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Systems Engineering Identification and Control of 
Mixed Waste Tech nology Development 

Abstract 

The Department of Energy (DOE) established the Mixed Waste Characterization, Treatment, and 
Disposal Focus Area (MWFA) to develop technologies required to meet the Department’s 
commitments for treatment of mixed low-level and transuranic wastes. Waste treatment includes 
all necessary steps from generation through disposal. Systems engineering was employed to reduce 
programmatic risk, that is, risk of failure to meet technical commitments within cost and schedule. 
Customer needs (technology deficiencies) are identified from Site Treatment Plans, Consent Orders, 
ten year plans, Site Technical Coordinating Groups, Stakeholders, and Site Visits. The Technical 
Baseline, a prioritized list of technology deficiencies, forms the basis for determining which 
technology development activities will be supported by the MWFA. Technology Development 
Requirements Documents are prepared for each technology selected for development. After 
technologies have been successfully developed and demonstrated, they are documented in a 
Technology Performance Report. The Technology Performance Reports are available to any of the 
customers or potential users of the technology, thus closing the loop between problem identification 
and product development. This systematic approach to technology development and its effectiveness 
after 3 years is discussed in this paper. 

Introduction 

In January 25, 1994, the Department of Energy identified the need for additional mixed waste 
treatment technology as follows: 

“Several conflicting regulations and lack of definitive mixed waste treatment 
standards hamper mixed waste activities. Disposal capacity for mixed waste is also 
expensive and severely limited. DOE now spends millions of dollars annually to 
store mixed waste because of lack of accepted treatment technology and disposal 
capacity. Currently available waste management practices require extensive, and 
hence expensive, waste characterization before disposal. Therefore, DOE must 
pursue technology that leads to better and less expensive characterization, retrieval, 
handling, treatment and disposal of mixed waste.” 

Furthermore, technology development had gained a bad reputation of “playing in the lab-selecting 
technologies independent of (waste treatment or clean-up) decision-making processes, failure to 
involve stakeholders, never completing development, solving the wrong problem, and developing 
technologies that do not get implemented or cannot be implemented because of regulatory issues. 
(REF 2) 
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The MWFA was established to solve both the problem of insufficient technology and technology 
development’s bad image problem. 

Risk is defined as the product of the probability of failure multiplied by the consequences of that 
failure. This paper describes the approach taken to minimize programmatic risk (the risk of failure 
to deliver programmatic commitments, as opposed to the usual interpretation of a health or safety 
risk) within the MWFA. Systems engineering is a proven discipline that has and promises to resolve 
problems such as those encountered in technology development, that is, by providing the correct 
solution to the problem and by addressing all concerns and issues (as translated into requirements). 
The proposal to use systems engineering on the MWFA program played a key role in selecting the 
Focus Area Lead Site. 

Systems engineering has been highly effective in engineering complex systems. However, in the 
past, systems engineering has almost always been applied to tangible products, such as weapons, 
aircraft, satellite, and communication systems. Many people could not understand how it would be 
applied to intangibles such as research, development, technology demonstration, stakeholders and 
regulatory issues. 

Few persons agree on the definition of systems engineering. The following definition is a good point 
to begin. Systems engineering is a formal process that translates customer needs and objectives, in 
concert with applicable external constraints, into functions and requirements. These functions and 
requirements define the desired system and the final product, and, in turn, drive and control the 
system design. Systems engmeering is an iterative process that tracks and manages change, progress, 
and costs. Changes and choices are tracked and documented; decisions are supported by objective 
analysis and trade studies. As the project evolves, tests are defined and executed to verify that the 
requirements have or will be met and that the final system will perform all required functions. The 
system is subdivided into subsystems small enough to manage and track. The technical design and 
analysis are integrated into the project management and cost control systems. Ref 3. 

