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ABSTRACT 

Waste logistics modeling is a powerful analytical technique that can be used for effective 
planning of future solid waste storage, treatment, and disposal activities. Proper waste 
management is essential for preventing unacceptable environmental degradation from ongoing 
operations, and is also a critical. part of any environmental remediation activity. Logistics 
modeling allows for analysis of alternate scenarios for future waste flowrates and routings, 
facility schedules, and processing or handling capacities. Such analyses provide an increased 
understanding of the critical needs for waste storage, treatment, transport, and disposal while 
there is still adequate lead time to plan accordingty. They also provide a basis for determining 
the sensitivity of these critical needs to the various system parameters. 

This paper discusses the application of waste logistics modeling concepts to regional planning. 
In addition to ongoing efforts to aid in planning for a large industrial complex, the Pacific 
Northwest Laboratory (PNL) is currently involved in implementing waste logistics modeling as 
part of the planning process for material recovery and recycling within a multi-city region in the 
western U.S. 

This paper describes the elements involved in implementing waste logistics modeling at a 
regional level, including considerations of aggregating the results at higher levels (e.g., the state 
level). Also discussed are the potential benefits to regional planning of having a waste logistics 
analysis capability available. One notable benefit is the ability to consider waste management 
aspects of future development, and also to consider the availability of waste materials as 
resources for future development (e.g., through recycling and waste exchanges); by employing 
such analyses, plans for future development can be tailored to minimize potential impacts and to 
maximize the environmental benefits. 

lNTRODUCTION 

Proper planning is needed to provide adequate and appropriate storage, treatment, transport, 
and disposal capabilities for wastes to be generated or oreceived in the future. Different waste 
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management capabilities need to be provided in appropriate capacities and types, and on the 
proper schedules, to match the amounts, characteristics, and timing of the wastes to be handled. 
For example, wastes containing flammable components are required to be stored under different 
conditions than, and separate from, other types of hazardous wastes. Storage or treatment 
overcapacity for one we of waste (e.g., flammable wastes) will generally not substitute for 
needed capacity for wastes containing some other type of regulated constituent (such as acute 
toxins). There are a number of similarly exclusive requirements that severely limit options for 
management of multiple waste types (Holter et al. 1993). 

Develop Waste Forecasts 

Waste logistics modeling is a useful technique in approaching these planning requirements. 
Waste management system models can be developed specifically to analytically evaluate options 
for management of the particular types and classifications of waste expected to be generated 
within, transported through, and managed within a specific region. To be effective, such models 
must be tailored to the specific nature of the wastes involved, as well as the applicable 
regulations. Fortunately, if proper attention is given to these criteria during design and/or 
adaptation of a model, this approach can be flexibly employed to analyze a broad range of waste 
management situations. 

I 
I 
I 

Waste logistics modeling basically involves using material balance principles to simulate future 
material Bows through the system in question. Forecasts for waste generation and receipt are 
developed to represent the feed material to the system. Routings of the various materials 
through the  various system components (e.g., storage locations, treatment facilities, 
transportation links, and disposal sites) are then defined. Anticipated schedules and capacities 
for operation of the various system components are used to constrain the simulated operation of 
the system. These parameters can then be varied to determine the sensitivity of the system 
operation to changes in assumptions. This process is outlined schematically in Figure 1. 

The goal of waste logistics modeling is to understand the anticipated operation of the system as 
an  aid to refining system planning. This can be done both prior to system construction, to 
provide information for design activities, and during construction and operation, to assist in 
scheduling and other operational planning. .. 
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Figure 1. Schematic of Development of Waste Logistics Model 



Model results can be obtained for the entire system, if that is needed. In many cases, though, 
only particular portions of the system or particular types of waste are of interest. By 
appropriately limiting the data input set and evaluating the output results, studies can be 
narrowed to focus on the specific areas of interest. However, care must be taken to ensure that 
interactions between different parts of the system are still appropriately modeled, or the results 
may be of questionable usefulness. 

Waste logistics modeling can be used to evaluate expected system performance based on a 
variety of performance measures, depending on the needs of the specific situation. These 
,performance measures include, but are not limited to, the following: 

Material Throua,hput is a basic measure of the system’s abzty to handle and process the 
materials that are fed into it. In some cases, it is sufficient to look at average material 
throughput over time. However, in other situations, such as those in which there are time 
limits for storage of materials (e.g., 90-day accumulation points for hazardous waste in the 
U.S., 40 CFR 262), it is also important to look at shorter-term measures of throughput. 

Throughput measures also need to take into account overall throughput of the system as 
well as detailed throughput by system element or type of material, where these details are 
important to understanding the system’s ability to handle the specific materials involved. 
In evaluating hazardous waste systems, for aample, it is likely to be important to measure 
throughput for various categories of hazardous waste, corresponding to either regulatory 
categories or different treatment methods. 

