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Expert System for Liquid Low-Level Waste Management

Juan J. Ferrada
Chemical Technology Division

P.O. Box 2008
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Oak Ridge, Tennessee 37831-6495

1. INTRODUCTION

An expert system prototype has been developed to support system analysis activities at the
Oak Ridge National Laboratory (ORNL) for waste management tasks. This expert system will aid
in prioritizing radioactive waste streams for treatment and disposal by evaluating the severity and
treatability of the problem as well as the final waste form. The objectives of the expert system
development included: (1) collecting information on process treatment technologies for liquid low-
level waste (LLLW) that can be incorporated in the knowledge base of the expert system, and (2)
producing a prototype that suggests processes and disposal technologies for the ORNL LLLW
system.

Radioactively contaminated liquid wastes at ORNL are generated by research activities
performed within many divisions, hot cell decontamination activities in the isotope development
areas of the Chemical Technology Division, and reactor operations within the Research Reactors
Division. Other significant sources of LLLW include ORNL's waste treatment facilities. These
facilities include the Process Waste Treatment Plant (PWTP) and the Central Off-Gas System. A
great deal of LLLW generation is also expected to be produced by the remedial actions cleanup
of inactive tanks and facilities during the next 10 years.1

LLLW generated by these various activities at ORNL are discharged by way of "hot"
drains (radioactively contaminated drains) located in laboratory sinks, hoods, floors, and hot cells
or the liquid is collected and trucked. Waste that is collected in "hot" drains flows to
underground, stainless steel collection tanks where the waste is neutralized, if necessary. The
piping and tanks are known as the collection and transfer (CAT) system. The waste accumulated
in the collection tanks is transferred to the LLLW Evaporator Facility, where it is concentrated in
one of the two evaporator units. From there, the concentrated waste is transferred to one of
several storage tanks, and the condensate collected from the evaporation is tr?..ferred to the
PWTP for further treatment.

2. DESCRIPTION OF THE EXPERT SYSTEM

The concept under which the expert system has been designed is integration of
knowledge. There are many sources of knowledge (data bases, text files, simulation programs,
etc.) that an expert would regularly consult in order to solve a problem of liquid waste

* Managed by Martin Marietta Energy Systems, Inc. for the U.S. Department of Energy under
contract DE-AC0584OR21400 with Martin Marietta Systems, Inc.



management. The expert would normally know how to extract the information from these
different sources of knowledge. The general scope of this project would be to include as much
pertinent information as possible within the boundaries of the expert system. As a result, the
user, who may not be an expert in every aspect of liquid waste management, may be able to apply
the content of the information to a specific waste problem. What follow are the methodological
steps to develop the expert system under this general framework.

2.1 Development Strategy for the Expert System

The major aspects considered during the development of the expert system prototype
were the modularity, generalization, and friendliness. Modularity is an important factor that
permits the isolation of the different elements comprising the knowledge base. In this manner
modifications to items such as data bases, text files, graphic files, rules, and external programs can
be performed independently without altering the rest of the program. Generalization is a relevant
factor if the program is considered for future implementation in other facilities. Finally,
friendliness is a desirable feature of any computer application. Easy access or easily
understandable commands are a necessity or the user will try to avoid working with it.

The expert system prototype developed for this project has been designed as an integrator
of knowledge. To perform this integration, the expert program must be able to access the
knowledge base(s), the external data bases, text files, graphics files, and external programs for
simulation purposes. Decisions have to be made regarding what kind of tools to use for
developing the expert system, how to prepare the text files, what graphics system to implement,
data base type, and which external programming language to use to develop the simulation
package.

In an effort to gather expertise in an advisory computer program, project management
established two main objectives: (1) collecting information about process treatment technologies
for LLLW that could be incorporated in the knowledge base of the expert system, and (2)
producing a prototype that suggests processes and disposal technologies for ORNL's system.
Successful validation of this system will encourage an expansion of the program to include
technologies that will solve problems in other institutions with similar LLLW management
situations.

