cannot be fully developed, which is the purpose of FEP-2, unless all 

knowable basic data about the technology is gathered and interpreted, which requires a TRL 6 

or 7. 
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If a technology does not reach either TRL 6 or 7, as appropriate, by the completion of 

FEP-2, then there is an increased risk that there is unknown basic data that will be entering the 

preliminary and detailed designs of a system. This can poorly affect system performance and 

hinder commissioning, start-up, and operational activities until the unknown information is 

identified on either the production-scale or smaller-scale system. As shown in Figure 10, the 

problems caused by a lack of basic data are also far more expensive to fix after the preliminary 

and detailed designs have been completed and even more so as the construction, 

commissioning, and start-up processes progress (CII 1995). Therefore, it is in the best interest 

of the FEP, technology development, and project management teams to ensure that basic data 

Figure 10: Influence and Cost versus Time 

(From CII 1995, Fig. 1.2) 
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is found earlier in a project’s lifetime. If a technology is above a TRL 6 or 7, there should be 

limited adverse effect on a project. 

Although it is good to have all CTEs at a TRL 6 or 7, as applicable, by the end of FEP-

2, it is also important to have all of the interactions between CTEs at the same level of 

development. This is a critical step that can be easily overlooked due to the presentation of the 

TRL process. If the interactions between CTEs do not occur at a high enough TRL, then the 

overall system is at higher risk of not performing as intended. In some cases, this can be more 

costly in time and money than a component or subsystem failing, because the problem is harder 

to solve, due to its nature, and the solution could involve the replacement of one, two, or more 

whole CTEs. As with the general technology discussed above, if the interactions between CTEs 

are above a TRL 6 or 7, then there should be no adverse effect on the project. 

It is evident that the technology development process greatly assists the FEP process 

after FEP-2 by providing the required basic data for detailed design. The technology 

development process contributes to the FEP process by providing the means for gathering basic 

data. During the stage before FEP-2 approval, the technology development and FEP processes 

progress at a concordant rate. In return, FEP allows the technology development team the space 

and resources it will need to accomplish their tasks. The only negative interaction that can 

happen between FEP and technology development is that FEP sets up a schedule and cost 

framework that can possibly hinder the problem solving capabilities of the technology 

development team. However, that negative interaction can also be used as an indicator that 
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development of the technology should be stopped and other alternatives should be pursued; it 

may also indicate that the FEP schedules and budgets are too aggressive. 

From FEP-2 to FEP-3 

In order to achieve FEP-3 and clear the project for entrance into the execution stage, 

the project execution plan and the preliminary design need to be completed (Merrow 2011). 

For the detailed design to be finished and approved in the execution phase of the project, any 

outstanding requisite basic data should be found and understood prior to FEP-3 approval. 

Therefore, the interaction between FEP and technology development at this stage is a 

continuation from previous stages to fill any further gaps in the understanding of the 

technology. Concurrently, the technology development team can complete any necessary 

activities on commissioning, start-up, and operational procedures for the production-scale 

facility. In addition, operators and maintenance personnel can begin training on the scaled-

down systems and small amounts of the product can be produced to help develop quality 

control testing and standards, or to make available to outside entities. 

Project Execution, Completion, and Initial Operations 

During project execution, the commissioning, start-up, and initial operations of a 

system help develop a technology. Although the completion of the detailed design and 

construction phases are a part of project execution, they do not contribute to a technology’s 

development, per se. By completing the project, the technology is taken from a TRL 6 or 7 to 

a TRL 8. It is not until the facility is operating at or close to design benchmarks that the 

technology can attain TRL 9. While the system is being put through commissioning, start-up, 
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and initial operations, any problems or inconsistencies that arise can be investigated on a 

smaller-scale system. This part of the process is outside the scope of the FEP team, but the 

team’s work in conjunction with the technology development team has strong correlations with 

overall project success (Merrow 2011). 
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CASE STUDY 

The United States has a substantial history of producing nuclear waste in the 20th 

century, mostly as a byproduct of the production of weapons-grade nuclear materials for 

military use. This production has its roots in the Manhattan Project, started in 1939, and 

continued with the development of weapons for World War II and the Cold War. In 1989, the 

DOE created the Office of Environmental Management to clean up radioactive and hazardous 

wastes across the United States (DOE 2014). The mission of the DOE EM is to complete the 

safe cleanup of the environmental legacy brought about from five decades of nuclear weapons 

development and government-sponsored nuclear energy research. In order to meet this 

mission, the DOE EM must construct large, complex, usually FOAK facilities in order to treat 

the various types of waste found at each site to prepare them for permanent storage. 

This case study was completed with the help of the DOE EM to identify shortcomings 

in their procedures and practices for technology development, FEP, and their integration in 

development of nuclear waste treatment facilities. A thorough review of DOE procedures and 

a survey of personnel involved in the DOE’s FOAK projects were conducted in order to 

understand the current state of EM’s practices. A survey, which is documented in Appendix B, 

was given to gauge how effectively the DOE is following their existing procedures. Once the 

results were received, trends identified, and findings compiled, a set of recommended actions 

are outlined. 
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DOE Procedures Review 

As an organization that oversees the design, construction, and operation of large, 

FOAK waste treatment facilities, the DOE EM already has a quite robust project management 

procedure in place that covers the entire lifespan of a project from inception to completion. 

The Program and Project Management for the Acquisition of Capital Assets, referred to as 

DOE O 413.3B and the Project Management Order, took effect in November 2010 and is 

applicable to all DOE capital projects over $50 million and those over $20 million as needed. 

DOE O 413.3B serves as an umbrella document that lays out an overall approach for the DOE 

to perform large capital projects and references many more documents for the specifics of each 

activity required and when to perform those activities (DOE 2010). 

The process detailed in DOE O 413.3B, named the Critical Decision (CD) process, is 

similar to FEP, with the exception that the CD process continues into and through the end of 

the execution phase of a project. In addition, the CD process differs from FEP in that the 

identification of a project’s need or usefulness is also incorporated into the CD process, 

whereas that decision precedes the activities of FEP. In this way, an FEP-like process is 

integrated into the CD process. The CD process goes through five separate stages, which are 

labeled as CD-0 thru CD-4. Each stage in the process represents a significant milestone in the 
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completion of a capital project. See Figure 11 for an outline of the CD process and the 

associated project phases as used by the DOE (DOE 2010). 

The approval of the mission need is the first step in the CD process. It is at CD-0 the 

DOE EM identifies that there is a need to perform an action and begins to frame the solution 

to the problem at hand. The major task to be performed at this time is the Mission Need 

Statement, which address both the performance gap and the general idea of a solution. In 

addition, a rough cost estimate is generated in order to determine at which organizational level 

the CD authority is held or should be delegated (DOE 2010). 

After the mission need has been approved, the alternative selection phase begins. The 

purpose of CD-1 is to take the rough framework of the solution from CD-0 and use an iterative, 

systems engineering approach to determine the technological details of the solution to the 

mission’s need. The systems engineering approach is outlined in Managing Design and 

Construction Using Systems Engineering for Use with DOE O 413.3A, or DOE G 413.3-1. It 

is in this phase in which an integrated project team (IPT) is formed to analyze potential 

alternatives and determine the most suitable alternative for the project. In addition to 

CD-0

Approve 

Mission Need

CD-1

Approve 

Alternative 

Selection and 

Cost Range

CD-2

Approve 

Performance 

Baseline

CD-3

Approve of 

Construction or 

Execution

CD-4

Approve Start 

of Operations 

or Project 

Completion

Definition ExecutionInitiation Closeout

Figure 11: DOE Critical Decision Process and Project Phases 

(Adapted from DOE 2010, Fig. 1) 
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determining the best alternative, a conceptual design is developed and a cost estimate 

generated; this is not the final, most accurate estimate (DOE 2010). 

