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A COMPUTER MODEL TO DETERMINE PATHOGEN TRANSPORT
THROUGH ENVIRONMENTAL PATHWAYS

Robert E. Sheridan, Jr., Kathleen E. Hain, and Roger L. Tyler
The BDM Corporation
Albuquerque, New Mexico

A computer program was developed to model the transport of pathogens through
environmental pathways as a result of the application of treated sewage sludge.
Specific sludge application cases included the use of treated sludge as a cropland
fertilizer, as a soil conditioner by the general public, and as a feed supplement

for ruminant animals.

A comprehensive review of relevant literature sources led to the definition of
environmental pathways from the point of sludge production to points of potential

human contact.

Along these pathways, discrete points were designated where it was
desired to compute pathogen populations.
pathways 1is treated as a mathematical state.

In this model, each point in these
The transfer of pathogens between

these states is described by a set of ordinary differential equations derived

using conservation principles,

environmental
developed from data obtained in the literature review.

parameters, and relationships
These equations are then

integrated to determine the pathogen populations at each state.
This computerized model has been used in several applications and has helped
to assess the risks associated with certain sludge utilization and treatment

practices.
1. INTRODUCTION

During the 1970's clean air and water Tegislation
jmposed constraints on sewage treatment and dispo-
sal. These constraints led to increased amounts
of sewage sludge which municipalities had to
dispose of, but reduced the number of disposal
alternatives available to municipal officials.
Legislation also encouraged waste management
procedures which emphasized the recycling and
beneficial use of waste materials.

The use of municipal sewage sludge as a fertilizer
and soil conditioner has been practiced in the
United States for many years. For example, the
city of Albuquerque has spread dried, anaerobi-
cally digested sludge from its secondary treatment
plant on city parks for over forty years. The new
emphasis encouraging such use, however, brought
questions concerning the consequences and risks
jmposed by the beneficial use of sewage sludge
which were not easy to answer. While no record of
disease attributable to the use of sewage sludge
from secondary treatment plants could be found in
the literature, sewage sludge was known to contain
viable pathogenic organisms.  Further, municipal
sewage sludge was known to contain varying levels
of toxic chemicals including heavy metals.

It was the responsibility of the Environmental
Protection Agency (EPA) to evaluate the risks
jmposed by the use of sewage sludge and to develop

regulations governing sludge treatment and use.
Environmental modeling techniques had proved to be
effective in bringing order to the study of water
pollution problems. Similar modeling techniques
seemed to be applicable to the problem of evalu-
ating sludge use risks. The agency decided to
develop a set of companion models, one addressing
the pathogen population of sludge and the other,
the heavy metal content.

At the same time that the EPA was considering the
best way to evaluate the possible risks imposed by
sludge use, the Department of Energy through
contracts with Sandia National Laboratories (SNL)
was developing an innovative sludge treatment
scheme. One mission of the Applied Biology and
Isotope Utilization Division of SNL was the devel-
opment of cost-beneficial uses for existing and
future supplies of radioactive isotopes. Begin-
ning in 1974, the Waste Resources Utilization
Program developed methods, using cesjum-137, to
reduce the pathogen content of municipal sludge
and began experimenting with the use of irradiated
sludge as an animal feed supplement. As a result
of this effort, a prototype sewage sludge
irradiator (the Sandia Irradiator for Dried Sewage
Solids) was designed and built. SNL was then
tasked with transferring sludge irradiation
technology to the public sector. Discussions with
municipal officials revealed their concerns with
both the placement of a gamma radiation source
within their cities and with the risks in using
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sludge. Like the EPA, SNL recognized the ability
of an environmental model to address the latter
concern but the aims of the two agencies were
slightly different.

Well aware of the broad scope of a modeling effort
designed to evaluate the risks imposed by using
sludge and the 1lack of data available in many
relevant areas, the EPA wanted a flexible model
that would identify research needs and accommodate
new information as it was developed. The ability
to document any conclusions reached by the model-
ing effort and trace conclusions back to hard data
points or estimates was of paramount importance.
In 1978, the EPA was in the process of promulga-
ting regulations specifying acceptable sludge
treatment processes as a function of sludge use

and decided a modeling effort would support
decisions being made using less quantitative
methods. SNL was looking for a marketing tool

which would be flexible endugh to accommodate many
sludge treatment and use scenarios but would also
be useable by municipal officials who had Tittle
knowledge of biology, civil :engineering, or com-
puter science. Emphasis was to be placed on
demonstrating the ability of irradiation to reduce
risks and on a user-friendly format. Both agen-
cies recognized that no weil defined information
base existed from which to develop a model. What
data was avajlable would be found scattered
throughout civil engineering, biological, medical,
veterinary, soils science, hydrological, and risk
assessment literature.