In order to achieve the above goals and objectives, this expert system consolidates
information that is usually distributed through various sources. It contains a knowledge base of
several viable treatment technologies that can handle LLLW. The system accesses data bases that
store information about the characteristics of the liquid waste produced by different generators as
well as external text files that may have extensive explanations about the chosen technology for
further analysis. This expert system also provides for external procedures that access
computational models written to simulate each of the technological treatment alternatives
pertaining to the knowledge base. Visual access to fiow sheets of the various processes is also
provided within the system design. In addition, such a system encourages friendly interaction with
the user, which means that the user can access such expertise without necessarily having to run
several computer programs. In essence, this expert system has been developed as an integrating
package that allows the user to retrieve information from data bases, text files, calculations from
e. ernal programs, and explanatory drawings.



Data base access.

A data base has been developed in DBASE III to store, retrieve, and analyze information
concerning the LLLW disposal system at ORNL. Information contained in the data base
includes: (1) LLLW generator information, (2) LLLW collection tank data, (3)
evaporator/evaporation data, ond (4) LLLW concentration data.

Information was retrieved from the developed LLLW data base by considering those
buildings and tanks that are more important from an operations standpoint. The waste
identification data base involves the waste stream characteristics such as stored volume,
concentration of chemicals dissolved in the liquid, radioactive constituents, locations, and storage
tanks. The data base of stream characteristics is comprised of three elements: waste building,
waste_tank, and waste_all. The waste_building element represents the waste generation by
building, and waste_tank represents the waste stored at each source tank. Finally, the waste_all
component represents the total waste generated in the ORNL LLLW system.

Technologies data base.

The process alternatives data base includes information related to process viability, process
configuration, and text files with additional technical information. This data base has five general
fields. Each record is named as "process." The first field represents whether this process will be
accepted as primary viable solution for the PWTP. The second field represents a name given to
the process or process train alternative. The third field represents the name and location of the
text file with the information about the process alternative. The fourth field represents a series of
blocks that illustrate the flow sheet of the process alternative. The fifth field represents the series
of positions on the screen where the blocks should be located for the representation of the
graphic flow sheet.

Technology process simulation.

Several process alternatives have been selected as viable technologies to treat liquid
wastes. Information about these processes has been gathered by consulting the literature on
waste treatment technologies nationwide. Experience obtained by ORNL researchers has also
been included in this search. Finally, information has been gathered from meetings held with
different vendors in the specific area of LLLW treatment processes.

22 Tools selection: Shells or Languages?

In order to define the artificial intelligence (AI) tools that can be used to develop the
expert system, it is appropriate to mention that expert systems can be built with either a
commercial package (also called expert shell), or an AJ computer language, like PROLOG or
LISP. The expert shell provides a substantial AI programming code, including an inference
engine that has been tested, debugged, and maintained. The inference engine will match the
information given by the user with the rules stored in the knowledge base and develop an
appropriate answer. The expert shell will load and consult different knowledge bases and will
apply the same rules of inference when solving a variety of problems. Building the expert system
using an AI language provides greater flexibility than an expert shell in addressing specific aspects
of a problem. A considerable amount of coding, however, has to be written when using an AI



language. Generally, the choice of a commercially available shell over an AI programming
language provides a shorter development time without the loss of features required for the
resultant prototype. In a shell, however, the heuristic have been already been programmed, which
may be a disadvantage because one may want the system to approach the solution from a
different perspective.2

A commercial shell is often used to develop expert systems that operate in a graphics
environment because visibility aids in understanding the reasoning mechanisms. The use of an AI
computer language like PROLOG or LISP is adequate when certain features are not provided by
a developed shell or the shell has too many features that are not usually utilized in a particular
application.

