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The United States Government does not endorse products or manufacturers,
Trade or manufacturers’ names appear herein solely because they are
considered essential to the object of this report.

The contents of this report do not necessarily reflect the official view
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INTRODUCTION
'BACKGROUND

Few people have not been exposed to terminology such as: systems
‘analystis, nfe-cycie cost, system effectiveness, measures of effectiveness,
models, cost benefit, 1n15ut. output, data, etc. Although these words are in
daily usage, they often have different meanings for different people. Their
use evokes a wide range of varied reactions.

At one extreme is the viewpoint that such analyses are modern types
of witchcraft, or numerology, practiced by a priestly cast. Results and con-
clusions obtained are suspect and these procedures are viewed as a means of

spolling (or soiling) or obscuring otherwise vaiid engineering analyses.

A the other extreme is the viewpoint that any solution to a problem
which does not employ such techniques (or at least is liberally sprinkled
with such terminology) is not "modern” or authoritative. A third type of
reaction may be that of individuals who are familiar with the underiying
concepts associated with such termi .logy but are unsure whether or not
they have any relevance to the problem at hand. To paraphrase a popular
comment about the weather, 'one may wonder whether thfase techniques, .
(granted that they are popular and everyone talks about them) can do any-
thing about the necessary decisions w_ith which one is faced.

This study does not purport to address all of the above issues but only

thése which are relevant to the general problem of comparirig competing
candidates and choosing an optimum wastewater management system for
selected U.S. Coast Guard cuttersl. The following discussicn is related to
some of the issues which led to this study.




Complex Problems and Simplistic Approaches

The aforementioned terminology is symptomatic of the complex society
we live in and the concomitant and increasinc complexity of the systems we
use to support it. The two extreme viewpoints are also symptomatic of ihe
various analytic techniqpes which are used, and sometimas abused, in an
effort to cope with this complexity. They are, in effect, reactions to two
types of extremes. One extreme is the use of oversophisticated analytic
techniques for relatively simple problems wh.lch do not warrant such power-
ful machinery. Thg other extreme is the attempt to use simplistic approaches
to solve complex problems. Ideally, the analytic technique should match
the problem. Just as overkill is undersirable, so is it important to recognize
that generally there are no simpie solutions or shortéuts to complicatad pro-
blems.

What are simplistic approaches? Briefly stated, simplistic approaches
are those which do not address all the relevant considerations and, at the
same time, ignore the interrelationships between them. Such an approach
focuses on a few issues to the exclusion of the others, without attempting
to assess the effects of such exclusions. But considerations whic.:n are
igno'red do not go away or disappear. T'hey sometimes have an unpleasant

way of returning.

N C.haracterlstic,of simplistic ‘approaches is the search for and discovery
of a "formula" which requirés the substitution of a féw easily determined
parameters associated with the systems. Among the simplistic approaches
must also be included those which, in effect, attempt to provide answers without
fully explbring what tlie questions are, i.e., without relating to the specifi_cs
of the candidate systems and their associated context. Such an approach
purports to provide solutions and conclusions without requiring as an

fnput (in addition to data) the structure and a configuration of the candidate




systems, i.e., how the subsystems/equipments interrelate to accomplish
the intended function. This type of approach should be carefully reviewed
for the ability to provide meaningful results.*

Simplistic approaches are popular because they promise to solve com-
plex problems the easy way. Although this is never stated explicitly,
simplistic approaches carry with them the implied assumption (or belief)
that they automate, or at least greatly simplify, the decision-making

process. Thus, they provide a false sense of security.'

What then is a "sophisticated” approach which is suitable for complex
problems ? Some characteristics of such an approach are the ability to take
into account all the relevant considerations, thus allowing a full examination
of all issues whicfx are of interest to the decision maker; it acccmmodates
the d;apendencies which are inherent in the problem; and it '1s based on the
use of relevant, valid and accurate data. However, this is not any more.
specific than the suggestion that the design of a bridge should be based
on Newton's laws of motion. It is for this reason that a specific analysis

methodology with clearly defined procedural steps is required.

Why Cost Effectiveness ?