Lockheed Missiles & Space Company, Inc., an early leader in the application of systems engineering 
defined systems engineering in terms of six activities: requirements analysis, functional analysis and 
allocation, trades and criteria, synthesis and design, verification and test planning, and integration 
and control. The Lockheed Martin Idaho Technologies Company (LMITCO) Systems Engineering 
Department defines systems engineering in terms of five compound activities: mission, 
requirements, and functional analysis; alternatives development; alternatives analysis; verification 
and implementation; and integration and control. Brian Mar of the University of Washington defines 
systems engineering in terms of four descriptions: requirements, functions, solution (answer), and 
test (Ref. 4.) 

This paper describes the MWFA translation of these terms into program activities and deliverables, 
thereby showing how technologies are selected for support and how the program controls technology 
development in a systematic approach. 
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Approach 

The MWFA is a requirements driven program. A requirement is a measurable parameter that is 
either a constraint, a mandatory statement by the customer or legal authority, or a descriptor of a 
promised, necessary product. Development of the top level external requirements for technologies 
to be developed has been ongoing for many years, for example, waste treatment and disposal 
requirements established by the Nuclear Regulatory Commission (NRC), Resource Conservation and 
Recovery Act (RCRA), and DOE Orders. 

The Federal Facility Compliance Act Site Treatment Plans (STP) define technologies to be used to 
treat mixed wastes and new technologies or technology improvements needed. Associated Consent 
Orders establish dates when these technologies must be available. These two families of documents 
specify a formal set of “customer requirements,” and define an initial commitment to use the 
technology, if available. 

Visits were made to waste operations organizations and discussions were held to identify specific 
technology needs that may have not been included in the STPs. The results of these site visits are 
documented in Reference 4, and provide the first order change to technology needs identified in the 
STPs. 

Technical experts reviewed the process flows presented in the STPs to identify “technology 
deficiencies.” Finally, the MWFA worked closely with Site Technical Coordinating Groups (STCG) 
and other stakeholder groups to identify stakeholder concerns that would otherwise be overlooked. 

A technology deficiency is a weak point in a proposed treatment process, or treatment system, that 
either precludes using that process, or if improved, would enable the process to be conducted 
sooner, faster, safer, or more cost effectively. Any technology need or improvement, regardless of 
source, is referred to as a “technology deficiency.” 

These technology deficiencies are then prioritized against a predetermined and weighted criteria set. 
This prioritized list of deficiencies, referred to as the Technical Baseline, forms the basis for 
allocating development funding. 

The specific technical characteristics required to resolve a technology deficiency are determined and 
documented in a Technology Development Requirements Documents (TDRD). This document is 
analogous to a “procurement specification” against which technology development is procured. The 
TDRD contains not only technical requirements, but also regulatory and stakeholder requirements. 

Customer needs and requirements are carefully integrated into the program. Waste stream data 
collected independent of the MWFA during the preparation of the Site Treatment Plans were 
compiled into the Mixed Waste Integrated Report (MWIR). All MWFA supported technology 
development must address specific waste forms as described in the MWR. Since each MWIR waste 
stream is identified with a site, this ensures a tie to a customer and customer need. The waste stream 
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(from the MWIR), the customer (owner of the waste stream) and proposed treatment system (from 
an STP), the schedule requirements (from scheduled need dates in Consent Orders or Ten Year 
Plans), and the technology deficiency (from the Technical Baseline) are all integrated in the 
Integrated Master Schedule. 

Scientists and/or engineers throughout the DOE Complex submit proposals based on the TDRDs and 
associated requests-for-proposal by preparing Technical Task Plans. Technology is then developed 
and or demonstrated upon receiving funding. 

To address one of the sharpest criticisms against technology development-technology that is 
developed but never implemented-the MWFA established a “Quick Win Program.” Quick Wins 
expedite implementation of mixed waste treatment technologies through treatability studies; 
relatively low cost projects that can generally be completed within one year and result in immediate 
reduction of DOE mixed waste inventory are prime candidates for a quick win project. Quick win 
projects are selected from proposals based on preestablished criteria that are consistent with the 
MWFA goals. This process is contrasted against the earlier described Technical Baseline process 
in which the MWFA program staff selects the deficiencies first, then seeks proposals. 