In the fall of 1978, SNL subcontracted to The BDM-

Corporation (BDM) the task of developing a Sewage
Siudge Pathogen Transport Model 'which would meet
the objectives of both agencies. The model was to
be flexible, changeable, easy to use, and accurate
within the constraints of available data. The
effort was jointly funded by the Department of
Energy and the EPA. The differing objectives of
these funding agencies led occasionally to con-
flicting demands upon the BOM modeling team*.

BDM began by performing a Jiterature search for
the purpose of accumulating an information base.
The information base was to include available
relevant data regarding pathogen occurrence in
sewage, pathogen survival during common sewage
treatment processes, and pathogen movement through
the environment as a result of sliudge application.
Over 1000 titles were reviewed and included in the
infermation base. Because the information base
was so extensive, a computerized 1library storage
and retrieval system was designed to classify and
store abstracts of reviewed literature. The
computer interface inciuded an interactive "fill
in the blanks" library review form for entering
data and an interactive query language for extrac-
ting data. The library review form was filled in
by the engineering and biological researchers as
literature was identified and read. This form
provided the means for the classification of
articles by author, title, source, and subject

*(Researchers at Cornell were directly funded by
EPA to develop the companion model evaluating
heavy metals.)

matter using a list of descriptive keywords. In
addition, the form provided a format for entering
abstracts into the computerized information base.

The 1list of keywords used to classify each
abstract by subject matter was  the basis for
retrieving information for use in transport model
development. The keywords provided a convenient
communication 1ink between the model researchers
and the information base. A list of 82 valid key
words were used to 1link the articles together.
Other attributes used to link the articles were
author name and source (e.g., Journal of the Water
Pollution Control Federation). Articles could be
extracted from the information base by any combin-
ation of these attribute links. Additionally, the
researcher could directly access an article by
using the unique title attribute. :

The information base was then used to develop the
transport model. The model predicts the numbers
of specific pathogens that would be found in
sewage sludge at various points during sludge
treatment and application. Once the pathogen
population has been estimated for various points
in the environment, the model has the capability
of assessing the risk to health resulting from
human exposure to the pathogen.

The computer programs to support the information
base and the model were written in FORTRAN IV for
execution on the SNL CDC 6600 computer system
under NOS. The user interacted with the informa-
tion base using a Tektronix 4025 terminal in form
display mode for entering data and any other
interactive terminal (e.g., Texas Instrument
Silent 700) for extracting data. The user
controlled the dinput and output stream of the
model in patch mode using the FORTRAN NAMELIST
statement. This method gave the user the most
flexible and easiest type of dinput in changing
scenarios from one pathway to another or in per-
forming sensitivity analysis on a single pathway.

The sludge treatment and application alternpatives
described in the transport model were specified by
SNL. These alternatives dincluded the use of
cesium-137 gamma irradiation in conjunction with
the following sludge uses:

(a) Dried raw sludge applied to cropland as
a fertilizer.

(b} Dried, anaerobically digested sludge
applied to cropland as a fertilizer.

(c) Dried raw sludge used as a feed supple-
ment for ruminant animals. “

(d) Composted sludge used as a soil condi-
tioner by the general public.

{e) Liquid raw or anaerobically digested
sludge applied to cropland as a fertili-
zer,

Considering wmodern disposal practices, any
pathogenic organism can be found 1in municipal
sewage. It would have been extremely difficult to
design a model which could accurately simulate the
suryival and environmental movement of more than a
few specific organisms. Three organisms were
selected to represent the enteric pathogens most
commonly found in siudge and were called indicator
organisms. These organisms were chosen because
each causes significant disease in the general
population; there was more information available
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concerning these organisms than for other members
of the principal pathogen groups; and each is
exceptionally hardy, surviving longer than average
outside the human body. Salmonella species were
used to represent the bacteria; Ascaris species

were used to represent parasites, both the hel- .

minth and cestode worms and the protozoa; and
polioviruses were used to represent all enteric
viruses. No representative for the fungi was
selected because not enough information was avail-
able on this group as a whole or on any individual.
member of the group to support environmental
modeling.