Where CD-1 aims to determine the best alternative available and develop a conceptual 

design, CD-2 goes further and works to create a full-fledged preliminary design. It is at this 

stage that the project execution plan, which includes details regarding funding and long-lead 

items for the project, is defined. In addition, the TRA process is applied to any significantly 

new technologies and a technology maturation plan is developed as necessary. The preliminary 

design and project execution plan can then be used to determine the performance baseline for 

the project, which outlines the cost, completion date, and key performance parameters to be 

achieved at the end of the execution phase. It is important to note that the preliminary design 

required for CD-2 approval is not the complete and final design (DOE 2010). 

After the performance baseline has been established, the final preparations before 

starting construction take place prior to CD-3 approval. In this period, the final, detailed design 

is completed. For those technologies that went through a TRA in CD-2, another assessment 

should be conducted, as necessary. In the case of long-lead procurement items, a special CD-

3A can be approved sufficiently early to receive those items at an appropriate time. The 

approval of CD-3, in earnest, marks the the project as ready to begin construction activities 

(DOE 2010). 

The period between CD-3 approval and the closeout of a project, or CD-4, can be a few 

short months or several years depending on the project. In this period, the construction of the 

project must be fully completed. Once construction is completed, systems testing, cold and hot 
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commissioning, and project start-up can take place. A plan also needs to be in place that lays 

out the transition from the project team to operations. In the end, CD-4 cannot be approved 

until the key performance parameters identified and defined in CD-2, such as waste conversion 

and feedstock consumption rates, are met. After CD-4 is approved, several more activities 

occur, but the project is mostly finished for the IPT (DOE 2010). 

The DOE’s Technology Readiness Assessment Guide, DOE G 413.3-4A, is the child 

document under DOE 413.3B that deals specifically with technology development and makes 

recommendations to an IPT as to when a TRA should occur and which TRL should be achieved 

by each CD step. See Figure 12 for the recommended TRLs for each CD step. The DOE uses 

similar TRLs to those defined in Table 4; the DOE’s level definitions are included in Appendix 
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A. In addition to defining how assessments should be conducted and technology readiness 

measured, guidance is given for identifying which elements of a technology are critical for 

system performance and project completion and labels them as CTEs. Each CTE’s technology 

development is tracked during the life of the project through TRAs (DOE 2011). 

In addition to the Technology Readiness Assessment Guide, the DOE EM produced a 

report in 2013 to address some of the missing pieces in the DOE’s procedures relating to 

technology readiness and development. The Technology Readiness Assessment/Technology 

Maturation Plan Process Implementation Guide was initially drafted in 2008, but was revised 

in August 2013 to incorporate the lessons learned from the seven additional TRAs conducted 

in that span of time. In the guide, the purpose and methodology behind conducting TRAs are 

explained, as well as how technology development and assessment fit within the CD process. 

In addition, a similar review is conducted on the Technology Maturation Plan (TMP) process. 

The TMP process is intended to map out the development of a CTE in order to establish the 

risk scope, cost, and schedule of maturing the technology further. Concluding the guide is a 

series of “lessons learned” from the DOE EM in their experience in carrying out both TRAs 

and TMPs. The best practices from the DOE’s experience align closely to the content of this 

research paper, including: having a structured, objective, and documented assessment process; 

the importance of testing components in a complete system; and the criticality of project 

definition (DOE 2013). 
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Select Project Performance Review 

Although it is important to review the official procedures and literature from the DOE, 

it is equally important to look into their project performance. The two projects in particular to 

be assessed are the Salt Waste Processing Facility (SWPF) at the Savanah River Site (SRS) in 

South Carolina, and the Integrated Waste Treatment Unit (IWTU) at the Idaho National 

Laboratory. Both SWPF and IWTU are large, complex, FOAK projects that have completed 

their construction phase, and are still in the execution phase, at the time of the present study 

(DOE 2015). 

The SWPF at the SRS is designed to pre-treat salt waste to separate high- and low-level 

radioactive waste from on-site storage tanks and fits into the larger Radioactive Liquid Tank 

Waste Stabilization and Disposition Project at the SRS. As part of the development of SWPF, 

a pilot-scale facility was completed to pre-treat a small amount of salt waste using the two 

main CTEs, the Actinide Removal Process and the Modular Caustic Side Solvent Extraction 

Unit, and to provide operating experience towards the use of SWPF. Although no pilot-scale 

testing was performed, since the two processes are already 1/10 scale of SWPF, extensive 

laboratory testing did occur with actual waste. The pilot-scale portion of SWPF was completed 

both within schedule and under budget, and the original three-year operating life was extended 

to provide coverage due to delays in SWPF operations (DOE 2015). 

 The IWTU project began as the Sodium-Bearing Waste Treatment Facility to treat 

sodium-bearing liquid waste stored in tanks at the Idaho National Laboratory. During 

preliminary design, the project’s mission was expanded to be able to treat calcine waste from 
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earlier facilities, which led to the name change. Laboratory tests at the Hazen Research Facility 

in Colorado led to the successful design and operation of a 1/10 scale pilot plant at the Hazen 

facility. However, several key design parameters were not addressed as part of pilot-scale 

testing, such as the use of propane instead of coal or coke as a heat and carbon source and the 

configuration of the fluidized gas rails. In the case of the configuration of the fluidized gas 

rails, full-scale designs were modified from those used at the pilot plant and evaluated through 

computer modeling, but were not tested at the pilot scale. This required the development of a 

full-scale prototype to develop the required basic data for design and operation. The 

construction of IWTU was delayed, in part, by incomplete designs stemming from the 

expansion of the project’s mission. As of January 2015, IWTU was to return to cold 

commissioning, without radioactive material, following a system overpressure event and 

subsequent design changes and additions (DOE 2015). 

Survey Results 

A survey, as documented in Appendix B, was sent out to experts that have been 

involved with the DOE’s FOAK projects. The purpose of the survey was to understand the use 

of technology development within the DOE’s procedures and of the Project Management 

Order itself. Respondents were selected from personnel at the DOE or those who have worked 

closely with the DOE in their FOAK projects and their outcomes. Of the 40 personnel that 

were given the survey, six SMEs completed the survey with a combined experience of over 

140 years working for and with the DOE on many FOAK projects. One respondent also had 

over 25 years of experience in private industry along with government projects. Four of the 



57 

 

 

 

 

SMEs had experience with the technology development process, one being a section-writing 

member of a TRA team, another conducting budget and task reviews, the third managing the 

technical aspects of projects, and the fourth represents the DOE EM to the Government 

Accountability Office (GAO). In addition, the four SMEs involved with technology 

development had conducted at least eighteen official TRAs and many similar reviews prior to 

TRA/TRL adoption by the DOE. 

Why do some FOAK projects still struggle given the 413.3 project management order? 

There are several general reasons given for why the DOE’s FOAK projects are 

underperforming. First, the project management of the DOE and their designees, Federal 

Project Directors (FPD), can lead towards a project’s underperformance. On the part of the 

DOE itself, the Department “acts more like a regulator than an owner of projects.” In this 

fashion, details about the construction of a facility are made by the contractor and “accepted” 

by the DOE project team. In addition, some personnel on DOE project teams do not have the 

technical background to counter contractor proposals. What often occurs, due to this regulator 

attitude and lack of technical background, is a “check the box” mentality on the part of the 

DOE project managers; that the “right things are done” is superseded by fulfilling previous 

contracts. Furthermore, “interference by ever changing [DOE Headquarters] entities” also 

contributes to FOAK projects’ lack of success. In addition, there has been increased importance 

placed on project management reviews rather than technical reviews. 

Federal Project Director training and expertise also is another critical factor for the 

success of a FOAK project. Although the DOE has implemented a certification process for 
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FPDs, little to no improvement has been made in the management of their projects. FPDs 

usually do not have the technical background for their assigned projects or teams around them 

with the appropriate technical competency. Project FPDs are seen as “contract monitors,” who 

ensure that a project progresses as outlined with the contract, rather than as project managers 

who ensure the best interests of the project and DOE are maintained. 