The results of a technology development activity, or a quick-win project, are documented in a 
Technology Performance Report (TPR). In addition to the technicd approach and results, the TPR 
also includes documentation on stakeholder concerns and resolutions, applicable regulatory position, 
and evidence that the technology is or will be adopted or adapted for use. 

The overall systems engineering process described above is summarized in Figure 1. In addition to 
the steps described above, there is a box that shows the technical review, which is a key process to 
verify that product meets the customer-driven requirements. 

Results 

The MWFA is in its third year. The MWFA inherited an ongoing technology development 
program and most funds had been committed at the first and second years. Therefore, most of 
the systems engineering processes are just beginning to have an impact. The results will be 
presented in terms of exampIes of the various documents produced by the MWFA. 

Technical Baseline-Based on last year’s Technical Baseline and the new Ten Year Plans, 16 
waste treatment process flow sheets were selected for ranking, shown as column Headings in 
Figure 2. Twenty-four deficiencies selected on the basis of prior year Technical Baseline 
process, site vistas, customer requests, and input from Site Technical Coordination Groups are 
shown as row titles in Figure 2. Ranking criteria were selected and weighted by the program in 
concert with input from the Community Leaders Network, representing stakeholder interests. 
The ranking criteria for process flows and deficiencies are shown as Table 1 and 2, respectively, 

The resulting scores are displayed on the rows and columns, and the deficiencies and process 
flows are arranged down and across in order of priority. The x’s in Table 3 indicate that the row 
deficiency is applicable to the column deficiency. The details of this process, the bases for 
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selecting, weighting, scoring, and changes made from one year to the next, and detailed 
description of each deficiency and process flow sheet are all documented in Reference 6. 

Integrated Master Schedule-The IMS integrates all of the program development activities with 
customer needs. The Ih4S differs significantly from a project schedule in that it emphasizes 
customer need dates for treatment systems that are not the responsibility of the MWFA, instead 
of scheduled programmatic work. It is an integration tool that reduces the risk that the “wrong 
technology will be developed.” The representative page shown in Figure 2 indicates the content 
of the IMS. The actual IMS is thirty pages long. 
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Technology Development Requirements Document-The requirements for each technology 
deficiency are placed in a TDRD. The concept of a development requirements document is 
somewhat novel. Nevertheless, it is simply the summary of what is believed to be required in 
order to subsequently state that the correct technology was developed. It is the specification 
against which development effort is contracted. Not all TDRDs are of the same quality, and 
some sections of TDRDs lack specificity. There was an initial tendency to envision the only 
requirement as that the technology produce a waste form that “passes TCLP.” With time, the 
TDRDs have become better and more useful. 

A typical TDRD is approximately 10 pages in length, and contains a minimum of seven sections: 
Scope, applicable Waste Streams and Waste Systems, Technical Requirements, Regulatory and 
Safety Requirements, Schedule Needs, Public and Tribal involvement, and Quality Assurance. 
Table 4 is an example of paragraphs excerpted from Section 3 of the Mercury Filter TDRD. In 
particular, note that many of the requirements are exactly what one would find necessary for a 
filter to function properly, “Peak operating temperature with full performance is 300 OF.” 
However, one requirement, “The new filter must have greater economic benefit than existing Hg 
filter systems,” demands that a technology development be conducted, that a new approach be 
used, and provide a measure for success. 

Technology Pe$ormance Reports-No TPRs have been produced yet. One TPR will be 
prepared for each technology development andor demonstration that is successfully completed. 
A TPR is not a classical test report. The classical test report will be input as one section of a 
TPR. The TPR will also contain all of the rest of the data judged to be required. Table 5 shows 
the contents of a TPR. In practice, the TPR will be the completed data package collected during 
the course of development and demonstration. As such, it will be comprehensive, but not user 
friendly. Each successful technology demonstration will also be summarized in a 10- to 25- page 
booklet. 