2. MODELING METHODOLOGY

A computer program was designed to model the
transport of pathogens through environmental path-
ways as a result of the previously mentioned
applications of treated sewage sludge. The model-
ing. approach used was the state-vector concept.
This method was selected because it provided a
very general and flexible base upon which to
formulate a spectrum of mathematical formulas to
predict pathogen populations. These formulas can
be stochastic or deterministic in nature and can
be developed empirically from experimental data or
theoretically from dimensional and sensitivity
analysis. In addition, the state-vector modeling
approach permitted a rather natural and Tlogical
representation of the envionmental pathways that
result from sewage sludge treatment processes and
applications.

In figure 1, an example environmental pathway
is presented. This pathway presents a simple
description of a sewage treatment process and the
subsequent application of the treated sludge by
land spreading. The boxes (or compartments) in
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Figure 1. Example Environmental Pathway

_processes.

this diagram represent a discretized view of an
environmental pathway that is, in reality, com-
prised of continuous processes in nature. Fur-
thermore, each of these pathway boxes is a summary
statement in the macro-sense of a number of sub-
For example, the box labeled "Primary
Sedimentation" 1is trepresentative of flow mixing,
particulate settling, growth/death (due to nutri-
ent supply, competition, etc.), fluid chemistry
processes, etc. The essential requirement is the
development of a computer model which will compute
the pathogen population as a function of time in
each of the pathway boxes. In order to derive the
required mathematical relationships, the environ-
mental pathway diagram is converted to a mathemat-
ical state format. .

state of the

The mathematical representation

. environmental pathway in figure 1 is presented in

figure 2. In figure 2, one mathematical state is
chosen to represent each pathway box. At each
state, equations are derived to compute the rate

l’m
) STATE
Mixy 1

A 4
STATE
”Z(XZ) 2

Tz . PalXg) T4 T25
Y Tas
STATE STATE [~ "P statE |
#3iXg ( 3 ___':m_(, . L o s ) gtXg)
M _—

T30 s0 Ts0

v

Figure 2. Mathematical State Diagram for

Example Environmental Pathway

of change of pathogen population and the effect

~that the sub-processes in each state (or pathway

box) have on the pathogen population. The process
functions p(X) are used to predict the growth
and/or death of pathogens due to the processes
occurring within each state. The process func-
tions are also referred to as state feedback func-
tions. The variable X is a vector of parameters
which quantify the change in pathogen population
due to these state processes. For example, for
state 1 (Primary Sedimentation) the vector X would
probably consist of the following parameters:
time, temperature, sunlight, pH, oxygen content,
competing organisms, toxic chemicals, predation,
nutrients, and so forth. The transfer functions
(or state transition functions) Tij are used to
define the rate of transfer of pathogens from
state i to state j. Referring to figure 3, the
variable Nj. is used to define the number of path-
ogens leaving state i and the variable Njp defines
the number of pathogens entering state 7j. The
mathematical definition of vij is expressed as:

N. N.
. 2 Vmit| 31”7 Tof _fan
ij - Ao it dt )i
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Figure 3. Definition of N1 and Tij
where At is the pathogen transfer time from state
i to state j. Again, the state process functions
and the transfer functions are necessitated by the
discrete nature by which the environmental path-
ways are being represented and modeled. Mathemat-
jcal expressions for each ©4 and Tij are developed
empirically from experimental data (if it exists)
or from a dimensional analysis of the relevant
vector parameters. The results of the 1iterature
search provided the base for the identification
and definition of the appropriate test data and
vector parameters.

At each state, the equation to compute pathogen
population 1is derived from the principle of
conservation of mass. From figure 3, the rate of
change of pathogen population in state i is repre-
sented symbolically as:

N, N
My q o mmit| 1 ” o)
@ i %Mo |7 BT

where
Nj; = the number of pathogens entering state
Ts
Niy, = the number of pathogens leaving state
T,

At = the time interval in state i.