In addition to organizational factors, survey respondents identified problems related to 

pre-execution planning as contributing to projects’ lack of success. Even at the earliest stages 

of development, “[FOAK] technologies are over promised” and have a “lack of technological 

maturity.” The DOE has not always fully investigated the science and engineering behind a 

technology and has also failed to completely develop projects’ scope. This was reflected in one 

respondent’s response that “no project management order will be sufficient without the correct 

underpinning science.” These two factors, invalidated science and incomplete scope 

development, contribute to inadequate funding estimates and eventual schedule creep. To 

compound the difficulties of underdevelopment of individual technologies, fully integrated 

systems are typically not tested. Instead, production-scale systems are cobbled together from 

individually-tested subsystems. “Just because the individual components worked does not 

mean that they will work when assembled with others.” 

Another factor that has contributed to the problems encountered on current and recently 

completed DOE FOAK projects is that they were initiated before the DOE 413.3 Project 

Management Order was codified. DOE O 413.3 superseded prior guidance in 2000, was 

replaced by DOE O 413.3 Change 1 in 2005. The next major revision was DOE O 413.3A 
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which was ratified in 2006 and amended in 2008 to DOE O 413.3A Change 1. Only in 2010 

was the current Project Management Order, DOE O 413.3B, accepted by the DOE. In addition, 

the Technology Readiness Assessment Guide, DOE G 413.4A took effect in 2011. Technology 

readiness and development was not a part of the Project Management Order in any form until 

after the FOAK projects studied had been well under way. However, one respondent stated the 

following: 

 It is interesting to note that projects that fully embraced the TRA process… 

have all identified technical challenges that required an alternate approach or 

design, which added some cost to the project, but significantly reduced risk. 

And, because these issues were identified early, they were readily addressed 

with minimal impact to the mission, as compared to situations where these 

issues come up much later in design/construction phases, or during 

commissioning. 

These projects that were initiated before the changes in the Project Management Order and 

Technology Readiness Assessment Guide took effect are generally “back-fit” to meet the new 

requirements. 

How does the DOE currently ensure adequate technology development and readiness 

on FOAK projects? 

At the alternative selection stage, prior to CD-1 approval, the DOE inconsistently 

includes an alternative’s technological maturity when selecting an alternative. In some cases, 

“the actual alternative is determined based on who is most successful in lobbying for their 
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particular point of view….” In addition, some selections are made based upon previous 

agreements and “non-technical expert senior managers making unreasonable demands on a 

system… It is often the political decisions that are most damaging.” An example of this is in a 

“recent [technology development] budget ranking exercise whereby the lowest ranking project 

got funded based on a successful campaign of political maneuvering.” When the technology 

maturity of an alternative is used in the selection process, the technology readiness of that 

alternative is often inadequately vetted. In addition to inconsistent consideration of the maturity 

of an alternative, the required development of each alternative is often not adequately studied 

and “the alternatives analysis doesn’t accurately reflect the pros and cons of the alternatives or 

the analysis is skewed to get the result that is wanted.” There is also a need for “better, more 

complete cost estimating… to inform selection.” This is likely due to the use of early TRAs as 

a comparative measure between alternatives with only an order-or-magnitude estimate of 

required technology development and the subsequent cost and schedule. 

Although there are indications of CTE development milestones for each CD within 

DOE G 413.3-4A, there is no clear-cut guidance available on how to perform technology 

development. When technology development does occur, there is no emphasis on integrating 

CTEs with other elements, as applicable, or simulating the entire system, as is a stated 

indication of TRL 5. The TRA process was identified as “an appropriate mechanism for 

evaluating technologies, but there is inappropriate application of those mechanisms. The 

reviewer can skew the data and results to indicate what they wish to indicate and, without a 

careful technical review by the best technical experts, it is difficult to assess the [Technology 
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Readiness Level].” Moreover, TRAs are not typically done for a system as a whole, rather only 

on major CTEs. However, “there are numerous instances where the TRL of the CTEs aren’t 

evaluated… Also, there are numerous instances where the TRL of CTEs [were] evaluated, 

found less than 6, but the results ignored.” 

Additional confusion occurs in the fact that the Technology Readiness Assessment 

Guide defers to office-specific guidelines on technology development and assessment. In this 

way, people are left unaware of lessons learned and best practices accumulated from a specific 

group’s experience, such as the Technology Readiness Assessment/Technology Maturation 

Plan Process Implementation Guide written by the DOE EM. This is also shown in the range 

of the answers given from different respondents, which ranged from “no” to “not sure” to “yes” 

on the sub-questions asked. The result is that there is not a general consensus on the DOE’s 

performance of technology development and integrating that into their front-end planning 

efforts. 

What changes to the 413.3 Order would you recommend to better address technology 

readiness and the development process? 

Respondents to the survey indicated that the DOE should “do a more thoughtful and 

honest job at looking at alternatives, and at the actual technology maturity levels of waste 

processing technologies.” The DOE, and EM especially, need to make use of the best practices 

recently published by the GAO, see GAO-16-22, and continue conducting alternative selection 

independent of the contractor, as was started in June 2015. Following the selection of a 

technology alternative, a definitive time, or a process to determine the appropriate time, needs 
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to be stated in which the Code of Record for the project is frozen. Except in the case of major 

safety basis of a project, changes in the Code of Record creates additional administrative 

rework, which has little to no effect on the overall project risk. 

Lessons learned and best practices from a DOE program’s experience need to be 

distributed more effectively. Often times, project teams will overlook the program-specific 

TRA guidance and only use the high-level Technology Readiness Assessment Guide, DOE G 

413.4A. An example of a lesson learned from FOAK project experience would be that pilot 

plants should be an integral part of a technology’s development, including tests with actual 

wastes, and kept until “the mission is either completed or nearly so” in order “to allow accurate 

scale-up to full operations.” Another best practice is to conduct regularly occurring self-

assessment TRAs with oversight from the DOE Headquarters. Also, broader use of TRAs to 

include those large projects beneath the $750M threshold should occur. 

Adequate testing of a FOAK system before CD-4 approval should be completed “to 

ensure the system will work as designed.” Also, oversight by the DOE should be given “to 

ensure technology deficits are not swept under the carpet, or unduly left to be resolved during 

design.” The oversight provided by the DOE needs to be comprised of experts in their field to 

ensure that assessments and other functions are performed as intended and fully. Finally, 

clearly identified and obtainable incentives should be in place, with substantial awards, to 

promote creative solutions and suggestions to enhance the mission capability of a project. 
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Study Findings 

This study found that there are several facets of technology development, front-end 

planning, and their integration missing from DOE O 413.3B and its referenced documentation. 

Both the review of the DOE literature and the results of the survey reveal findings that can be 

used to strengthen the DOEs management of FOAK projects. The several areas of focus 

include project management practices, FEP, technology development, and their integration. 

Recommendations on the study findings will be given in the following section. 

Project Management Practices 

Although the DOE O 413.3B is a good process for developing the scope of a project, 

there are still missing points. At the onset of a project, an IPT should be formed to include all 

stakeholders in the project. The leader of the team, the FPD, should either have the technical 

background to make informed decisions or be surrounded by persons with the required 

knowledge to advise the FPD. However, this is somewhat hypocritical, as FPDs are likely to 

have some sort of technical background to get their position with the DOE. Therefore, the 

totality of a project team should represent the totality of the stakeholder groups, a list of which 

are found in Table 5. The FPD of the project team should then be chosen based upon the needs 

and requirements of the project from the project team itself.  An FPD should also keep the best 

interests of the DOE and the project mission at the forefront during all stages of project 

development and execution. The project management team should have the ability to confront 

contractors in order to ensure the “right things are done” in addition to establishing that “things 
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are done right.” As a whole, the DOE, FPDs, and project teams are the owners of the project; 

as such, they should avoid a regulatory mindset and approach projects as owner-operators. 