Table 1. Scale of merit for process flow diagram prioritization criteria 
Criterion 1 2 3 4 5 

Impact 
Volume of Waste 1 stream 1% 5% 10% 15% 
Treated 
Number of End 1 2 5 7 10 
Users 
Number of Waste 1 10% 20% 30% 40% 
Streams 
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Risk to the Minimum Highest 
Environment, Safety, risk to risk to 
and Health Posed by the ES&H, Le. ES&H, i.e. 
Waste Storage solids in gases 

safe storage corrosives 
reactives 

Time to Availability 5 years 4 years 3 years 2 years 1 years 

Toxic or 
high rad 
(>5mR) 
liquids and 
solids 

Table 2. Scale of Merit for Deficiency Prioritization Criteria 
Criterion 1 2 3 4 5 

User Impact 
Number of 
Flowsheets 
Number of Gaps 
in Flowsheet 

Environmental, 
Safety, and Health 

Critical Path 
Deficiency 
Maturity 

Compliance 
Commitments 

Functional 

1 

5 

ALARA 

5 years 

Transition 
Stage 1 
Planned 
Initiatives 

Conceptual 

5 

3 

Marginal 
improvement to 
existing 
standards 
3 years 

10 

1 

Essential to 
OSHA or 
DOE 
Compliance 
1 year 

Transition Transition Transition Transition 
Stage 2 Stage 3 Stage 4 Stage 5 

Ten Year Plan, Written Order 
DNFSB Line or Permit 
Item 
Evolving Documented 

Requirements Quantified 
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Tabie 3. Needs matrix. 

I 

- 
4.40 
4.20 
3.80 
3.80 
3.85 
3.65 
3.45 
3.55 
3.30 
3.40 
3.15 
3.00 
2.80 
3.00 

2.95 
2.70 
2.75 
2.30 
2.25 
2.20 
2.30 
1.75 
1.85 
1.95 

- - - - - - - - - - - - - - - - - - - - - - - - 

Plowles t  Scor 

ZNTEORAED FLOWSHEET 
DEFICIENCY PRIORITIZATION 

MATRM 
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Table 4. TDRD example (Hg Filter). 

Paragraph Requirement 

3.1.2.a Time-to-breakthrough > 10 days at maximum expected Hg concentration 
I in offgas 

3.1.2.b The new filter must have greater economic benefit than existing Hg filter 
systems 1 

3.1.3 All forms of Hg shall be captured, including oxides, sulfides, and 
chlorides 1 

I 3.1.4.a I Regeneration of filer must result in wast volume >I  % volume of waste 1 
treated. 

Minimum of 20 regeneration cycles 

Peak operating temperature with full performance is 100,000 pg/dscm 
mercury 

Peak operating temperature with full performance is 300°F 

Operational Pressure range with full performance 

Maximum pressure drop with full performance < 10 in. water 

Maximum allowable competing offgas components 

3.1.4.b 

3.2.a 

3.2.b 

3.2.c 

3.2.d 

3.2.e 

Technology Tasks Supported by the MWFA 

The two following lists are presented to demonstrate that the MWFA is currently actively seeking 
solutions to technology deficiencies. Table 6 contains titles of 46 tasks that have been funded either 
as a result of Technical Baseline prioritization or are “mortgaged activities,” that is, were funded 
prior to 
the current approach to technology development. Table 7 contains the titles of 29 quick wins, most 
of which are currently active, several of which have been completed. 
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Table 5. Technology performance reports. 

FinaI Product of MWFA 

Documents the completed requirements of TDRD 
- End-user interest and commitment 
- Technology data and interpretation 
- Regulatory activities and status 
- Stakeholder acceptance and concerns 
- Cost analyses and trade studies 