Cost effectiveness has to do with the strategy one uses to acquire
a system, a service, or process when more than one legitimate. compgting
candidate exists. To a large extent, cost effectiveness cdncepts and asso-
ciated analytic techniques owe their origins to agencies of thel Department
of Cefense, -

These concepts are a reaction to the fallacy of attempting to acquire
a complex military system simply on the basis of initial cost ({.e., acquisi-

tion cost) and performance (i.e., performance at the time of purchase).

*It is noted that the use of this type of simplistic approach is often resp{on-
sible for imparting a bad reputation io an entire field of analysis - and
deserves the label of witchcraft or numerology.
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Although such a simple buying strategy may bz adequate for products which
are used or consumed at the time of purchase or soon thereafter {certain
foods, services, etc., in which the purchace price and the initial quality
are the prime considerations), there is more to acquiring a complex systen.
The element of time becomes an iraportant issue and it has implications for
both cost and performance (as well as for numerous other considerations).
Complex systems break down and their performance degrades with time.
Repairs cost money, they make the system unavailable, etc. Compliqa-
ting the situation is the fact that many of these events are random; hence,

one cannot pian for them in advance on the basis of determinisiic procedures.

In pracuice, it has been found that the real cost of a complex system,
such as a weapon system, often exceeds the initial acquisition cost by one
or several orders of magnitude. In addition, the performance, as well &s
other characteristics, often changes' considerably as the system ages.
These realities gave rise to concepts of cost effectiveness,‘ namely that
all costs incurred should Le tracked over time and accounted for, and that ths
the degradation in performance as a function of time should bz fully addressed,b
including ali the implications which follow from this.

Although the aim of cost effectiveness analysis 'is laudable, its practice
has not alwéys been up to par with its principles and ideals. Rarely are all
relevant considerations taken into account in a direct, expiicit, systematic,
and comprehensive manner. The attempt to take into account t'he dependencies
of both cost and effectiveness on the tifne element has resulted in an interest
and intensive activity in the field of reliability. Thus,"éffectivehess analysis"
_(or "effectiveness assurance", hecame synonomous with " reliabhility/maintain-

ability/availability analysis".

This study was undertaken in an effort to develop and apply a system-

atic and well defined cost effectiveness analysis methodology which would be

i
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suitable for candidate wastewater management s s.ems. In general, any
choice of a candidate is made on the basis of information about the candi-

dates and the use of subjective judgements by the decicion maker. However,

‘ kit o ke e
e e bt g L

information about complex systems includes a wide range of different con-
siderations and issues. The objectives of this cost effectiveness analysis;
méthodology is the development of procedural steps for methodically
accommodating and integrating all considerations of interest, including

- technical data and such intangibles as objectives, constraints, guidelines,

assurﬁptions, and the subjective judgements of the decision maker.

This approach is based on viewing all consideratioxlns of interest as
falling into two categories, namely economic and non-economic. The
economic considerations are all those which affect life-cycle cost and are
taken to be the penalty aspect of a candidate. The remaining considerations
of interest represent effectiveness and are associated with the overall
qualfty of a candidate (performance, safety, habitability, etc.). However,
a given system consideration may have an effect on both categories. As |
an example, the number of man-hours required for operation and maintenance
affects the penalty aspect (i.e., the cost of labor) as well as overall quality
(i.e., the extent of the burden on the cfew) . The overall problem of choosing an.

" optimum candidate is thus viewed as a two-dimensional problem requiring a
trade-off between life-cycle cost (penalty) and effectiveness (overall
quality).* Notions of "worth" are used in the context of such a trade-off.
However, unlike other approaches, this approach does not attempt to use

notions of worth to make a direct conversion of effectiveness into cost or
vice versa.

*This approach is valid for non-revenue producing systems. For revenue
producing candidate systems, a third and vital issue (namely its revenue

producing or income potential) must be taken into account and the problem
is then studied in three dimensions.
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Interfacing With the Real World

What was definitely not wanted (in accordance with the objectives and
intent of this study) is a theoretical analyses approach, applied to avhypo-
thetical problem,' using assumed data, and the development of fesults and
conclusions intended for an imaginary decision-maker. Instead, the goal
was the development and application of a viable methodology which can

address the real world. Such a requirement has a number of implications.