Front-End Planning 

During the selection of technology alternatives, the DOE decision process is not always 

based on the performance, maturity, needed development, cost, and fit with other technological 

elements. Instead, the selection of an alternative is sometimes a political process that may be 

more of a confirmation or required “review” to choose a technology that has been selected 

based on non-technical criteria. It is important that the selection process be as unbiased as 

possible to ensure that the best possible solutions, based on many factors, are reached. One 

way to ensure this is to have subject-matter experts conduct the analysis of alternatives 

independent of contractors. In addition, data regarding a technology from an outside source 

should either be extensively validated or replicated within the DOE to ensure that each 

technology is a fit for the given application. 

Technology Development 

The current DOE process for technology development is not sufficiently addressed to 

meet the demands of a FOAK project. Although the TRA tool is adequate for measuring the 

TRL of a CTE, assuming the assessment is prepared impartially by an expert outside political 

bias, the TRL of entire systems is usually not completed; moving forward, there should be a 

commitment to completion through DOE guidance and lessons learned. The readiness of a 

system is not necessarily the same as the readiness of individual elements, and is likely to be 

lower, since there are interactions that cannot be captured when elements are separated. In 
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addition, it is the TRL of the system as a whole that should be used to evaluate technology 

maturity and readiness, rather than that of individual CTEs, when deciding to approve a CD 

milestone. 

While testing CTEs, the DOE misses some critical points in the development process. 

At each and every scale of development, a CTE should be tested using actual wastes after 

testing with simulants has occurred. Testing of CTEs at the larger scales of development, 

especially the laboratory- and pilot-scales, should be conducted as close to operating conditions 

as possible to truly capture performance. When closer to full-scale conditions are achieved in 

testing, better quality scale-up information will be generated. For those projects that are truly 

novel, a pilot-scale system should be tested; using actual waste, with the necessary fidelity to 

a full-scale system in a similar environment with actual waste and inflowing feedstocks. 

Integrating FEP and Technology Development 

The only indication of the integration of the CD and TRL/TRA processes within the 

Project Management Order is one figure in a referenced document, DOE G 413.3-4A. Outside 

of this figure, there is little extra guidance on which TRL should be reached prior to a given 

CD’s approval. One source for additional guidance is the Technology Readiness 

Assessment/Technology Maturation Plan Process Implementation Guide, but it is not 

mentioned within the Project Management Order nor the documents referenced by it. 

However, the lessons learned included in the Technology Readiness Assessment/Technology 

Maturation Plan Process Implementation Guide are truly valuable when used in project 

acquisition and technology development. The Technology Readiness Assessment/Technology 
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Maturation Plan Process Implementation Guide does, officially, supersede the Technology 

Readiness Assessment Guide, per DOE G 413.4A itself, but the former document is not well 

known and not utilized by project teams. 

The TRLs suggested for CD-1 and CD-2 are adequate for their respective stages in the 

project. At CD-1, TRL 4 can show a technology’s performance, potential cost, needed 

development, and fit for an application. Further along at CD-2, TRL 6 provides further 

information that is required for use in the detailed design of a facility. However, it should be 

noted that TRL 6, for the DOE, does not include the introduction of actual waste into the pilot-

scale system, which should be done in order to fully understand system performance. For CD-

3, the current recommendation of TRL 6 does provide more information than is necessary to 

complete the construction of a project, but additional testing of technologies with actual waste 

would further the understanding of the full-scale system. 

Recommended Actions 

The main recommended action is to change the method of project acquisition for FOAK 

projects from a single-phase process to a two-phase process. Currently, the DOE maintains a 

single contract to design and construct a full-scale, FOAK facility and any smaller-scale 

systems that may be needed to develop a technology, unless the technology development is 

done in-house. Under a single-phase methodology, only a single CD process is implemented. 

A two-phase methodology would act as a “stepping stool” to develop a technology and/or 

FOAK facility to an operational, prototypical system fully capable of meeting design 

production levels across the full range of wastes under one contract, and then establish a second 
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contract to construct a full-scale facility after the technology development has been 

accomplished. Figure 13 depicts the two-phase methodology’s CD process as a function of 

time versus the current methodology. Under the two-phase methodology, the first phase would 

contain CD-1 through CD-4 for the prototypical system and the second phase would begin 

between CD-1 and CD-2. The second phase would not begin before CD-1, as the alternative 

selection would have already occurred, with some preliminary design work accomplished in 

order to perform the prototype’s design, construction, SU&C, and operations. It would also not 

start after CD-2 because lessons learned in the prototype development should be included in 

the preliminary and detailed designs.  The second phase would end with the successful 

construction, which represents CD-4 complete, and operations at design level, which would be 

beyond CD-4 as a “post CD-4” or CD-5 complete.  Although the addition work beyond CD-4 
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Figure 13: Two-Phase vs. Single-Phase FOAK Project Acquisition Methodology 
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in the “post CD-4” phase is not outlined in the Project Management Order, it is important to 

reach design production levels for project completion and success.  

It is unclear how the two-phase methodology would affect both the economics and 

schedule of FOAK DOE projects. Certainly, the duration and cost of full-scale design, 

construction, and SU&C for the full-scale portion of a project using the two-phase method will 

be less than the current methodology, but the overall duration and cost of a two-phase project 

may be similar, if not less, than a current, single-phase project. The main benefit to the two-

phase project acquisition method is that more time and energy will be spent on mastery of 

technology and basic data collection needed for the full-scale system design. In addition, 

because of this technical due diligence, there will be less risk of full-scale system failure in 

SU&C and operations, and any problems found during the prototype development will be more 

likely to have been addressed. 

In addition to this two-phase project acquisition methodology, the following actions or 

changes are recommended to the DOE and EM with regards to completing FOAK projects: 1) 

FPDs should either be technically proficient or have sufficient staff within their IPT to support 

technical decisions; FPDs should also be chosen based upon the requirements and needs of the 

project. 2) FPDs and IPTs need the authority to press contractors into ensuring the “right things 

are done” as opposed to just making sure “things are done right.” These two recommendations 

will allow the DOE more control over their projects and project outcomes. 

While there may be non-technical reasons for choosing one technology over another, 

the DOE should select alternatives solely on the basis of measurable, project-related attributes 
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rather than what is politically expedient. In doing so, the best possible alternative over a broad 

range of criteria will be chosen as the most likely to succeed. Once the technology alternative 

has been selected, TRAs should be completed on systems as a whole, with integrated CTEs, to 

capture interaction effects. If that cannot be accomplished, a rigorous integrated systems check 

process should be implemented to ensure that the constituent subsystems will operate as 

intended in the full-scale system. Once a clearer understanding of the TRL of the entire system 

has been developed, this should be referenced in toto to make project management decisions. 

In order to develop the system for full-scale application, the use of high-fidelity, pilot-scale 

testing with actual waste is key to ensure the data for scale-up is correct and relevant. 

Development and incorporation of existing guidance on technology development into DOE 

documentation is a crucial step to ensure the above, as is explicit instructions when and why it 

should be integrated into the front-end planning of a project, both for the CD process, and 

overall project success. 

An additional recommended action is to implement the above actions and all of the 

changes to the Project Management Order for current and future projects. Although the 

guidance and criteria given in the DOE literature are of high quality, there has not been enough 

time for a FOAK project to be initiated, planned, designed, constructed, commissioned, and 

started-up to gauge the full effect of the process changes. In this way it is similar to changing 

the scope of a project part way through its development; changing the management and 

acquisition strategy in the midst of a project only acts to increase the risk of the project failing. 