Cost is a key measure in determining efficient, effective operation of a system. In many 
cases, system cost is a key determinant in system feasibility; unless costs are held within 
certain bounds, the system will be too expensive to obtain the necessary financing and v.4.U. 
thus, be infeasible to implement. In all cases, the cost of acquiring and operating waste 
munagement equipment and facilities is an important determinant in the d e s i 9  and 
selection of a system (Tchobanogious et al., p. 931). 

As with throughput, overall cost will be important, but it will also likely be desirable to 
evaluate costs for specific time periods, specific portions of the system, and/or specific 
waste materials. 

- .  

0 

- Risk is an important measure of the impacts of a hazardous waste system on the workers 
operating the system and on the general population around the system. It is desirable to 
minimize the overall risk associated with a system. There are a variety of methods for 
evaluating risks. One common method is the calculation of costs resulting from risk- 
related impacts (e.g., health effects and environmental impacts) (Gottinger 1991). 

Disposal Facilitv Life/Capacitv is of critical importance to the operation of many waste 
management systems, since the disposal facility often forms the basic foundation for 
operation of the system. Activities that extend the Me and/or the capacity of the disposal 
facility can thus avoid the need to develop new disposal facilities or halt the operation of 
the system. The availability of adequate disposal capacity has been an important issue for 
a variety of waste systems in the US., including those for municipal solid waste, 
hazardous waste, and low-level nuclear waste. . 



e Material Diversion/Recoverv Ability is an important measure of a system’s ability to 
reduce waste quantities and impacts by diverting or recovering the material for other uses. 
While this concept is most often practiced in municipal solid waste systems, it also can be 
of considerable importance for hazardous waste systems. The practice of finding ways to 
use or recycle various types of hazardous waste is becoming increasingly popular. Being 
able to measure this diversionlrecovery is important to understanding the operation of 
the system. 

Transportation Requirements are another major concern relating to waste management 
systems. In many cases, transportation Links are the most direct interface between waste 
management systems and the general public. Also, transportation activities carry with 
them lmpacts that are independent of the material being transported. Thus, many system 
designers will strive to minimize transportation distances. However, this must be balanced 
against other factors, such as the location of key facilities in otherwise undesirable places 
(e.g., the location of disposal facilities in prime urban sites). 

A common trap in developing models for waste management systems is to approach the 
problem as an optimization of a single performance measure. This may be a useful approach 
for refining a system for which the overall design parameters have been defined. However, 
considering the many interdependencies among the performance measures discussed above, this 
approach can be very misleading and counterproductive when used to define the overall design 
parameters of a system. 

In designing or adapting a model to evaluate a particuiar system, it is therefore important to 
identitjl all of the key measures that will be used to evaluate system performance, to ensure the 
model structure and data support the evaluation of these measures. This will help reduce the 
need for major revision of the model later. 

WASTE IMANAGEMENT FOR A LARGE U.S. INDUSTRIAL COMPLEX 
*. 

Over the past seven years, PNL has developed and applied a waste logistics modeling system 
called the Solid Waste Projection Modeling system.. This system was developed specifically to 
evaluate options for management of various types and classifications of solid waste at a large 
industrial complex. However, as will be discussed later in this paper, the approach is sufficiently 
flexible that it can be applied at other sites, for analysis of other forms of waste (including 
various types of hazardous wastes). 

The modeling system uses forecasts of the volumes and characteristics of existing and future 
solid wastes to project and analyze treatment, storaxe, and disposal (TSD) requirements at the 
US. government’s Hanford site in Washington state. The system uses a data-driven, object- 
oriented approach to assess the throughput requirements for each operation in the waste 
management sequence, for each of the distinct waste classes that must be managed, and also to 
assess the accompanying cost of the TSD operations. By defining all of the elements of each 
alternate system for the total management of the waste, the same database of system description 
information can be used for numerous analyses performed at different levels of detail. This 
approach also permits use of the model by a variety of users with widely varying information 
requirements, and helps achieve the high degree of flexibility needed to cope with changing 
conditions (e.g., new regulations, varying waste forecasts, and evolving treatment and disposal 
technologies). In other words, the modeling system is generically applicable to a variety of 



different situations, requiring only appropriate facility-specific data to adapt it to a new situation 
(Holter et al. 1993). 

A generic representation of the waste management system is shown in Figre 2. As shown in 
the figure, a waste management operation can be defined as either treatment, transport,, or (if at 
the end of the sequence of operations) disposal. Operations can be linked together into waste 
management schemes of any length or complexity (although it is advisable to avoid unnecessary 
complexity to facilitate data development and analysis). Storage may be required for wastes 
awaiting any of these operations, and each operation is modeled as having dedicated storage 
capacity avddable as needed (Holter et al. 1990). 