Using a conservation of mass balance for each
state, a first-order differential equation is
derived .for N. Hence, for a mathematical state
diagram consisting of n states, there are n dif-
ferential equations to be solved. These equations
must be solved simultaneously because of variabile
coupling. For example, referring to figure 2, the
following differential equations define the rate
of change of the pathogen populations for state 1
(Primary Sedimentation) and state 2 (Irradiation)

Tor - Tiz +P1(Xt)
g = T2 - T2s - Taw - T2s + P2 (%)

Note that the transfer function Tiz appears in
both differential equations and, therefore, these
equations are coupled.

The system of differential equations must be
solved separately for each of the selected indi-
cator organisms. The functions pj and tjj were
developed to generally represent each pathogen
class. However, for each solution of the system
of differential equations, the model was program-
med to select only those parameters and terms in
the pj and Tjj relationships that were relevant to
each particular indicator organism. Hence, the
execution of the computer model for an environmen-
tal pathway resulted in population predictions for
each indicator organism.

Because of the discrete (and macro) nature of the
present - modeling technique, the differential
equations are not exact representations of the
change of pathogen population. Solutions of these
equations provide approximations to the pathogen
populations at each state (or pathway box). The
accuracy of these approximate solutions can be
improved by utilizing either (or both) of the
following strategies: .

(a) Define enough mathematical states to
completely describe  every possible
process, sub-process and micro-process
that occurs along the environmental
pathway.

(b) Improve the level of detail and accuracy
in the state process and transfer func-
tions used. The mathematically signifi-
cant pi and Tjj functions can be deter-
mined by performing sensitivity analyses
of the terms and solutions of the system
of differential equations.

A simplified example serves to explain this model-
ing methodology and to demonstrate the advantages
of this modeling approach. In this example, the
fate of bacterial pathogens of the genus
Salmonella are followed through three treatment

processes  (primary sedimentation, drying and
irradiation) and 1in subsequent environmental
interactions (resulting from land spreading)
between soil surface, surface water and crops.

Figure 4 depicts the environmental states that
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were selected to represent the flow of salmonellae
in these various environments. The states or
(compartments) in this figure illustrate the dis-
crete nature of this modeling approach. Also
shown in this figure are the state process func-
tions pi(X), which provide a description of patho-
gen behavior within each state, and the state
transfer functions tij, which describe the patho-
gen flow between states and approximate the
continuous nature of the environmental pathway.

The differential equations which define the rate
of change of pathogen population for this example

pathway are
@1 = To1 - T1o - T1z + p1(X1)
FZ =112 - Ta0 - T23 * p2(Xz)
¥3 = 723 - Tsw - Tss T p3(X3)
?“ = ey * Tew - Tus =~ Two + pu(Xy)
?5 = 135 * Tus * Tes - Tse + ps{Xs)

Ne = 1ss - Teu - Tes - Teo *+ ps(Xe)
where .

(a) The symbol N; denotes the time rate of

change of the variable (dNj/dt).

(b) The subscript zero with a state transfer
function indicates pathogen transfer
into a state from a non-existing state
(tg1) or transfer out of a state to a
non-existing state {tyo, Tso) (The term
non-existing implies a state that is not
considered to be part of the example
pathway.)

Mathematical formulas for some of the state pro-
cess and transfer functions are presented below.
In the derivation of these formulas, the param-
eters (for example, temperature, radiation dose,
pH, moisture, nutrients, predation, oxygen concen-
tration, uv radiation, toxic chemicais) that
potentially affect the number of salmonellae along
this example pathway were defined. For each pj
and tii formula, these parameters were compared
with any available data obtained from the litera-
ture review effort. As a result of this compara-
tive analysis, only those parameters which were
deemed to have the greatest relative influence on
population changes were selected for use in the
development of the p4 and tij relations.

Some of the state process functions for this
example are defined as follows:
(a) pa(X%) =0 .
Results obtained from the literature
review effort suggested that there is no
net change in salmonellae during the
primary sedimentation process.
(b) pz(X2) = pp(time, % moisture)
During the drying process of sludge in
beds, the parameters time and sludge
moisture content are considered to be
the most significant factors affecting
the salmonellae. From test data, graphs
of fraction of original population
versus percent solids and percent solids
versus time were developed (Brandon and
Neuhauser, 1978). These two graphs were
cross-plotted to develop a fraction of
original population versus time graph.

