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Abstract 

The objective of the Clean Agile Manufacturing of Propellants, Explosives, and Pyrotechnics (CAMPEP) 
program is to develop and demonstrate the feasibility of using modeling, alternate materials and processing 
technology to reduce PEP life-cycle pollution by up to 90%. Traditional analyses of factory pollution treat 
the manufacturing facility as the singular pollution source. The life cycle of a product really begins with 
raw material acquisition and includes all activities through ultimate disposal. The life cycle thus includes 
other facilities besides the principal manufacturing facility. The pollution generated during the product 
life cycle is then integrated over the total product lifetime, or represents a "cradle to grave" accounting 
philosophy. This paper addresses a methodology for producing a life-cycle inventory assessment. 

I. INTRODUCTION 

The objective of the Clean Agile Manufacturing of 
Propellants, Explosives, and Pyrotechnics 
(CAMPEP) program is to develop and demonstrate 
the feasibility of using modeling, alternate 
materials and advanced processing technology to 
reduce the life-cycle pollution of propellants, 
explosives, and pyrotechnics (PEP) by up to 90%.1 
The program is a combination of l ife-cycle 
assessment and life-cycle design. The early portion 
of the program consists of a life-cycle assessment of 
two products; the GBU-24 earth penetrator bomb, 
and the M-900 artillery shell. The framework of 
life cycles developed during the life-cycle 
assessment will be applied to new products and 
energetic materials which could lead to lower 
pollution PEP products. This life-cycle design will 
be used to study factories that produce and handle 
these new materials. Those not yet built are prime 
candidates for the demonstration of an integrated 
product and process development (IPPD) 
methodology. 

Life-cycle assessment is a three step process. 
Inventory analysis, impact analysis, and 
improvement analysis are the components.2 T&e 
initial step is a life-cycle inventory. Once resources, - e 

energy, and pollutant quanti ties are estimated, 
impact analysis, to quantify the characteristics and 
consequences on the environment, and improvement 
analysis to evaluate reduction to the environmental 
burden caused by implementation of alternative 
processes and materials are performed. These 
components need not be sequential as information 
from any component can complement the other two. 
An inventory analysis may be used to identify 
opportunities to reduce pollution generation, energy 
consumption, and resource utilization. 

The product life cycle includes the following stages: 

~ ,(1) raw ma.\e@tl acquisition; 
(2) bulk matenal processing; 
(3) engineered and specialty materials 

production; 
(4) manufacturing and assembly; 
( 5 )  use and service; 
(6) retirement; and 
(7) disposal. 

Raw materials acquisition includes removal of raw 
materials and energy from the earth and transport 
to the point of processing. Bulk material processing 
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includes separation and purification of the raw 
materials. Engineered and specialty materials 
production occurs by combining base materials using 
physical or chemical means. Manufacturing and 
assembly produces the product from the materials 
and delivers it to the customers. The products are 
used and serviced prior to retirement. Disposal of 
the product may be through reuse, remanufacture, or 
recycle. 

Only those system which contribute a significant 
inventory burden to the life cycle will be included 
as part of the enterprise. The complete enterprise 
cannot be readily identified in advance of 
performing the life-cycle inventory. 

The Life-cycle Inventory (LCI) model developed at 
Los Alamos National Laboratory provides insights 
into pollution sources and preventative engineering 
designs and concepts to reduce life-cycle pollution. 
The model predicts life-cycle resource and energy 
requirements. The model will be used to identify 
potential options to reconfigure existing energetic 
material life-cycle facilities into clean, agile, 
enterprises that reduce life-cycle waste generation 
by 90%. The LCI model will provide technologists 
and decision-makers the ability to perform analyses 
using different product formulations, enterprise and 
facility configurations, utility and material 
suppliers, and demilitarization and waste 
management practices. The life-cycle benefit from 
energetic material disposition options such as reuse, 
recycling, or remanufacturing are quantified. 

11. System Analysis Methodology 

The Technology Modeling and Analysis Group (=A- 
7) at Los Alamos National Laboratory has 
developed a methodology for performing system 
analyses. This methodology is illustrated in Figure 
1. The steps are as follows: 

(1) Understand the analysis requirements 
(what is the problem to be solved and 
what information is required from the 
analysis to solve the problem); 

(2) Develop the model functional 
requirements including data needs, 
metrics to be used for analysis, and 
hardware and software performance; 

(3) Select a simulation too; that meets the 
requirements; 

(4) Develop and execute the model; 

(5) Interpret the model results and 
determine if the requirements had been 
achieved and satisfied; and 

(6) Revisit the requirements if less than 
satisfactory results have been achieved 
or document the analysis. 

The sections that follow will describe the actions 
taken by LANL using this methodology to produce 
the LCI for the RDX based products GBU-24 and M- 
900. 