In addition, the DOE should continue to study entities outside of themselves that both 
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successfully and unsuccessfully complete FAOK projects to continue gathering lessons learned 

and best practices to further improve their own processes.  
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RESEARCH SUMMARY AND CONCLUSION 

Summary of Findings 

The end product of this research is an integration of a rigorous technology development 

process into a FEP model. Technology development is a method to ensure that all required 

basic data about a technology is understood or accounted for before proceeding onto the 

detailed design of a process. FEP is a management tool to lessen the risk of project failure 

during and after the execution phase of a project by accounting for all facets of a project during 

pre-execution planning phases. By combining technology development and FEP, large, 

complex, FOAK projects should have an increased chance of success due to a thorough 

understanding of the technology that makes the project novel in the first place. 

Validation of Findings 

The major result of this research, which is the importance of the integration technology 

development with FEP, was validated by SMEs who responded to the DOE case study survey 

and the lessons learned within CII and DOE reports. All sources examined point towards this 

importance, but none go so far as to outline the interaction between FEP and technology 

development. The results of the case study’s survey also show that proper technology 

development, especially during the early stages of a project, is instrumental in overall project 

success. 

Limitations of Findings 

There were many limitations to this research, some of which include: limited 

information available on the application of technology development, a small sample size for 
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the case study survey, limited available data on FOAK projects, and limited verification of the 

findings. Although technology development is a well-established method of measuring the 

maturity of a novel technology and its readiness for full-scale applications, there has been little 

research on how or when in a project’s life to implement a technology development process. 

In addition, the literature devoted to TRLs is very specific to each application, whether that be 

NASA, DOE, or DOD purposes, so a general set of definitions is still needed. 

The only verification for this project’s findings, outside of literary sources, came from 

SMEs at the DOE. This limits the findings in such a way that there may be a bias towards the 

problems that the DOE faces in their FOAK projects. It would have been ideal to have a broad 

spectrum of SMEs from the many facets of the industrial process industry, e.g., the general 

chemical, petroleum, pharmaceutical, and biomaterials processing fields, in order to gather 

information on the industry as a whole as well as each individual sector. However, SMEs from 

outside the DOE were not available to the research team. In addition, information regarding 

projects from for-profit, as opposed to the non-profit projects the DOE completes, would be 

difficult to obtain for research purposes. 

Future Research Topics 

Although this research only looked into one aspect of why FOAK projects fail, there 

are still many other factors that need to be investigated. A study looking into how changes in 

the regulatory environment affect a project’s performance and how to lessen the effect of those 

changes should be conducted for both the DOE and the outside industry. Although a large 

amount has been written about cost and schedule estimations for FOAK projects, the data and 
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methods used in previous studies, especially those completed by the Rand Corporation in the 

1970s and 1980s, should be updated to reflect modern trends in executing projects, problems 

that have arisen in the types of new technologies being used, and today’s construction costs 

and schedule information. The effect(s) of misestimating the cost and schedule of a large 

capital project should also be revisited. 

Further research on the topic of integrating technology development and FEP should 

be conducted. A theoretical framework was established in this research, but further 

development and analysis of that framework should occur. Data on the impacts of the 

integration of technology development and FEP would further validate the ideas developed in 

this study and could provide insight into even deeper problems. In addition to the processing 

technologies examine in this research, a study to look into the how to develop novel 

construction technologies and what the effect of their lack of maturity are on project cost, 

schedule, and success. Questions that could be answered by a follow-up study could include, 

but should not be limited to: 

 What is the impact of technology development on the final cost of a project? 

 What is the impact of technology development on the final schedule of a 

project? 

 What is the impact of technology development on the initial production and 

long-term production of a project? 

 Why do projects tend towards the extremes of either success or failure? Why 

does the Jemima Principle so accurately describe FOAK projects? 
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Conclusions 

Large-scale, FOAK projects are very sensitive and can fail without proper attention to 

detail. Two important processes to help manage those details are technology development and 

FEP. Technology development allows a project team to garner the required data for a 

successful detailed design. Front-end planning is a method to ensure that all of the details 

surrounding a project are accounted for before the execution phase is undertaken. By 

combining FEP and technology development, project teams can have greater success in 

completing the novel projects that tend towards failure. 
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Appendix A – U.S. DOE TRL Definitions 

Relative Level 

of Technology 

Development 

Technology 

Readiness 

Level TRL Definition Description 

Systems 

Operations 

TRL 9 Actual system 

operated over the 

full range of 

expected conditions 

Actual operation of the technology 

in its final form, under the full range 

of conditions. Examples include 

using the actual system with the full 

range of wastes. 

System 

Commissioning 

TRL 8 Actual system 

completed and 

qualified through 

test and 

demonstration 

Technology has been proven to 

work in its final form and under 

expected conditions. In almost all 

cases, this TRL represents the end of 

true system development. Examples 

include developmental testing and 

evaluation of the system with real 

waste in hot commissioning. 

TRL 7 Full-scale, similar 

(prototypical) 

system 

demonstrated in a 

relevant 

environment 

Prototype full scale system. 

Represents a major step up from 

TRL 6, requiring demonstration of 

an actual prototype in a relevant 

environment. Examples include 

testing the prototype in the field with 

a range of simulants and/or real 

waste and cold commissioning. 

Technology 

Demonstration 

TRL 6 Engineering/pilot-

scale, similar 

(prototypical) 

system validation in 

a relevant 

environment 

Representative engineering scale 

model or prototype system, which is 

well beyond the lab scale tested for 

TRL 5, is tested in a relevant 

environment. Represents a major 

step up in a technology’s 

demonstrated readiness. Examples 

include testing a prototype with real 

waste and a range of simulants. 

Technology 

Development 

TRL 5 Laboratory scale, 

similar system 

validation in 

relevant 

environment 

The basic technological components 

are integrated so that the system 

configuration is similar to (matches) 

the final application in almost all 

respects. Examples include testing a 

high-fidelity system in a simulated 
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environment and/or with a range of 

real waste and simulants. 

TRL 4 Component and/or 

system validation in 

laboratory 

environment 

Basic technological components are 

integrated to establish that the pieces 

will work together. This is relatively 

“low fidelity” compared with the 

eventual system. Examples include 

integration of “ad hoc” hardware in 

a laboratory and testing with a range 

of simulants. 

Research to 

Prove 

Feasibility 

TRL 3 Analytical and 

experimental 

critical function 

and/or characteristic 

proof of concept 

Active research and development is 

initiated. This includes analytical 

studies and laboratory scale studies 

to physically validate the analytical 

predictions of separate elements of 

the technology. Examples include 

components that are not yet 

integrated or representative. 

Components may be tested with 

simulants. 

TRL 2 Technology concept 

and/or application 

formulated 

Invention begins. Once basic 

principles are observed, practical 

applications can be invented. 

Applications are speculative, and 

there may be no proof or detailed 

analysis to support the assumptions. 

Examples are still limited to analytic 

studies. 

Basic 

Technology 

Research 

TRL 1 Basic principles 

observed and 

reported 

Lowest level of technology 

readiness. Scientific research begins 

to be translated into applied research 

and development (R&D). Examples 

might include paper studies of a 

technology’s basic properties. 

  

(From DOE 2011, Tab. 1) 
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Appendix B – U.S. DOE Office of Environmental Management Survey 

A note on the format of the survey: the survey questions were written by the researchers 

and then distributed to SMEs from within the DOE. The body of the survey can be found 

below. Questions in normal typography are the main questions that are to be answered; those 

in italics are sub-questions recommended to be addressed in the response to a main question. 

 

The purpose of this questionnaire is to gain greater insight into improving project 

performance on DOE EM first-of-a-kind projects especially as it pertains to their technology 

readiness and the development process. Key questions to be addressed are as follows:  

1. Why do some first-of-a-kind projects still struggle to meet performance 

expectations given the comprehensive 413.3 Project Management Order?  

2. How does the DOE currently ensure adequate technology development and 

readiness on first-of-a-kind projects? 

3. What changes to the 413.3 Order would you recommend to better address 

technology readiness and the development process? 