Some

of the

443

This last graph is maintained in tabular
fo;? (where the solids range from 5% to
90%) .
p3{X3) = ps{dose rate, time)

3 T T 3
t = time of exposure in minutes.
No parameters were shown to have a sig-
nificant impact on p, except dose rate
and time. A dose rate of 100 krads per
minute is assumed. The constant (-4.0)
was computed from a graph derived by
cross-plotting data on radiation versus
time and radiation versus fraction of
original population remaining (Brandon
and Neuhauser, 1978).

state transfer functions for this

exampze)are defined as follows:
a

Tor = (salmonellae/106 gallons) (gal-
lons/day) = salmonellae/day

to1 = (2 x 10107106 gaﬂons) (30 x 106
gallons/day) = 60 x 1010 salmonellae/day
The transfer of salmonellae into state 1
(primary Sedimentation) 1is based upon
the input number of-salmonellae for a 30
mgd (million gallons/day) sewage treat-
ment) facility (Foster and Engelbrecht,
1973).

(b) T, = .80 ¢4; (number/day)

This state transfer function describes
the transfer of a fraction (.80) of the
salmonellae 1in raw sewage to sewage
sludge (Mom and Schaeffer, 1940).

() T3y = fcla(t)s(E - ta)

t

1

where
fc = fraction of salmonellae fall-
ing on food crop (Ocfecl)
ta = instantaneous application time

=)0, t#t
8 (t-t,) ‘{m, t =t

(Birac Delta Function)

t
2
and tf s(t-t)dt =1 (t;ct <t
1

For this example problem it is assumed
that there was no net change in the
number of salmonellae between state 3
and states 4 and 5. In addition, the
sludge land spreading mechanics would be
ignored. (These mechanics are dealt
with in detail in the actual model path-

ways. ) Hence, any potential environ-
mental states or processes between
state 3 and states 4 and 5 would be

ignored and the Tland spreading process
was assumed to occur instantaneously.
In order to express this instantaneous
transfer of salmonellae onto the food
crop (state 4), the Dirac Delta Function
was utilized. If the equation for N is
integrated, the term involving <4,
becomes:

t t

2 2 :
/ T 3udt t/ ftNg(t)‘s (t - ta) dt

{
£ Na(t,)
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" and. the desired effect of the instantan-
eous application of a fractional portion
of the total number of salmonellae to
the food crop is realized (Killough and
McKay, 1976).

The preceding discussion of the events associated
‘with the flow of salmonellae through a sample
environmental pathway has been greatly simplified.
A number of environmental interactions have been
consciously omitted in order to emphasize the
general modeling approach rather than to belabor
the exact definition of the parameters involved in
the example. The simplified example does demon-~
strate the level of complexity associated with
attempts to construct wmathematical wmodels that
fajthfully represent the multitude of environ-
mental interactions occurring in such a process.

The completed model contains a total of fifteen
pathways. Five of these pathways describe sludge
treatments. Pathway 1, General Sludge Treatment
Pathway, describes the treatment of raw or
digested sludge for application as cropland ferti-
Tizer. Pathway 2, Animal Feed Supplement,
describes the treatment of raw sludge necessary to
prepare an animal feed supplement. Pathway 3,
Composting of Raw or Digested Sludge, describes a
general composting cycle to vrender sludge an
inoffensive residential soil amendment. Path~
way 10, Liquid Sludge, describes the treatment of
either raw or anaerobically digested, Tliquid
sludge 1intended for application to cropland.
Pathway 14, Albuquerque Sludge Treatment Pathway,
describes the proposed process train for the city
of Albuquerque's #2 waste treatment plant.