Two other important aspects to consider in the selection of an appropriate tool is the type
of computer environment where the expert system is going to be implemented, and the way the
system is going to be distributed to the users. To develop the system using an expert shell, the
user must either purchase a license that allows multiple distribution or purchase a run-time
version that allows wide distribution. The use of a computer programming language will deliver a
compiled version of the expert system that can be distributed to the different users without having
to acquire special licenses.

Based on these and other considerations, the expert system for LLLW management has
been developed using the PROLOG language. PROLOG (programming in logic) is an AI
computer language that has a built-in backtracking mechanism that is fundamental for search and
matching purposes. Turbo Prolog™, by Borland International, is the PROLOG version used in
the development of this particular package. The Turbo Prolog™ implementation contains a full-
fledged compiler with a pull-down menu interface, arithmetic graphics and system-level facilities.
This language is implemented on the IBM and compatible personal computers (PCs). PROLOG
is a declarative language, that, given the necessary facts and rules, uses deductive reasoning
(backward chaining) to solve programming problems. It is founded on a small set of basic
mechanisms, including pattern matching, tree-based data structuring, and automatic backtracking.3

The power of Turbo Prolog™ becomes greatly extended when rules are formulated,
because rules allow the inference mechanism of the language to operate. One example of a rule
is:

showproc("Filtration"):-
shiftwindow(l)
file_str("filter.txt",Datafile),
makewindow(10,7,7,"Filtration Information",6,0,18,80),
display(Datafile),
removewindow,!.

Translation of the rule yields the following actions: "shift to window 1, get the data file filter.txt,
make window 10 for filtration information, display the data file, and remove the window if
filtration is the process to be shown (showproc).

The expert system developed using Turbo Prolog™ demonstrates the capability of the
program to interact with the user and external routines written in C, retrieve data from external
data bases, display text information, and display graphics information.



23 Search Mechanism

In principle, the system will find out about the generators of liquid wastes of interest to
the user. From data bases, the system will retrieve the characteristics of the waste such as flow
rate, concentration of chemicals, tank identification, etc. The information retrieved from the data
base includes the radioactivity and hazard levels of the materials that determines the potential
treatment(s). The treatment generates a final residue that requires ultimate disposal according to
the existing solid disposal criteria. Figure 1 illustrates this phase on the evolution of the expert
system development.

Figure 2 illustrates the three general procedures included in the expert system
development. First, a waste identification procedure accesses the data base and extracts the
volume generated by building or by tank, the location (building and tank), and the concentration
of chemicals. Second, the matching procedure will determine, by means o." the Process Waste
Treatment Plant (PWTP) waste acceptance criteria, whether the waste should go to the PWTP or
to the LLLW system. In both categories, there are various processes derived from the PWTP and
LLLW actual process trains. Third, the technical evaluation performed by the system delivers
information about waste production, the transuranic (TRU*) characteristics of the final waste,
and the disposal of the final waste by applying the final disposal acceptance criteria.

The three procedures described above are integrated in one package. Figure 3 illustrates
the flow process through the PROLOG program to perform these procedures. The user enters
information to the system that is channeled to the data base in order to determine the
characteristics of the waste stream (e.g. concentration, building, tank). The inference mechanism
confronts the retrieved information with the PWTP acceptance criteria, matches the results with
the viable technologies in the process data base, and then presents these process alternatives to
the user. The user selects one process from the list. By doing this, the user is asking for more
detailed information about the process. The description of the process is retrieved from an
external text file and graphic elements by means of the inference mechanism. The mass balance
of the selected process is performed by external routines written in C. The results of the
calculations are then given to the user.

2.4 Linking Everything Together

Due to the constraints and advantages described above, a two language implementation
was used for the LLLW system. The scope of this section is to provide reasoning behind the
development of the LLLW package using Turbo C™ 2.01, Turbo Prolog™ 2.0 along with Turbo
Prolog Toolbox™. The LLLW system implementation was broken down into four separate
modules. These modules are: the expert system, the user interface, numerical computations, and
the graphical interface. Figure 4 shows data flow from the two language implementation
perspective.