Definition of Technology Readiness 

Technology development can be defined as: “…the process of developing and 

demonstrating new or unproven technology, the application of existing technology to new or 

different uses, or the combination of existing and proven technology to achieve a specific 

goal. Technology development associated with a specific…project must be identified early in 

the project life cycle and its maturity level should have evolved to a confidence level that 
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allows the project to establish a credible technical scope, schedule and cost baseline.” –from 

DOE G 413.3-4A, §1.1 

Respondent Information 

 How many years have you worked for the DOE? 

 If you don’t work for DOE, how long have you worked on DOE projects? 

 Explain how much experience you have working on first-of-a-kind projects within 

the DOE or with other organizations. 

 How much experience do you have with technology 

development/readiness/maturity? 

o Have you ever been involved in a technology development process? 

o If so, what part of the process were you involved with on how many projects? 

o How many TRAs have you conducted or participated in? 

Essential Questions 

 In your own words, please explain why do some first-of-a-kind projects still 

struggle to meet performance expectations given the comprehensive 413.3 Project 

Management Order?  

o Identify all possible reasons and indicate which reasons are more significant. 

 How does the DOE currently ensure adequate technology development and 

readiness on first-of-a-kind projects? In your response, consider the following 

questions: 



83 

 

 

 

 

o Is the technology maturity of possible alternatives taken into consideration 

when selecting an alternative? (Yes /No /Not Sure) 

o Is the needed technology development requirements of the alternatives taken 

into consideration during the selection process? (Yes /No /Not Sure) 

o What guidance is available on how to conduct technology development within 

DOE O 413.3B? (Yes /No /Not Sure) 

o Is there a clear indication of which TRL needs to be achieved at each CD in 

order for a project to move forward? (Yes /No /Not Sure) 

o Are TRLs for CTEs seen more as goals to be achieved and/or milestones 

rather than an indication of technology’s development/maturity/readiness? 

How might this affect a project? 

o Are Technology Readiness Assessments (TRA) completed for process systems 

as a whole? (Yes /No /Not Sure) 

o Is there an emphasis in the DOE procedures integrating CTEs with other 

elements, as applicable, during the development process? (Yes /No /Not Sure) 

o Is there an emphasis in the DOE procedures integrating all CTEs with each 

other to simulate the entire system during the development process? (Yes /No 

/Not Sure) 

 What changes to the 413.3 Order would you recommend to better address 

technology readiness and the development process? 
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Appendix C – Survey Responses 

 In your own words, please explain why do some first-of-a-kind projects still 

struggle to meet performance expectations given the comprehensive 413.3 Project 

Management Order?   

o Identify all possible reasons and indicate which reasons are more significant. 

Respondent 1: 

The DOE acts more like a regulator than an owner of projects.   The Federal 

Project Director (FPD) generally defers to the contractor regarding almost 

every detail of the construction of the project.  This is especially true of larger 

and more costly projects.  Plus, the FPD really doesn’t have the authority (or 

sometimes courage) to order that things be done differently. Also, most of 

DOE federal staff don’t have the technical chops to push back on what the 

contractor proposes to do. Therefore, most “fundamental scope change” 

decisions are made at the DOE HQ level.  

The DOE FPD certification system is, in my opinion, a joke. I have seen no 

improvement in DOE management of projects due to the FPD certification 

process.  In fact, the few times when outsiders without DOE FPD certification 

were selected for major projects, they have done a much better job than those 

who have navigated the byzantine, internal, DOE process to become a 

particular level of FPD.   

For large projects it seems that essentially the FPD is a “contract monitor” 

who tries to ensure that “things are done right” per the contract, rather than an 

engineer who would be concerned that the “right things are done”.   That 

“check the box” attitude is what a regulator does.  A regulator (or auditor) 

comes into a project with a list of things to compare performance against, and 

checks off how well the contractor did those things.  It doesn’t matter AT 

ALL if those activities were the RIGHT things to do.   

The biggest reasons this occurs are a combination of the following: 1. The 

FPD’s aren’t technically competent for the project at hand, or, 2. They don’t 

have the staff and support to actually review or determine if the work the 

contractor is executing is the right thing to do. 

Respondent 2: 
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 Lack of technological maturity 

 Incomplete project scope development 

 Inadequate funding estimating 

 Schedule creep due to poor planning 

 

Respondent 3: 

For many projects, the incentives for success must be clearly delineated and 

the awards must be great or there is little follow-through – consider the 

success of the Rocky Flats Cleanup.  There were many 1st of a kind 

technologies implemented in order to meet those deadlines but not just the 

managers, but the workers were also incentivized to think creatively.  All 

contract workers shared in the awards and line workers were particularly 

awarded if they made suggestions to improve the efficiency of the clean up. 

First of a kind technologies are often over-promised.  It is true for robotics, 

cleaning pumps, chemical treatments.  If the technology worked under 

laboratory conditions once, that seems sufficient for some proposers and for 

some reviewers.  DOE has, on many occasions, trusted the engineering 

without conducting a complete review of the science behind the processes.  

For chemical processes, scientists who have expertise in the processes should 

be part of the review but often engineers think they can force the chemistry 

and that just doesn’t work.  No project management Order will be sufficient 

without the correct underpinning science. 

Respondent 4: 

 

First or a kind (FOAK) projects are high risk. Not all the systems are analyzed 

in-toto. Each is made to work separately and with the FOAK project they are 

all brought together. Just because the individual components worked does not 

mean that they will work when assembled with others. 

In many private projects I was involved with, each component is developed by 

a different vendor. When they are all put together it never works 100%. With 

that kind of a risk there is little doubt as to why the FOAK projects struggle to 

meet performance standards. 

 

Respondent 5: 

 

 Urgency to meet regulatory milestones with promising, but untested (at 

the scale or complexity of a DOE Nuclear facility) technology. 

 Cost and Schedule pressure 

 Interference by ever changing HQ entities 
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 Attempts to expand the utility of a facility, after design or construction has 

begun. 

 Raiding the commissioning budget to cover overruns, and failing to 

recognize that commissioning will expand/increase as difficulties in 

design and construction are encountered. 

 The Order is written to cover all DOE Capital Projects; it should not be 

assumed sufficient in all cases. 

Respondent 6: 

 

First, it should be recognized that the current DOE O 413.3B, which includes 

the requirements for conducting TRAs, as well as comprehensive Analysis of 

Alternatives (AoA) (i.e., the AoA is now a primary focus of the Technical 

Subcommittee for all CD-1 Independent Project Reviews), has only been 

codified since 2010.  And, the DOE G 413.3-4A TRA Guide since 2011.  

Going back about 20 years, prior to that, DOE N 430 (1997) was superseded 

by DOE O 413.3 (2000), which was superseded by DOE O 413.3 Chg. 1 

(2005), which was s superseded by DOE O 413.3A (2006), which was 

superseded by DOE O 413.3A Chg. 1 (2008), and none of these even 

mentioned the term “Technology Readiness Assessment” or technical 

maturity.  Similarly, while the AoAs were expected to be part of the 

Conceptual Design Report, or similar, in these predecessor Orders (i.e., 

sometimes referred to as Value Engineering Studies, Trade-Off Studies, etc.), 

the descriptions were not as prescriptive as the current protocol for both 

conducting AoAs, as well as the focus on reviewing the comprehensiveness 

and objectiveness of those efforts.  Note that the DOE only began requiring 

the AoAs to be conducted independent of the contractor in June 2015, and to 

be conducted in accordance with Best Practices recently published by GAO 

(see GAO-16-22, which superseded GAO-15-37). 

That being said, most of the current Major System Acquisitions (MSAs) were 

initiated well before issuance of DOE O 413.3B, and DOE G 413.3-4A.  