\ 

11.1 Analysis Requirements 

One objective of the CAMPEP program is to develop 
and demonstrate the feasibility of using modeling to 
help identify and then reduce the life-cycle 
pollution burden. The models would be capable of 
identifying the greatest contributors to 
environmental problems and explore the potential 
of new operating concepts and technologies to 
address those problems. The modeling must address 
actual DoD facilities and capabilities and be used 
to organize the PEP research and development 
laboratories, pilot plants, and production facilities 
into a program network. This program network will 
allow the design of a ”virtual factory” made up of 
portions of existing facilities and defining 
deficiencies when considering emerging oxidizers, 
polymers, and processing technologies. The 
modeling must include detailed descriptions of 
products, unit operations, utility needs, regulatory 
and qualification approaches, safety and pollution 
prevention devices to be used and be able to predict 
operational characteristics of the facility to be 
useful in meeting the CAMPEP objectives. 

These analysis requirements were determined by 
surveying the participants of the CAMPEP program. 
This included personnel from the Office of Naval 
Research (ONR), ARDEC, AMSMC-PBE, NSWC, 
Holston Defense Corporation, LANL, and DOE. 
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11.2 Model Functional Requirements 

There are several characteristics of the model 
software that are required to meet the analysis 
requirements. These include the following: 

(1) A model complexity that will allow 
tracking of resources, energy, and 
pollution as generated by any object. 
The model shall possess capability for 
layered analysis. If a subsystem is 
found to contribute significant resource, 
energy, or pollution demand, the model 
shall be able to predict those processes 
which comprise the subsystem. The 
model shall be capable of predicting 
process yields for equipment which 
process gaseous, liquid, and/or solid 
feed, product, and waste streams. The 
model shall be capable of predicting 
process yields for objects which operate 
on either a batch or continuous basis. 

(2) The model shall have a t e m p o r a l  
nature which includes determining 
annual throughputs of resources, 
products/coproducts, pollution, and 
energy. Fifty years of predictive 
capability shall be modeled. Initial 
predictions shall be performed for 
steady state life-cycle facility 
operation. A decision will be made to 
extend the predictive capability to 
other operational modes, such as 
startup, process upset, and shutdown 
conditions at a later date. 

(3) A predictive nature is required to assess 
alternative product campaigns such a s  
TNAZ, ADN, CL-20, NTO, and 
energetic polymers with polyether 
backbones. The ability to study 
uncertainty in predicted resources, 
products/coproducts, pollution, and 
energy levels should also be included. 
Sensitivity studies for assumptions 
which produce significant variability in 
life-cycle inventory estimates as a 
function of variation in input needs to be 
addressed. 

(4) Outputs for each object in the model 
should include inputs and outputs of 

resources, energy, product and coproduct, 
atmospheric emissions, and waterborne 
effluents, solid residual, fugitive 
wastes, and annual and total lifetime 
summations of energy consumption and 
solid residuals generated. A life-cycle 
inventory flow diagram should be 
generated for each run of the computer 
model and the assumption basis for each 
model run should be documented. 

( 5 )  The model platform needs to be such 
that as many Program participants as 
possible have access to the finished 
product. 

( 6 )  Data shall be collected for material 
flows for those objects which contribute 
a significant inventory burden to the 
total life-cycle burden. Every effort 
will be made to not make this a burden 
to the data supplier. 

11.3 Simulation Tool Selection 

There are three classes of simulations that were 
considered for this project.3 Theses were as follows: 

(1) General purpose languages such as 
FORTRAN, C, C++, Pascal, LISP, and 
Basic. These languages may allow 
greater programming flexibility. 
Efficiently written programs may 
execute faster than simulation languages 
and simulators. 

(2) Simulation languages provide features 
needed in designing a system simulation 
which may greatly reduce programming 
time. The framework provided is 
likely to appear more like the real 
world than a general purpose language. 
Models built with a simula-tion 
language are generally easier to alter to 
allow multiple configurations and case 
studies. Simulation languages also 
have dynamic memory allocation and 
error detection. The major strength of 
most languages is the ability to model 
almost any kind of system. 

(3) Simulators are computer packages that 
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allow one to simulate a system in a 
specific class of problems with little or 
no programming. Common examples of 
this are simulators for manufacturing, 
computer and communication systems. 
Menus and graphics are typically used 
to quickly build the systems. A 
potential shortcoming of simulators is 
that one may be limited to modeling 
only those system constructs allowed by 
the standard package. Some siinulators 
allow extensions that require 
programming a special user routine and 
integrating it into the package. 

The short term deliverable of an RDX LCI lead the 
modeling effort away from a general purpose 
language. The need to collect large amounts of data 
and to effectively communicate with plant process 
engineers made a simulator the first choice. The 
categories of criteria used to choose a simulator 
include logistics (cost, hardware required, debugging 
tools, graphic user interface, learning curve, 
customer support), basic features (discrete event, 
attributes for objects and streams, chemistry, 
programmable, graphic hierarchy, stochastics, mass 
balance), and advanced features (rule based logic, 
dynamic connections, alternate pathways, 
constrained resources and locations). A combination 
of a simulator and a simulation language is the 
approach taken to date. The simulator ExtendTM 
(Imagine That, Inc.) and the simulation language 
ProMoS (Los Alamos developed) have been used. 
ExtendTM was inexpensive, possesses a good 
graphical user interface, is easy to learn, has both 
discrete and continuous event structure, is 
programmable, has strong stochastic ability, and 
contained manufacturing libraries that were 
versatile enough to apply to the PEP industry. 
ProMoS was introduced to improve run times as the 
system became more and more complex. The 
transformation from ExtendTM to ProMoS was 
straight-forward and not prohibitively slow (less 
than a week to convert the RDX life-cycle). 