Both sections of code, PROLOG and C, can be compiled within their own integrated
environments to produce object modules. These object modules must then be linked together
with the appropriate external libraries. Turbo Prolog 2.0 automatically compiles code using a

'Transuranic (TRU) waste is contaminated with alpha-emitting radionuclides having atomic
numbers greater than 92 and half-lives greater than 20 years, in concentrations greater than 100 nCi/g
of waste at the time of assay.



large memory model, therefore, the C code must also be compiled in this manner. The following
example demonstrates how to link the PROLOG code (analysp.obj), with the C code (analysc.obj
and train.obj.) The object module (init.obj) is a PROLOG initialization file, while egavga.obj and
litt.obj are object modules that define the high resolution monitor type and font types. The
PROLOG library used is prolog.lib. The C libraries are all for the large memoiy model and are
bgi.lib, cl.lib, mathl.lib, graphics.lib, and fp87.1ib. If no floating point coprocessor is available, then
the fp87.1ib library should be replaced by emu.lib, the floating point emulation library. The
linking commands are as follows:

tlink init analysp train analyse cgavga litt analysp^ym,
tjl.exe,,prolog+bgi+cl+mathl+graphics+fp87

3. EXPERT SYSTEM CONSULTATION

The expert system prototype has been implemented for the IBM PC and compatible machines
with at least 640K of RAM memory. Turbo Prolog™ and Turbo C™ have not yet developed versions
that take advantage of the extended or expanded memory features which significantly enhance the
productivity of computer applications such as the ones offered by Microsoft Windows. Consequently,
the first version of the expert system is limited by the ceiling of the 640K of RAM memory.

An explanatory window describes the next menu where the user must select from the following
three alternatives: (1) liquid waste by building, (2) liquid waste by CATTank, and (3) all tanks at
ORNL After the user has selected liquid waste by building, a menu containing the buildings that
generate the liquid waste appears on the screen. Figure 5 illustrates this menu. The menu is
presented in a window that can scroll, meaning that more buildings may be viewed that can be
displayed in the window at once. The user must move the cursor past the bottom entry in the window
to view more entries.

Knowledge of the building that generates the waste enables the expert system to search in
the data base for a process or processes that match the characteristics of the waste stream. Once
the matching stage is concluded, a brief description of each one of the selected processes is shown
to the user. The user can then select one of the processes, for further details, by using a menu where
each process is represented by a line. Figure 6 illustrates this feature.

The expert system takes the user's choice and searches in the data base for more information
to deliver to the user. The next deliverable information comes from a text file containing the
description of the process. Then, the program presents a graphical representation of a flow sheet of
the selected process. Figure 7 illustrates the process flow sheet.

The technical evaluation is the next biock of information delivered by the package. The
system performs calculations and prompts the user with the results of the radioactive characteristics of
the waste to determine if the final waste to be disposed of is TRU or not. If the user does not agree
with the calculations, he/she has the opportunity of specifying the reasons for the disagreement.

Finally, the expert system presents the user with a report on the screen about the calculation
performed. Figure 8 illustrates this screen. The user is asked if a report is desired, and the final
report includes the description of the process and the technical evaluation of the process. The
consultation steps for the choices Select by CAT tank or All wastes at ORNL are similar to the one
described above.



4. EXPERT SYSTEM REVIEW PROCESS

Once the expert system prototype is completed, a validation process must follow. Experts in
the different fields involved in the expert system as well as future users review the prototype to analyze
different elements of the package. Primarily, the reviewer of the expert system is asked to run the
program and analyze several important aspects of the package. Initially, some of these aspects are
defined in order to better understand the review process. "Friendliness" is a term designating the
relative ease with which the user can access, interact, and obtain information from the computer
system. System Display refers to the elements used to facilitate the interaction with the user. These
elements are windows, menus, and input and output devices. Technical information refers to the
accuracy of the material presented to the user.