Contains results of technology development and demo 

Prepared by MWFA staff with inputs from WTTs and PIS 
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Table 6. Technology Development Tasks. 
Acid Digestion of Contaminated Wastes 
Cementitious Stabilization with High Salt Loading 
Comparison of Platinum Catalysts with Gold Catalysts for Adsorption of Mercury Vapors 
Continuous Emission Monitor & Diagnostic Work 
Delphi Detox 
Delphi Detox Process Support-RF 
Direct Chemical Oxidation 
Direct Chemical Oxidation of Organic Waste 
Encapsulation of MW Salts for Shipment and/or Disposal as TRU & LLW 
Evaluation of Sulfur Polymer Cement Fast Track System 
Flammable Gas Headspace Measurements in TRU-Pact 11 
Graphite DC Arc Melter Enhanced Capabilities 
Graphite DC Arc Projects 
Hg Removal and Control-Gold Amalgamation Filter 
Hg Working GroupEIg Treatment Demos 
Hydrogen Gas Getter for TRU Waste 
Improved TRU Waste Assay: C E N  
Iron Phosphate Based Ceramic Bonded Cements 
Kinetic Mixer for Phosphate Cement 
Laboratoryhdustry Non-Destructive Assay Performance Demo Test 
Laboratoryhdustry Non-Destructive Assay Performance Demo Test 
Macroencapsulation-Hanford 
Mercury Separation Using Low Temperature Thermal Desorption 
Mercury SeparatiodRemoval Using Sodium Hypochlorite Steel Wool 



Microencapsulation of Salt Waste Using Polyester Resin 
MWFA Working Group Model Solicitation (NT3) 
NDA Support of the TRU Waste Dept's Performance Demo Plan 
NDA via Gamma-Ray A&PCT 
Non-Destructive Containerized TRU Waste ExadAssay 
Phosphate Bonded Ceramic Waste Forms 
PHP Radioactive Bench-Scale Testing 
Plasma Torch Component Life Extension 
Polymer Encapsulation - Envirocare 
Process Monitoring & Control 
RCRA NDE/NDA 
Robotic Drum Inspection (at INEEL, Femald, METC) 
Robotic Removal of Noncompliant Articles from Waste Drums 
Russian DENOX Catalyst 
Salt Stabilization in Low Temperature Ceramic Waste Forms 
SeparatiodRemoval of Mercury Using Ligands in SC C02 
Sol-Gel Stabilization of Salt Wastes 
Sorting & Segregation Technologies Program Support 
Sulfur Polymer Cement Stabilization of Elemental Mercury MW 
Test Bed for Continuous Emission Monitors (CEMs) 
Thermal Oxidation of Organics Using Catalytic Chemical Oxidation 
Transportable Vitrification S y s t e 4 D e m o  Support 
Waste Form Initiative \ 

\ 
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Quick Win Summary 

Table 7. Quick Wins Funded or Planned by the MWFA. 
Base Hydrolysis of Explosives at Pantex 
Biodegradation of Scintillation Cocktails and Explosives Contaminated Soils 
Catalytic Chemical Oxidation of Organics 
Cyanide Destruction at Portsmouth 
Cyanide Destruction at R E T S  
Direct Chemical Oxidation of Chlorosolvent MW 
Direct Chemical Oxidation of Chlorosolvent MW 
Electrolytic Treatment of Organic MW at LANL 
Expedited Reclamation Using Cotter Concentrate 
Gas Recontainerization Skid 
Immobilization of Beryllium Metals at Oak Ridge 
Immobilization of MW using Phosphate Bonded Ceramics 
Ion Exchange Treatment for MW Water 
Mercury Amalgamation at Fernald 
Mercury Amalgamation via Sulfur Reaction 
Mercury Separation Using Low Temperature Thermal Desorption 
OR-ELTSRAP Volume Reduction of MW by Segregation of Radioactive Component 
PCB Treatment Using KGME Solvent Extraction at SRS 
Sodium Deactivation at Portsmouth 
Steam Reforming at Baker Brothers Site FUSRAP 
Sulfur Polymer Cement Stabilization of Elemental Mercury 
Sulfur Polymer Cement Stabilization of Mercury Contaminated Debris 
Supercritical Carbon Dioxide Extraction 
Supercritical Carbon Dioxide Extraction - Radioactive Partitioning 
SWEET System for Separation of Septic MW Stream 
Terra-Kleen Solvent Extraction at Fernald 
Treatment of Mixed Waste Paints and Thinners 
Treatment of Tank E-3-1 Cleanout Material 
Wet Oxidation of Organic MWs (Pretreatment to Vitrification) 

Discussion 

The Results section did not describe all MWFA documents, but only a subset of those very uniquely 
systems engineered. The program has produced many of the documents normally and integrally a 
part of a major project, proposals, program management plan, strategy documents, budget 
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documents, development plans, test plans, requests-for-proposal, progress reports, technical reports, 
and so on. 