11.4 Model Development 

Traditional analyses of factory pollution treat the 
manufacturing facility as the singular pollution 
source. A more global assessment philosophy has 
been developed at Los Alamos. The manufacturing 
facility is a part of the overall product life cycle, 

including product manufacture, use, and ultimate 
disposal. The life cycle then includes other 
facilities besides the principal manufacturing 
facility. Other facilities that support the 
manufacturing operations may include: 

(1) Material extraction and processing 
facilities which provide raw material 
feed streams to the manufacturing 
facility; 

(2) Utilities and services required to 
support the life cycle (such as electrical 
power and transportation of goods); and 

(3) Downstream consumers, recycle 
facilities, or waste management 
processes. 

The LCI model should predict flows of material and 
energy. The model will consist of a number of 
interconnected objects which represent (in greater 
and greater level of detail) a system, subsystem, 
process, or unit operation. Figure 2 illustrates the 
relationships between the system and the raw 
material and energy flows into the system. 

For the object of interest, the model will predict 
material resources, energy, product and coproduct, 
and pollution. Material resources may be in the 
form of raw materials, processed raw materials, 
parts, assemblies and other process inputs. Energy 
includes electrical and thermal quantities as well 
as the energy burden associated with the extraction 
and transportation of a fuel or feedstock 
(precombustion energy) and the inherent energy of 
the feedstock material. An energy balance requires 
that the by-product energy of the process be 
predicted. Waste energy to the environment will 
also be predicted. 

Pollution consists of atmospheric emissions, 
waterborne effluents, solid residuals, and fugitive 
releases. Pollution may emanate from the object via 
non-treated streams or treated streams that have 
been routed through appropriate waste management 
systems. Recycle streams will be modeled 
depending on their importance to final products 
and/or coproducts, energy, resource, and pollution 
predictions. 

111. Modeling Activities 
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The first chore undertaken was to establish the LCI 
model boundary to predict "cradle to grave" 
performance. Figure 3 illustrates the boundary for 
the GBU-24 and M-900. Simulation modules of 
Holston Ammunition Plant (synthesis, engineered 
specialty materials), McAlester (load, assemble, 
and pack for the'GBU-24), Indian Head (engineered 
specialty materials for the M-9001, raw materials 
and utilities, and demilitarization have been 
constructed. 

Data was collected from these sites in various 
ways. Personnel from several areas in the facility 
at McAlester and Indian Head were convened in a 
single room for several days. The modeling team 
made a presentation on what data was needed and 
in what form. The facility personnel represented 
plant management, process engineers, environmental 
organizations, and shop floor workers. Tours were 
given to increase the knowledge of plant logistics 
for the modeling team. 

ExtendTM computer simulation models of the 
facilities were developed, shown and discussed 
with the site representatives. The results were 
concurred with prior to any dissemination amongst 
other members of the CAMPEP program. 

Data for raw materials and utilities was also being 
developed. Literature searches and other 
organizations produced much of the data utilized. 
It was noted that great variability exists in the 
data outside the DoD fences. This variability is 
caused by looking at average facilities when none 
are average. Age of the facility, the number of 
pollution control devices, and the envelopes 
considered by the data collectors effect the data. 

Pollution burdens for these activities at these sites 
have been determined.4 

IV. Summary 

Los Alamos National Laboratory has developed a 
systematic approach to preparing a Life-Cycle 
Assessment using computer simulation techniques. 
The approach begins by defining the analysis 
requirements and model function specifications. 
Software is chosen and a model developed. The 
results are analyzed and used to see if the analysis 
requirements have been met. 

The analysis requirements and the function 
specifications for the model were determined by the 
many participants of the CAMPEP program. A 
survey of available software to meet the 
requirements was made. The simulator ExtendTM 
was used to collect data and visualize the process 
material flows. The simulation language ProMoS 
was then utilized to do analysis as the speed of 
ProMoS made the complex system manageable. The 
LCI boundary for the GBU-24 and M-900 was 
established and data collected (including raw 
material and utility data). Pollution burdens for 
the RDX based life cycle at the various sites 
involved in the manufacture of the GBU-24 and M- 
900 were determined. 

The follow-on effort will be to examine ways to 
reduce the pollution burden for these products by 
introducing process improvements and alternate 
molecules. 
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Figure 2 

System Process Flow Conceptual Diagram 
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Figure 3 

Establish LCI Model Boundary To Predict "Cradle to Grave" Performance 
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