Issues with these projects (e.g., WTP, SWPF, IWTU, etc.) have been 

recognized for several years and those experiences and lessons-learned were, 

in some instances, drivers for new requirements in the current DOE Orders.  It 

is interesting to note that projects that have fully embraced the TRA process, 

as currently described in the DOE and EM Guides (i.e., conducted objective, 

well-documented TRAs, adhering to the recommendations in the Guide, as 

well as developed and implemented well-designed Technology Maturation 

Plans to specifically address the technical maturation needs), such as the K 

Basin Sludge Retrieval Project at Hanford, Sludge Process Facilities Buildout 

Project at Oak Ridge, and the Low Activity Waste Pretreatment System 

project at Hanford, have all identified technical challenges that required an 
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alternate approach or design, which added some cost to the project, but 

significantly reduced risk.  And, because these issues were identified early, 

they were readily addressed with minimal impact to the mission, as compared 

to situations where these issues come up much later in design/construction 

phases, or during commissioning. 

On the pre-existing MSAs, we are often trying to “back-fit” the project 

documentation and processes into the new requirements, or devise a “tailored” 

strategy so that the project is not in a “noncompliant condition” with its own 

Code of Record.  Unfortunately, that is also the perception of the project.  

They are committed to the current path forward and are looking to “check the 

boxes”, assuming no real changes would be effected from the independent 

reviews, etc.  This can result in “group think”, and issues get missed. 

In the past, more effort seemed to be focused by the review team on management 

issues (i.e., acquisition strategy, cost/schedule documentation, EVMS quality, etc.)  

Then, additional “technical reviews” would be chartered when there appeared to be a 

major issue.  The led to a more adversarial relationship, and likely resulted in 

withholding some information due to concerns regarding the response. More recently, 

additional and equal focus has been placed on the technical components of the 

project, including technical maturity and alternative selection processes, during 

independent reviews and assessments at critical project points.  This approach is 

helping to establish more effective relationships between the HQ-sanctioned review 

team and the Field Office and Project Teams, resulting in more open and candid 

discussions.  Nevertheless, these reviews are only effective if the review team has the 

right types of Subject Matter Experts (SMEs), with the right attitude, which is that 

their role is to help the project be successful and accomplish its mission in a safe and 

cost-effective manner.  I have personally experienced this change in relationship 

between the review team and the Field/Project and it appears to be effective in 

helping to transition EM to a different culture that welcomes the assistance rather 

than viewing the review teams as auditors.  



88 

 

 

 

 

 How does the DOE currently ensure adequate technology development and 

readiness on first-of-a-kind projects? In your response, consider the following 

questions: 

o Is the technology maturity of possible alternatives taken into consideration 

when selecting an alternative? (Yes /No /Not Sure) 

Respondent 1: 

No, not really.  Much of the time, TD is a bunch of “hand waving” and the 

actual alternative is determined based on who is most successful in lobbying 

for their particular point of view, regardless of what may be the technically 

correct thing to do.  Evidence of this can be seen in the most recent TD budget 

ranking exercise whereby the lowest ranked project got funded based on a 

successful campaign of political maneuvering. 

Respondent 2: 

No. 

Respondent 3: 

Sometimes.  At times DOE studies the technologies “to death” and other times 

it appears as though it has barely been considered.  Some of that has to do 

with regulatory agreement milestones and everyone is running around trying 

to make improvements to save time but fail to consider the implications if 

they are wrong.  I believe that in the vast majority of the cases, the things that 

go wrong with 1st of a kind technologies are non-technical expert senior 

managers making unreasonable demands on a system and the workers are 

forced to find a way to make it work.  It is often the political decisions that are 

most damaging.  For example, some of the vessel mixing issues that have 

arisen at WTP are due to a political decision (to save funds) to decrease the 

ultimate height of a building without analyzing the impact. 

Respondent 4: 

Yes. 

Respondent 5: 
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Yes, but often not adequately vetted. 

Respondent 6: 

Yes, technical maturity is considered during the AoA process.  It is generally 

specifically captured in the criteria used for the AoA.  Often, a high level TRA 

is conducted for comparative analysis purposes.  If technical maturity appears 

to be a key differentiator, more effort to formalize the TRA process is 

warranted.  
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o Is the needed technology development requirements of the alternatives taken 

into consideration during the selection process? (Yes /No /Not Sure) 

Respondent 1: 

Supposedly so, but in reality the outcome is pretty well determined before 

alternatives are analyzed. 

Respondent 2: 

No. 

Respondent 3: 

Sometimes.  I believe that often these alternatives are reviewed as required but 

not fully reviewed as if it were a complete project.  The decision has been 

made (either through some regulatory agreement or a contracting mechanism) 

and the alternatives analysis doesn’t accurate reflect the pros and cons of the 

alternative or the analysis is skewed to get the result that is wanted.  For 

example, grouting LAW at Hanford.  That has been successfully done at other 

sites but because the regulators will not consider it, the alternatives analysis 

was seriously skewed to make it look as though grout was more expensive 

than glass, yet that is not possible. 

Respondent 4: 

Yes. 

Respondent 5: 

Yes, but better, more complete cost estimating is needed (and needs full 

consideration) to inform selection 

Respondent 6: 

Yes, although this is only ROM at this point.  Until a detailed TRA is 

conducted, and a comprehensive TMP developed, the technology 

development requirements cannot be quantified.  However, lessons-learned 

from across the DOE, as well as industry, can be applied for analysis to 

qualitatively compare the relative “advancement degree of difficulty” for 

alternatives being considered.  
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o What guidance is available on how to conduct technology development within 

DOE O 413.3B? (Yes /No /Not Sure) 

Respondent 1: 

None that I am aware of. 

Respondent 2: 

No Answer. 

Respondent 3: 

Not sure as I no longer work in that arena. 

Respondent 4: 

 Not Sure. 

Respondent 5: 

 DOE G 413.3-4A. 

Respondent 6: 

DOE O 413.3B recommends that projects be at TRL 4 for CD-1 (Conceptual 

Design) and TRL 6/7 for CD-2 (Preliminary Design).  Projects are directed to 

DOE G413.3-4A, which is the Department-wide Guide for conducting TRAs.  

This Guide explicitly gives precedent to Program-specific guides, such as the 

EM TRA/TMP Guide, when they exist.  
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o Is there a clear indication of which TRL needs to be achieved at each CD in 

order for a project to move forward? (Yes /No /Not Sure) 

Respondent 1: 

Per the TRL guide yes, but don’t know if 413.3 mentions the level (supposed 

to be a “6” at least for all major Critical Technology Elements). 

Respondent 2: 

Nor Sure. 

Respondent 3: 

Yes – assuming the data and assumptions are really valid – something that I 

seriously question. 

Respondent 4: 

 Yes absolutely. 

Respondent 5: 

 There are suggested levels for each CD. 

Respondent 6: 

Yes, as previously stated, a minimum of TRL-4 is expected for CD-1 and 

TRL-6/7 for CD-2.  Recent changes to the requirements were promulgated by 

the Secretary of Energy via an executive memorandum, which requires that 

MSAs and “first-of-a-kind” engineering projects achieve TRL 7.  The August 

2013 update to the EM TRA/TMP Guide includes a proposed TRL 7 

calculator, although it has not been used to date, and must be bench marked to 

determine if adjustments are needed to make it an effective tool.  It should be 

noted that the primary difference between TRL 6 and TRL 7, is that the latter 

requires full-scale integrated testing of a range of simulants and radioactive 

feed.  This can be very challenging (i.e., cost and schedule prohibitive) for the 

complex waste processing systems implemented within DOE EM.  Often, 

such a test platform will be the actual components implemented for the 

facility.  Achieving this for many of the EM projects will be difficult.  
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o Are TRLs for CTEs seen more as goals to be achieved and/or milestones 

rather than an indication of technology’s development/maturity/readiness? 

How might this affect a project? 