No elaborate arguments are required to convey the idea that meaning-
ful and valid results and ccl)nclusions cannot be obtained unless relevant and
accurate data are made available. Since the cost-effectiveness analysis
methodology per-se does npt generate the required data, or for that matter
the candidate systems to be analyzed, such information has to be ob-
tained as an input to this methodology. In the averall scheme of things
this type of information is obtained via other supporting analyses which are
coordinated with the cost-effectiveness ahalysis procedure. However, a viable
methodology must address a number of other issues in addition to the question
of data. It must be capéble of interfacing not only with real systems but with

real people as Well.

First and foremost, the methodology must interface with the decision -
maker who must have a clear understanding of the principles of the approach
as weil as the procedural steps and feel comfortable with them. Furthermore,
the approach must be capable of being integrated into the decision-makers
réutines and his overall scheme of operation. Expecting a radical departure

in normal operating procedure is unrealiétic.

Another type of interface is that between the decision-maker and
specialists in other disciplines. This interface is especially important in

a large scale project or sfudy effort in which the necessary data for

|
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guantifying both cost and effectiveness may require 1nputs from experts in
several different disciplines. One cannot realistically expect to address
oneself fo individuals in other disciplines and ask for an effectiveness
analysis or even for effectiveness attrib}lte data. Attempting to do this may,
at best, result in a blank stare and at worst, in a hostile reéction. Instead,
what must be done is to formulate specific questions in terms which are
meaningful within these disciplines.. This can be accomplished by formalizing
the process, at least to the extent that it can be carefully documented.

AQuesuons must be specific and they must be clearly stated. Thus, one might say

that this approach abhors végueness and ambiguity.

Testing the Approach

The candidate wastewater management systems and vessels included
in this study provided ample opportunities for testing and validating the
entire range of aspects associated with this approach. These. systems also
provided additional problems which may not be present in other types of
candidates, hence the ability of the approach to cope with these sys'tems
represents a demonstration of 1'l:s validity, versatility, and practicality.

The additional problems resulted from the requirement to handle two
‘separate waste streams (namely, black as well as gray wastewaters) and the
fact that these systems are synthesized as hybﬂd combinations of the
subsystems/eq'uipments of different MSDs. This presented special problems
for both the cost and the effectiveness analyses. Specifically, all data had
to be developed and documentzd on an MSD subsystem/equipment basis
rather than on an overall MSD basis as it is ordinarily presented. Purthermore,
each candidate system had to be viewéd as consisting of three subsystems
(often containing common subsystems/equipments) and both the cost as well
as the effectiveness related data on an overall WMS level had to be synthesized
from its constituent MSD subsystem/equipment data. Procedures for doing this

had to be developed.

AT O T T
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A further complication was the requirement to include cardidate system/
vessel combinations (based on the use of holding tanks) which do not provide
full holding capacity for black and/or gray wastewaters. This requirement
necessitated special procedures and extra precatitions in the presentation

and interpretation of regults and conclusions.

The ability of the cost effectiveness analysis methodology to interfa‘ce
with supporting analyses used to develop the'neceséary input data was
demonstrated via the MSD analysis and the WMS ;nstallation analysis. The
eff_ecuveness model served as a medium of communication for guiding these
analyses. All aspects relating to the procedural steps of the methodology as
well as the data development have been caref;.xlly documented. An attempt
has been made to maintain é clear distinction between the model, its
associated input data, its outputs; and the governing assumptions. Where
a conflict ar‘ose, preference was given to the modeling and procedural
aspects over déta accuracies, since the latter are more readily corrected
than the former. This aspect of the application served to verify the feaéibility
of managing the details of -the entire épproach, including thel data handling

. "mechanics” in a realistic environment.

The practicality of the interface with the decision..maker was validated
through extensive participation by Coast Guard technical personnel in t}ie

development of the effectiveness model.

A final test of the approach concerns another interface with the decision-
maker, Many numbers have been developed in the course of this study. This
report abounds with tables, charts and figures presentiny information and
results at different levels of detail. Although much of the effort associated
with this study was consumed in the development of these numbers, they do not
represent the ultimate objective of the sfudy. The full purpose of tﬁe analysis
would not be served if thése numbers could not ultimately be reinterpreted by the

decision-maker in terms of candidate system properties, trends, inferences,

and decisions.




OBJECTIVES
The overall objective of' this study is twofold.