Solid waste that will be managed at Hanford includes current waste inventories as well as waste 
that will be generated from future clean-up activities. Virtually all remediation and restoration 
activities, including treatment of other waste forms (e.g., liquid waste), wiU generate solid waste. 
In addition, waste will be received from other U.S. government sites that do not have sufficient 
storage or treatment capacity. 

Every container of waste has a designated waste class, which is determined by the radionuclides 
and/or hazardous constituents present and their concentrations. The different waste classes 
have distinct storage, treatment, and disposal requirements. In addition to waste class, physical 
characteristics (e.g., concrete, failed equipment, soil, metal, containerized Liquids, etc.) dictate 
treatment requirements and constraints. Finally, the container in which the material is shipped 
will impact storage and material handling requirements of the solid waste management system. 

Within the  model, waste is received and then stored, treated, and disposed of according to the 
characteristics of the waste. Waste flows are tracked through the system by amount (in this 
case. volumes). Volumes passing through each operation are corrected to account for changes 
that would result from the operation (e.g., compaction or thermal treatment would considerably 
reduce the volume of a given waste stream). The output volumes from each operation are then 
redistributed to one or more subsequent operations, as appropriate based on the characteristics 
of the  output material, until all wastes reach a final operation (Le., some form of disposal). 
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Figure 2. Conceptual Representation of the Waste Management System 



Further details about the modeling of the Hanford solid waste system were provided by Holter 
et al. (1993) and Shaver et al. (1990). 

Several key points were observed in the development of this waste management logistics 
modeling capability (Holter et al. 1993): 

0 Applicable waste management requirements are still evolving, and the planned design of 
the waste management system itself is also continuing to change. Therefore, it is 
important to keep the modeling system flexible to allow changes as needed to keep up 
with current conditions. This flexibility also allows the modeling system to be relatively 
easily applied to situations other than the one for which it was originally designed. 

Developing the modeling system and the supporting data in stages, adding successive 
levels of detail at each stage, provides the opportunity to evaluate the system and make 
corrections before proceeding with the next level of detail. In this way, the issues 
addressed at each stage are much clearer, and the chances of success much better, than if 
the development were approached in one single step. 

Although conceptually straightforward, projecting future waste management needs often 
involves very large amounts of complex data and results, making implementation of the 
approach far from simple. Gathering, checking, and integrating the necessary input data, 
as well as organizing the results to provide relevant insights, requires significant effort. 

MATERIALS RECOVERY AND RECYCLING 

Building on the experience described above, logistics modeling concepts have also been applied 
to planning for a regional materials recycling and recovery facility in the western U.S. This 
facility, called a Recycling Application Park (RAP), is intended to separate usable recyclable 
materials from the municipal solid waste (MSW) and industrial wastes in a region with multiple 
cities, each with its own separate systems for collection, separation, transport, and disposal of 
wastes and recyclables. 

1 

The RAP is part of a larger concept being explored to develop and enhance the efficient use of 
resources and to increase industrial productivity. This concept, called the Advanced Recycling 
and Research Complex (ARRC), includes: 

a network of scientists and engineers to address technological issues across the broad 
spectrum of separations, refinement, and development of products from secondary 
materials 

access to research, development, and demonstration (RD&D) capabilities and 
infrastructure for testing and evaluation of new secondary resource process technologies 

systems engineering tools and expertise to integrate technologies into systems for 
application to industrial settings. 

The ARRC concept was originally described in Kuusinen et al. (1992). 



The R4P is an integral component of the ARRC. As an operating facility, the RAP uses 
regional MSW and industrial process "waste" materials as the resource for refined materials and 
the manufacture of useful products, demonstrating the viability of ARRC technologies and 
approaches under "live" conditions. The RAP will also act as a tool to remove the barriers 
preventing the use of integrated systems in other industrial settings. 

In order to market and develop the ARRC concept, it has been important to understand and 
explain the characteristics and amounts of the regional waste "resource base." Waste logistics 
modeling has been applied to help in this process. Initial analyses were completed during 1994. 
These analyses will be extended and amplified during 1995. The primary purpose for these 
modeling activities was to evaluate the economic feasibility of the W. This included two 
elements: characterization of the available resource base to support operation of the RAP, and 
assessment of the costs associated with RAP operation. 

Characterization of the available resource base is needed to verify and understand e'xpected 
present and future feedstocks for the RAP. This information is needed in terms of: 

0 volumes of material per year, including seasonal variations and anticipated future r o w t h  

0 ii breakdown of these volumes by the type of material, focusing primarily on those 
materials with the highest economic value 

estimates of the ability to divert recyclable materials, for each of the various cities or 
areas within the region 

estimated capacities of current and planned facilities (e.,.., transfer stations and landfills) 
within the MSW systems. 