Ten pathways describe the applications of sludge
that could follow the defined treatment alterna-
tives. Pathway 4, Fertilizer for Crops Destined
for Human Consumption, and Pathway 11, Liquid
Sludge Used as a Fertilizer for Crops Destined for
Human Consumption, describe the environmental flow
of pathogens after sludge is applied to cultivated
farm land producing common vegetable crops.
Pathway 5, Fertilizer for Pasture Crops, and. Path-
way 12,
Grazed Pasture, describe the use of treated sludge
on a grazed field, while Pathway 6, Fertilizer for
Crops that are Processed Prior to Animal Consump-
tion, and Pathway 13, Liquid Sludge Used as
Fertilizer on Crops That Are Processed Prior to
Animal Consumption, describe the use of treated
sludge on field crops harvested for animal
consumption. Pathway 7, Animal Feed Supplement,
is designed to evaluate the use of herbivore feeds

containing -sludge such as those prepared in
Pathway 2. Pathways 8 and 9, Residential Garden
Soil Amendment, and Residential Lawn Soil

Amendment, respectively, describe the application
of composted sludge to home vegetable gardens and
in the establishment of a new lawn. Pathway 15,
City of Albuquerque Multiple Option Use Pathway,
describes the use of treated sludge in the mainte-
nance of city parks and recreation facilities.

The risk analysis incorporated into the computer
model is a consequence analysis containing five
factors which follow in logical progression (Rowe,
1977). There is the causative event, associated
with the beneficial use of sludge. The outcome of

Liquid Sludge Used as Fertilizer for a -

that event is the introduction of pathogens into
that environment. Individuals are exposed to a
hazard represented by the pathogens. There is a
consequence of that exposure, possibly disease
and, finally, a value is assigned to that conse-
quence. The avoidance of disease/infection is
assigned the highest value.

The consideration of the risk analysis factor of
exposure of individuals to pathogens in the envi-
ronment as a result of sewage sludge use is some-
what complicated. Exposure results only if the
jndividual 1is knowingly or unknowingly placed
within a pathway of exposure to these pathogens.
It 4is possible to estimate the probabjlity of

individuals placing themselves 1in an exposure
pathway associated with certain events (e.g.,
riding in a commercial aircraft). However,

because of a lack of documented experience, it is
currently impossible to estimate the probability
of an individual finding himself 1in an exposure
pathway resulting from the use of sewage sludge.
Therefore, for risk analysis purposes, it has been
assumed that the individual at risk is within an
exposure pathway. This assumption enables a more
critical look at the next logical factor in the
risk assessment, the consequences of exposure to
pathogens. The computer model contains five
exposure risk calculations that are coupled, to the
various environmental compartments defined in the
15 treatment and application pathways. These
calculations provide estimates of the health risks
resulting from exposure to sludge pathogens asso-
ciated with airborne particulates, soil or resi-
due, vegetable crops, meat, and milk. The
exposure portion of these calculations defines
events that would reasonably be expected to
intervene between a human exposure and an environ-
mental compartment. The calculations associated
with these events modify the pathogen populations
prior to a potential human exposure. For example,
in describing exposure to vegetable crops, the
exposure calculations modify the pathogens present
on the crops based on such processes as washing,
blanching, freezing, and cooking. The exposed
individual consumes the final pathogen Tlevel as
modified by the exposure calculations.

To summarize, the pathogen risk associated with
the use of sewage sludge is a function of the
probability that an individual will be placed in
the exposure pathway and the probabitity that an
individual 1in the exposure pathway will ingest
enough pathogens to 1lead to the consequence of
infection and/or disease. This can be stated in
the following way:

Risk = F(P(e), P(_i/d), C)

Where: P(e) = The probability that an individual
is in the exposure pathway
P(i/d) = The probability of ingestion of
sufficient numbers of pathogens
C = Consequence (infection/disease)

(a) Five exposure risk calculations describe
normally expected routes of exposure for
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man. These calculations are coupled
with the appropriate compartments in
each of the 15 environmental pathways.
The calculations are automatically per-
formed when the model user elects to
determine the risk associated with a
particular environmental
Throughout the model, it will be assumed
that the individual at risk 1is placed
within the exposure pathway, (P =1).

(b} A separate portion of the expééﬂre risk
calculations uses the pathogen popula-
tion estimates from the selected com-
partments and data from the literature
review relating pathogen numbers to
infection or disease to calculate the
exposure conditions required for the
ingestion or inhalation of an infec-
tion/disease-causing dose of pathogens.
For example, 1in the particulate-expo-
sure~-risk calculation, the model will
determine what volume of air will
contain  an infection/disease-causing
dose of a given pathogen. The model
will then calculate the length of time
an individual would have to breathe the
contaminated air to receive the infec-
tion/disease-causing dose of pathogens.