Deveiopment of a Cost-Effectiveness Analysis Methodology

The first objective is the development of a conceptual basis as well as
a practical aporoach for quantifying the life-cycle cost and effectiveness of
candidate system/vessel combinations and using these for selecting an

optimum system for each vessel,

The approach for quantifying effectiveness should be capable of
addressing .all considerations of intr~rest and be consistent with the data
which are available or can be obtained with reasonable effort. It should also
be capable of acco.mmodating all specifics of the problem and its context, )
including such intangibles as objectives, requirements, constraints,
policies, guidelines, assumptions, and subjective judgements of the

decision maker.

The approach fo; quantifying life-cycle cost should address all cost
elements and all variables which affect the life-cycle cost of wastewater
management systems. The approéch should take into acopunt all depen-
dencies between the variablés and parameters of life-cycle cost and iﬁ
shoﬁld be consistent with the data which are either available or can be

obtained with reascnable effort.

Application of Methodology

The second objective is the development and analysis of candidate
wastewater management systems (WMS) for six U,S. Coast Guard cutters 1:}
The objective of these systems is to manage both the black and gray
wastewaters aboard the selected vessels. The candidate systems are to
be developed as hybrid combinations of s'ubsystems from commercially
available marine sanitary devices (MSDs) using engineering judgement

to select those which have a good chance of meeting performance requirements.

EvN




The objective of the application includas generation of all data

necessary for the development of the candidate systems, the life-cycle

cost estimates and the effectiveness assessment. A specific objective

and guideline in this connection is that, to the extent possible, data used

should be reaiistic and obtained directly from the source, rather than

projected or derived indirectly. Folldwing are specific requirements in

keeping with this objective:

Visits to inspect the MSDs included in this study on operational

vessels.

Scaling of MSDs included in this study, for use in the development
of the candidate WMS, should be considered only to the extent

that the various capacities and model types are either commercially
available or engineering data for them are available from the

manufacturer.

Hybrid systems should be considered only to the extent that
successful operation can be expected without significant

equipment modifications.

The development of candidate systems for each vessel {as well as
the subsequent analysis) should be based on vessel opérationai
requirements as determined from actual vessel mission profiles

obtained from the ship logs of each vessel.

The installation analysis to determine feasibility of installation as

well as the subsequent analysis to develop installation cost
estimates, drawings, and installatipn dependent effectiveness
attribute data are to be based on actual vessel shipcheck inspections
and are to be performed in consultation with naval architects and

marine engineers,




SCOPE

This study consists of efforts directed at the fulfillment of two main
cbjectives, namely, the development of a generalized methodology for
analyzing alternative systems in order to select an optimum (i.e., most
cost effective) candidate; and'the testing and validation of the entire
approach through its application to a real-world problem. The original
scope of the developmental effort was limited to the approach for quantifying
life-cycle cost and effectiveness and procedures for using these numbers
to select an 6pt1mu.n candidate system as a function of platform (i.e., vessel)..
However, in the course of developing the necessary data for the candidate
systems as part of the verification of the approach, ‘additional supporting -

analyses were introduced and generalized. These include the following:

Thg vessel mission profile analysis,
The MSD analysis.

. The WMS engineering analysis.

. The WMS installation analysis.

~ The development and incorporation of these analyses as part of this
study resulted from conformance to the basic intent of developing an approach
which is capable of interféclng with the real world and can relalistically cope
with the problem of developing and using the data required as| an input., What
resulted is more than merely a conceptual framework for a codt-effectiveness

analysis approach with a sample application.

The approaches for quantifying life-cycle cost and effectiveness, and
these supporting analyses complement each other.. The approach for quanti-
fying cost and effectiveness provides structure and orientation to these
analyses (which would have to be performed anyway in order fo generate
realistic inputs) so that they become well directed, rather than disorganized,
efforts. On the other hand, these supporting analyses serve important
functions. First, they provide the required inputs for the cost-effectiveness

analysis. Second, these supporting analyses act to halt the demand for

11




types and forms of data which cannot be realistically expected within the

confines of a given study. Thus, the result is a generalized and systematic

methodology for solving problems, at least those in the context of comparing

competing candiates and selecting an'optimum.

The scope of each specific effort is described briefly in the following
paragraphs. The applicability and limitations of both the results and the

methodology are also discussed. The results of this study appear irn this

volume as well as in the others. The relationships and dependencies

between the information in the various volumes of this report are indicated

in the diagram presented in the Preface to the report.