The waste characterization data does need reinfucement to improve accuracy since the
prototype has to access information on the data base that is often merely a best estimate of the waste
stream. However, major funding is required to accomplish this task. Chemical analysis of radioactive
liquids is a costly project. Planning and sample-taking are time-consuming activities where safety
regulations have to be followed very closely to remain in compliance. In addition, very skillful labor is
required to analyze the samples. All of these factors add to the costliness of validating the waste
characterization data.

The review process for this expert system prototype is in progress at the moment. This review
process has been slow. There are not a great number of experts that can review the package and
the few available have not had enough time to critically evaluate the information. This is
understandable because part of the review includes design calculations of novel technological
processes.

5. CONCLUSIONS

The development of a prototype of an expert system for managing LLLW has been an
interesting endeavor. In summary, the positive aspects reside in the versatility of using a combination
of PROLOG and C languages to develop the package. Most of the accessories of this package, such
as graphics and external calculations, can be programmed using C and leaving most of the available
programming space in PROLOG for the development of the inference engine, the respective rules, and
external data bases. This usage also allows for the addition of more features to the program while at
the same time allowing an executable final delivery that fits in one floppy disk containing the
executable file, the data bases, and the text files.

Another positive aspect of the prototype development phase was the gathering of a great deal
of technical information about waste management alternatives disseminated in several sources. The
conversation with experts in these matters revealed additional information that was not available in
conventional sources such as textbooks, reports, and papers. In addition, the experts were helpful in
determining the type of extra information required in the data bases for optimum use of the package.
As mentioned earlier, the review of the prototype has been slow due to the shortage of experts and
sufficient evaluation time. When the review process is finished, the comments given by the different
experts will be indicative of the changes needed for the final delivery of the product. Perhaps
changes in the user interface or addition of other features will be required to make the product a more
useful tool for the managers of liquid low level radioactive waste.
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Process Usage Information-
Select the liquid waste
at the source.

Select first item if:
you are interested in
analyzing per building
waste stream.

Select second item if:
you are interested in
analyzing per tank
waste stream.

Select third item if:
you are interested in
analyzing every tank
at ORNL at once.

Building Options
Building 3001, All
Building 3010, BSR
Building 3026-C, Lab B and two cells
Building 3026-C, All except Lab B and two cells
Building 3026-D, All
Building 3039, All
Building 3042, ORR
Building 3047, All except 207-210, and 227
Building 3074, All
Building 3517, All

Fig. 5. Menu containing building choices.

1 Process Train Description

1. Reverse Osmosis
2. LLLW system
3. PWTP

Trainl1_Ion_Exch_PWTP

Primary stages:
1. Liquid waste to the PWTP
2. Ionic exchange
3. Resultant liquid to the

non_rad plant.
4. Ion Exchange Resin
5. Resin Solidification

Train_0_Discard_Resin_Col

1. Eliminate Resin Regeneration
2. Resin Oewatering
3. Resin-Column Transport

Process Train Options
Train7_LLLW_Actual_System
Train8_LLLW_Crystallization
Train9_RevOsm_PWTP_LLLW
Trainl1_Ion_Exch_PWTP
Train 0 Discard Resin Col
Exit

-

Fig. 6. Menu to select one alternative for further analysis.
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-Technical Evaluation-

Report on Technical Evaluation of Waste frcm
Building 3001, All
produced by the

Train7_LLLW_Actual_Sys* am
process system

The amount of waste liquid from Building 3001, All
going to tank WC-19 is: 3996 gal/year

The amount of liquid that
goes to the Non Rad is: 34285.0 lb/year

The amount of filter cake
that goes to K-25 is: 157.8 drums/year

The calculations on Alpha
emitters indicate a concentration of : 0 nCi/g

Press a key

Fig. 8. Technical evaluation summary