Respondent 1: 

There are numerous instances where the TRL level of the CTE’s aren’t 

evaluated.  For example, Hot Isostatic Pressing (HIP) was selected as the 

waste conversion process for the Calcine waste.  But no TRL of the HIP 

process was done.  If it HAD been done, then the TRL would have most 

certainly been less than 6.  Also, there are numerous instances where the TRL 

level of CTEs was evaluated, found less than 6, but the results were ignored. 

Respondent 2: 

No. 

Respondent 3: 

There is an appropriate mechanism for evaluating technologies but there is 

inappropriate application of those mechanisms.  The reviewer can skew the 

data and results to indicate what they wish to indicate and without a careful 

technical review by the best technical experts, it is difficult to assess the TRL 

level. 

Respondent 4: 

Each TRL level has goals and milestones. The idea here is to know what level 

of TRL you are sponsoring for the project. The amount of commercial entities 

involvement in both budget and time varies as the project over to a higher 

TRL. 

Respondent 5: 

The purpose of the TRA is to ensure that critical technologies reflected in a 

project design have been demonstrated to work as intended (technology 

readiness) before committing to construction expenses.  Certainly the numbers 

can be gamed, to the potential deficit of the project’s progress/success.  

Without an honest evaluation, risks may be understated. 

Respondent 6: 
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No, while this may have been the case 10 years ago, in my experience, it no 

longer is.  Gradually, the EM projects seem to be recognizing the benefits of 

the TRA process and embracing its concept more and more, as part of the 

normal way of doing business.  
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o Are Technology Readiness Assessments (TRA) completed for process systems 

as a whole? (Yes /No /Not Sure) 

Respondent 1: 

Generally, No. 

Respondent 2: 

No. 

Respondent 3: 

 Not Sure – I haven’t been involved in any lately. 

Respondent 4: 

 Yes. 

Respondent 5: 

I would expect so. 

Respondent 6: 

For the DOE G 413.3-4A, the answer is no.  While several of the calculator questions 

specifically inquire about integration of the CTEs, the system is not specifically 

assessed for its overall TRL.  For the EM TRA/TMP Guide, the answer is yes.  The 

EM TRA Guide includes Waste Processing System (WPS) calculators for TRL-4 and 

TRL-6 assessments.  The calculators are designed to specifically inquire into areas 

related to integration of the CTEs into a system and operation of that system, to 

address topics not covered in the CTE calculator questions.  Due to the new 

requirement to achieve TRL 7 for MSAs and “first-of-a-kind” engineering efforts, 

this will likely have to be expanded to include a WPS TRL 7 calculator.  
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o Is there an emphasis in the DOE procedures integrating CTEs with other 

elements, as applicable, during the development process? (Yes /No /Not Sure) 

Respondent 1: 

Generally, No. 

Respondent 2: 

Not Sure. 

Respondent 3: 

Not Sure – I haven’t been involved in any lately. 

Respondent 4: 

 Yes. 

Respondent 5: 

 Yes. 

Respondent 6: 

Yes, see the preceding answer.  Additionally, TRL 6 specifically requires 

conducting engineering scale (i.e., 1/10th to 1/5th scale) integrated testing of 

CTEs as necessary to fully understand the interfaces and how the various 

operational scenarios impact the performance of each (i.e., feedback between 

CTEs).  Similarly, TRL 7 generally requires full scale testing of the integrated 

system. 
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o Is there an emphasis in the DOE procedures integrating all CTEs with each 

other to simulate the entire system during the development process? (Yes /No 

/Not Sure) 

Respondent 1: 

Generally, No. 

Respondent 2: 

I do not believe the DOE currently does ensure adequate technology development and 

readiness on first-of-a-kind projects.  Political (time & money) or environmental 

pressures often dictate a rush to start leading to a “pay me later” result.  TRA’s should 

not be dictated by these forces. 

Respondent 3: 

Not Sure – I haven’t been involved in any lately. 

Respondent 4: 

 Yes. During the techno economic analysis. 

Respondent 5: 

 Not Sure. 

Respondent 6: 

 Yes, see the preceding two answers. 
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 What changes to the 413.3 Order would you recommend to better address 

technology readiness and the development process? 

Respondent 1: 

Do a more thoughtful and honest job of looking at alternatives, and at the 

actual technology maturity levels of waste processing technologies.  

Use more pilot plants, and make sure they process actual waste.  Also, make 

sure the pilot isn’t torn down until the mission is either completed to nearly so, 

i.e. don’t get rid of your pilot plant too soon. 

Respondent 2: 

DOE should ensure that adequate and comprehensive pilot plant testing be done 

on First-of-a-Kind facilities to allow accurate scale-up to full operations. (no 

10-20% pilot plants) 

They should also ensure adequate testing prior to commissioning to ensure the 

system will work as designed.  (no rush to declare CD-4 construction 

completion only to find out during startup that is doesn’t work as designed) 

Respondent 3: 

Not Sure – I haven’t been involved in any lately. 

Respondent 4: 

 None that I can think of. 

Respondent 5: 

I believe the emphasis belongs in guidance rather than the order itself.  Specific 

programs need to police their Project Management approach to ensure 

technology deficits are not swept under the carpet, or unduly left to be resolved 

during design. 

Respondent 6: 

The DOE G 413.3-4A recognizes that some program offices may develop their 

own TRA Guides and that these take precedent over the 413 Guide.  However, 

personal experience shows that this point is almost always overlooked by the 

project team (they assume that the 413.3-4A Guide is the only one).  The DOE 
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G 413.3-4A is intentionally written at a higher level to allow flexibility for 

programs to adapt it to their specific needs, but this can lead to projects being 

unaware of key lessons-learned that have been identified in the program-

specific guide.  Better communication regarding the program-specific TRA 

Guides should be a higher priority to ensure that projects are working with the 

latest and most comprehensive information. 

Periodic self-assessment TRAs should be required.  Currently, only the EM 

TRA/TMP Guide recommends this practice, and the DOE G 413.3-4A does not 

even mention it.  A DOE HQ representative should monitor the effort to ensure 

that it is compliant with the applicable TRA Guide. 

Currently, TRAs are only required for Major Systems (i.e., >$750M) to obtain 

CD-2 approval, which requires the project be at TRL 6/7.  These TRAs are 

intended to be independent of the contractor.  Experience has shown that the 

project teams almost always believe that the technologies are more mature than 

they actually are. Therefore, independent TRAs should be required earlier in 

the project development phases  (i.e., CD-1, with demonstrated TRL-4).  This 

would also provide early, independent assessment of the TMP, which 

documents the overall strategy for maturing the technologies.  Additionally, 

there are projects at cost thresholds below $750M that also represent technical 

maturity challenges.  The requirement for independent TRAs at both CD-1 

(TRL-4) and CD-2 (TRL-6/7) should be required for all large projects within 

DOE that require new technologies or will apply/adapt existing technologies 

for use in a new environment.  The cost threshold should be much lower (e.g., 

$100M or $250M), which should be determined by DOE Sr. Management, the 

Energy Secretary Acquisition Advisory Board, and/or the Project Management 

Risk Committee. 

Major DOE projects often extend through many, many years of development 

and construction.  Often during these periods, technical, safety and management 

requirements continue to evolve and change through new DOE Orders or 

changes to existing ones.  Projects are often required to perform significant 

amounts of rework to come into compliance with new requirements that are not 

always technically justified (e.g., there is a tendency to implement overly-

conservative constraints that may not necessarily be based on solid technical 

bases).  The Department needs to implement a consistent and well-documented 

process that defines a specific point in the project development at which the 

Code of Record (COR) is frozen, such that administrative rework, which may 

not add real value in risk reduction, can be minimized.  Exceptions will 

obviously occur (e.g., safety based changes) and the protocol for addressing 

these should also be defined.  Historically, the COR was frozen at CD-2, which 

corresponded to nominally 30% to 40% design complete.  With the recent 
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change to this definition, such that CD-2 corresponds to a 90% design complete, 

there is not a definitive project point when the COR should be locked down. 