Costs for system operation, both current and future, were evaluated to provide a benchmark 
against which potential system improvements would be evaluated. These costs also are part of 
the determination of the prices that must be obtained for recycled materials in order for the 
system to be economically viable. (In cases where political considerations may drive the 
recycling of specific materials, the cost calculations can be used to determine the system 
subsidies that will be required.) To be complete, these cost calculations also need to include the 
avoided 'costs that will not be incurred as a result of changing waste practices (e.g., the avoided 
costs for constructing and operating new landfills because recycling will decrease the flow of 
materials into the landfills). 

These assessments include evaluation of the sensitivity of the results to changes in key system 
parameters, including: 

particular cities and rural areas from which materials will be collected (ranging from the  
three core cities to an area with a radius of about 150 miles) 

materials collection and separation efficiencies within the particular cities and rural areas 

transportation distances and costs 

available markets for recovered materials (including distance to markets, market 
capacities, and market prices). 
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The information from these assessments is needed to inform potential participants in the RAP 
of the expected operations of the system. By understanding the future resource potential and 
the basic cost parameters, as well as the potential markets for the materials they would produce, 
they can evaluate "what's in it for them'' to participate. 

The analyses can also be used to illustrate the planned operation of the system, and the 
available options, to uovemment authorities and decision makers, members of the public, and 
other interested parties. This type of understanding is often key to obtaining the needed 
support and ensuring the feasibility of such a project. 

P 

HAZARDOUS WASTE MANAGEMENT IN DEVELOPING COUNTRIES 

The examples above have illustrated how logistics modeling concepts have been applied to 
several different waste management systems in the US. Similar waste management logistics 
simulations can be used to analyze a broad variety of waste management systems, including 
hazardous waste systems. These modeling systems are generically applicable to a variety of 
different situations, requiring only appropriate data and model structure to adapt them to new 
situations. 

To model a particular waste management system, such as a regional hazardous waste system in a 
developing country, the requirements for handling and managing the different waste types 
(including the regulatory requirements and management policies as well as the physical and 
chemical requirements) must be clearly understood. In addition, the bases used for the 
projections (Le., the waste characterization information and the description of the waste 
management system) must realistically represent the actual situation to be encountsred (within 
reasonable limits) (Holter et al. 1993). In many countries, this type of information is not readily 
available or, at least, not fully developed. 

The recent United Nations Conference on Environment and Development (United Nations, 
Chapter 40) noted that "the gap in the availability, quality;toherence, standardization and 
accessibility of data between the developed and the developing world has been increasing." It 
goes on further to  say that "There is a general lack of capacity, particularly in developing 
countries, ... for the collection and assessment of data, for their transformation into useful 
information and for their dissemination." Consequently, significant effort may be required to 
develop needed data on hazardous waste quantities and characteristics, as well as on current and 
future capabilities for transportation, treatment, storage, and disposal. Activities such as the 
Global Waste Survey (Wilson and Ross 1993) should help reduce these difficulties. 

In addition to the lack of information and the associated lack of capacity for developing and 
disseminating information, planners in developing countries face difficulties imposed by the 
incomplete or rapidly evolving policies for management of hazardous wastes. Thus, system 
planning will need to remain flexible, to ensure the ability to respond to changes as they occur. 

Because of the uncertainty and variability iikely to be associated with much of the data, as well 
as with the requirements, results from these analyses must be carefully interpreted. It is 
important to analyze "what-if" scenarios to identify the specific input parameters to which the 
results are most sensitive. Experience over time will also help identlfy those effects that are 
resulting from "noise" in the data and those that represent real changes (Holter et al. 1993). By 



performing a variety of sensitivity analyses, planners can achieve a "feel" for the expected 
operation of the system. 

Logistics modeling has value beyond the analysis of waste management options. A primary 
value of using logistics modeling is in being able to easily show results and impacts from various 
approaches, to gain broader understanding of and support for activities to properly manage 
hazardous wastes. This is of particular benefit in situations where the people involved lack a 
sophisticated understanding of environmental problems. This also makes a more compelling 
case for the financing of the needed infrastructure improvements to support improved waste 
management practices. 

CONCLUSIONS 

Logistics modeling concepts can be usefully applied to a variety of waste management situations 
and questions. They have proven useful in several different efforts within the U.S., and are 
flexible enough to be applied in analyzing other systems in other countries, including hazardous 
waste systems in developing countries. 

Logistics modeling can be useful for a number of purposes, including: 

analysis of options for system configuration and operation 

enforcement of systematic consideration of the problem (clear specification of interfaces, 
definition of sources and waste characteristics) 

communications of results of these analyses. 

The logistics modeling approach described in this paper is consistent with the UNCED . 

recommendation for "adopting flexible and integrative planning approaches that allow the 
consideration of multiple goals and enable adjustment ofchanging needs." (United Nations, 
Chapter S ) 
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