Table 8 shows a comparison of classical systems engineering functions and MWFA documents that 
implement those functions. The SE functions selected are those recommended by the LMITCO 
Systems Engineering Department (refer to the sixth paragraph of the introduction, with minor 
modifications). Mission analysis and functional analysis have been separated from requirements. 
Alternatives analysis has been termed “Life-cycle Analyses and Trades” to coincide with MWFA 
terminology. 

There is a clear match with mission analysis, requirements definition, alternatives development, 
implementation, and system integration. “Functional Analysis” has fallen short. It may have been 
used to help define what the program was to do, but the answer to this fell out of all of the traditional 
documentation, such as the initial proposal, program management plan, strategy documents, and 
normal project documentation. The closest thing to formal functional analysis was the evaluation 
and analysis associated with the process flow sheets that was an integral part of the Technical 
Baseline development, and reported in Volume 2 of Ref. 6. In summary, functional analysis was 
done, but not formally. 

There is a blank by “Life-cycle analysis and Trades” for two reasons. The formal decision analyses 
conducted to date have not been separately documented; the systematic trades conducted as part of 
the Technical Baseline are documented within the Technical Baseline document. Life cycle and 
other trade studies are planned as an integral part of the TPR preparation but depend in part upon 
initial results from the development activities and simply have not been done yet. 

At one level, the entire program is about test and Verification, i.e., test or developments and 
verification through demonstration. These, however, are seen as products of the program. Within 
the program, “test and verification” is relegated to the formal reviews of delivered products. 
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Table 8. Comparison of classical systems engineering functions and MWFA documents that 
implement those functions. 

Key MWFA Product or Source 
Question SE Function Documents 

What does the customer 
need? 

How well does it do it? 
or What must be done? 

What does it do? 

What is it? 

Is it the best choice in 
terms of cost, time, 
performance, etc.? 

How is it accomplished? 

Does it do what is if 
supposed to? 

Does it all work 

Mission Analysis 

Requirements 
(definition, 
development, or 
analysis) 

Functional Analysis 

Alternatives 
Development 
(Synthesis) 

Life-cycle Analyses and 
Trades 

Implementation 

Test and Verification 

System Integration and 

Site Treatment Plans 
Mixed Waste Integrated Report 
Complex Needs Report 
Program Management Plan 

System Requirements Document 
Technology Development 
Requirements Documents 

Integrated Technical Baseline 
Report, Volume 2 
f+ 

Technical Baseline (Technologies 
selected for development) 
Technology Performance Reports 
(developed technologies) 

TPR (Life-cycle cost analyses and 
trade studies TBD) 
Technical Baseline (selection 
section) 

Technical Task Plans (technology 
funding vehicles) 
Quick win projects 

Technical Review Report (TBD) 

Integrated Master Schedule 
together? Controls 

Conclusions 

It is too early for the conclusion that one would like to hear, that is, that all customer requirements 
for new and improved technologies had been met and that most of the successfully developed 
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technologies had been readily adopted by the end-users responsible for waste treatment, storage, and 
disposal. 

Interim conclusions can be made. One., the classical systems engineering approach of developing 
requirements, objectively and methodically analyzing alternatives, testing results against 
requirements, and maintaining integration and control systems can be applied to a technology 
development program. Two, clear, measurabIe and enforceable requirements can be specified for 
development tasks without negatively constraining the innovative scientist or engineer. Three, even 
though the program product is “demonstrated technology,” it has been possible to maintain a clear 
tie to waste streams, need dates, and potential users of that technology. Four, operating in this 
environment has improved the ability to fairly distribute development tasks, and there has been no 
negative response from the engineers and scientists. 
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