(c) Given the model calculation of the
amount of crop, air, soil, meat, or
milk, that is required to bring about
the consequence (C) of
infection/disease, the model user will
be able to make an inference about the
probability of exposure to sufficient
pathogens (P i/d)) and consequently, the
pathogen risk associated with a sludge
treatment and use alternative. For
example, a model run using the vegetable
exposure-risk calculation may estimate
that 100 below-ground crop units
(carrots) contain an infectious dose of
salmonella., Based upon the model user's
experience, it would probably be con-
cluded that the probability of an
individual ingesting 100 carrots at a
single sitting is Tow. Consequently,
the risk associated with the particular
sludge use scenario that yielded a 100-
carrot result would also be low.

A summary of the benefits realized from the model-
ing approach discussed above are listed below:

(a) The state-vector approach presented here
provides a structure with the capability
of supporting both stochastic and deter-
ministic  mathematical relationships.
The flexibility of this model structure
permits the addition or deletion of
mathematical states (pathway boxes) with
minor attendant changes in the computer

code.

(b) The discrete nature of the mathematical
state representation of the environ-
mental pathways readily accommodates

variable time steps (increments).

{(c}) The development of the state process
functions and state transfer functions
is primarily based on a consolidation of
modeling related data obtained from the
literature search portion of this study.

compartment, °

Areas where data are nonexistent or
incomplete or where further research is
needed, were didentified during the
development of these state functions.

(d) The state-vector structure outlined here
provides for, the straightforward incor-
poration 'oF new experimental data or
analytical techniques as new or improved
state process or transfer functions.

(e) The solutions of the model's differen-
tial equations are approximations for
the pathogen population at each pathway
state. However, these approximations
can be used as the basis for trend anal-
yses of the effectiveness of various
treatment options and of the relative
risk potential associated with sludge
application options.

(f) From a review of the preceding points of
this summary, it can be concluded that
this model design provides a flexible
framework for the straightforward incor-
poration of new or additional informa-
tion and mathematical relationships as
they become available. These changes
serve to enhance the predictive accuracy
of this model, not to dinvalidate it.
The model will not have to be scrapped
or undergo major revisions as a result
of these changes.

3. MODEL USAGE, SUMMARY AND CONCLUSIONS

The modeling effort began in the fall of 1978 and
was compieted in Jate 1980. The final product was
submitted to the EPA.  Shortly thereafter, the
model was made available to the public through
NTIS. Since 1981, BDM has received many requests
for aid from researchers using the model and BDM
personnel have used the model to evaluate sludge
treatment-and-use scenarios as requested by the
EPA and SNL. These evaluations have included
simulation of the treatment and use of liquid
sludge as a field crop fertilizer as currently
practiced in several north German towns. Runs for
the EPA looked at particulate risks to treatment
plant operators and persons involved in distribu-
tion programs. The City of Albuquerque pathways
were run several times to demonstrate the desir-
ability of both the solar drying facility and
irradiation unit. The following section is an
attempt to outline the major problems encountered
during the validation and dinitial use of the
model.

From the first attempts to demonstrate the model
to researchers not involved in its construction it
became obvious that the user's manual was not
being read. The effort to write a manual that
would be easy to read, that would provide a quick
introduction to the use of the model, and in which
each section could stand alone was intensified.
The result was a rather long document that users
still did not read or use. The documentation was
arranged, however, to make it very easy for BDM
modelers to direct users to the information they
need. The user-specifiable parameter lists allow
the user to see at a glance all guantifiable input
to the model and the default values for each
parameter. As will be discussed Tlater, the
default values are a point of contention among the
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biologists and engineers who have used the model.
The "pathway diagrams allow for very easy tracing
of the pathogen/sludge flows. Users have been
encouraged to make photo copies of pathway dia-
grams that they are interested in and then mark
parameter changes and questions on these copies as
they read the descriptions of .each compartment.
The documentation gives a brief description and/or
explanation: of each compartment followed by the
process and transfer functions. Once users read
the manual, most found it very easy to adjust the
model to simulate their particular sludge scenar-
jos and to follow the Tlogic involved. Working
slowly from compartment to compartment, users
could identify any changes they wanted to make and
the effects of those changes to overall pathogen
flows.

It was surprising that very few usérs had any
problems with the exposure risk calculations.
This section of the model was the most debated
during model construction. Most users either did
not use the calculations, being more interested in
comparing population numbers, or exhibited a
tendency to simply accept the calculations. This
unquestioning use of the model has been the
greatest problem to its validity. The documenta-
tion begins with an accurate description of the
model's Timitations which essentially originate
from a lack of basic data from which to derive
process and transfer functions. Users accepted
final population figures as fact even when growth
rates were unsubstantiated. The model was
designed to be used for comparing sludge treatment
and use options. It has been misused to determine
final pathogen populations and risks based on
unverified and assumed data.

As mentioned above, researchers who were using the
model for comparisons often disagreed strongly
with some of the user-specifiable parameter
default values. When the BDM modelers pointed out
that any value could be changed and explained the
procedire for effecting such changes, the argu-
ments persisted. It seemed that some researchers
did not quite understand the purpose of default
values. Since the model was originally designed
to allow SNL to show the effects of adding irra-
diation to common sludge freatment process trains,
default valyes were supplied for all parameters.
At a demonstration, values specifying treatment
plant size and climatic features were quickly
changed to simulate the hometown plant while
valués specifying the effects of processes on
pathogens were already in the program ready for
use. Normally, municipal officials are not par-
ticularly concerned with the biology involved and
find discussions of death rates, drying times, and
dust inhalation efficiency confusing. Researchers
on the other hand demand references and reasons
for each default value. When these are supplied,
they often proceed to contest a colleague's
results. BDM has stated many times that the
values used in the model were the best available 5
years ago and anyone who disagrees could change
the value in contention.

Several of the data points which generated the
most discussion dealt with the dose of a pathogen
which will Tlead to infection of an individual.
Experiments of this type needed to answer these

. operating under NOS.

questions cannot easily be done in the United
States. Healthy Americans who are educated well
enough to give informed consent usually do® not
volunteer for dose response experimentation. Data
obtained in third world nations is not readily
extrapolated to the U.S. because the general
health, nutrition, and previous exposure histories
of the two populations tend to be very different.
The model is acknowledged to be no more accurate
than the available data and the holes in the data
are acknowledged.

Beyond problems with the information uséd in
modeling, many potential users have rejected the
model because it requires a larger computer than
they have access to. The model was written to be
run on large computers available at SNL and the
EPA. Many potential users would like a program
which would run on a mini or micro computer.

The computer environment for the model development
and usage was the SNL CDC 6600 computer system
This computer system pro-
vided a useful -math package (specifically an
ordinary differential equation solution package -
ODE) as well as a large computer support facility
that included disk drives, magnetic tape drives,
and consulting services. As with any Tlarge,
multi-user computer facility, the turnaround time
(i.e., the time between input and output) was
occasionally one day or less. However, this was
due to the Tlarge number of users requesting
computer access rather than the size of the model.
The size of the model should not prohibit anyone
from placing it onto a different computer system.
In fact, some of the microcomputers now on the
market could handle the memory and disk space
requirements. For instance, a 16-bit micro system
with two single-sided, double density disk drives
and 128k of internal memory could adequately
handie the low complexity pathways. . Higher
complexity pathways may require memory to be
expanded to 512k (e.g., the IBM PC .could easily
handle this requirement)}. Larger machines such as
the VAX-11/780 or 11/750 mini-computers provide
the capability to transfer the entire model

without special requirements.

The user who does transfer the model to another
computer system should be aware of the following
model requirements. First, the input/output
process of the model s implemented via the
FORTRAN NAMELIST ‘statement. This statement
permits the input and output of groups of .
variables and arrays with an didentifying name.
This statement also provides the flexibility
needed to change scenarios from one pathway to
another and the means to perform a sensitivity
analysis on a single pathway. Hence, this
statement is necessary to the implementation of
the model and must be supported by the computer
system that the model is to be implemented on.

The interactive user input interface for selecting
pathways and default parameters is tied to the NOS
procedure file system as configured by SNL. The
transfer to another computer system will require
the model/user interaction to be redésigned for
the particular computer system. The 1interface
redesign should not require a large amount of
resources to perform; however, anyone attempting
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to do this should try to make the interface as
independent as possible of the computer system
characteristics.
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