Development and Application of the Effectiveness Assessment Methodology

The effort under this portiori of the sthdy includes the following:

Development and documentation of a generalized effectiveness

modeling and assessment methodology (see Volume Ii).

Development and documentation of a generalized computer program |

for quantifying the effectiveness of candidate system/vessel

combinations (see Volume II).

Development of an effectiveness model suitable for analyzing
candidate wastewater management systems (WMS) for selected
U.S. Coast Guard vessels. The candidate systems are intended
foi managirig the black (cutput from commodes, urinals and
garbage grinder) and gray (galley and turbid, i.e., output from
sinks, showers, laundry, deck, drains) wastewaters aboard

the vessels (see Volume II’ .

Development and documentation of the effectiveness attribute
data required as input to the effectiveness model (see Volumes III
and V). '

Exercise the effectiveness model by substituting the data and
developing quantitative effectiveness assessments for all viable

candidate system/vessel combinations (see Volume II).

12
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The emphasis in the effectiveness modeling area was on the develop-
ment of the procedural aspects of the approach, leading to a general and
well defined methodology with clearly identifiable steps. Guidelines for

executing each step have been developed and are documentéd.

An important aspect of the development of the effectiveness model for
wastewater management systems was the verification of the feasibility and

practicality of decision-maker participaticn in its development, which is a
specific requirement of the approach.

Development and Application of the Life—Cyble Cost Model

The effort under this portion of the study included the following:

. Development and documentation of a life-cycle cost model for
candidate wastewater management system concepts as a function

of vessel on wilch they are implemented (presented in this. volume).

. Development and documentation of cost-related data required as

input to the life-cycle cost model (see Volumes Iil and V).

. Exercise the life-cycle cost model by substituting the data and
developing life~cycie cost estimates (including intermediate.

results) for all viable system/vessel combinations (presented in
this volume).

e Perform a sensitivity analysis on the life~cycie cost estimates

(presented in this volume),

The emphasis in the developmenf of the life-cycle cost model was on
including all cost elements and cbst related parameters as well as address-

ing ali the dependencies among them.

Automation of the life-cycle cost model wag not within the scope of
this study. A

13
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MSDs, Candidate Systems and Vessels Considered

The MSDs to be included in this study were specified by the U.S,

' Coast Guard., The selection of specific MSDs was based on two considera-
tions. First, inclusions of representatives of the different MSD concepts
currently in use or under evaluation,‘name‘ly, reduced volume vacuum and
pumped collzction; recirculation; flow through: and CHT (collection, holding
and transfer). Second, inclusion of a representative from eéch of the above
concepts which has the most extensive history of actual use and/or develop-
ment and testing. In order to accommodate the need for systems of various
capacities for which the cited MSDs are not particularly appropriate, other
selected sizes and types of equipment from the same manufacturers were

included, even though the development or testing was not as extensive as

for the MSDs originally selected, ‘ ~

.
The following five MSDs were considered for this study:

JERED reduced volume vacuum flush collection/ incineration,
Model V85003 as installed on the USS Kraus (DD 848). For
reduced capacity requirements, JERED's Small Boat Sewage

Collection System was considered.

GATX reduced volume flush pumped transfer collection/evaporation,
as installed on the Navy sérvice craft MONOB (YAG-61), For
reduced capacity requirements, smaller evaporators which are’

catalog items from the evaporator supplier, but which have not '

yet had the GATX modifications designed for them, were considered.

Chrysler recirculating oil full volume flush collection/incineration,
Aqua-Sans Models A, A/B anfz‘{:) plus waste Holding Tank and

Incineratqr for Model C.

Grumman flow through/incineration, modified version of prototype

installed on USCGC Red Beech (WLM-686), The major modification

14
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is the substitution of a Thiokoi Corporation mcine}ator subsystem

in place of the Grumman incinerator, Other modifications are
described in Volun;n’e V.

.  Collection, Holding and Transfer (CHT) system, The CHT System

is not proprietary to any one manufacturer, and is generally custom-
fitted in each installation. '

The systems considered for this study are the 18 WMS concepts in

configurations suitable for each of the six vessels included in this study

(see Volume IV), Of these, data were developed and results obtained only

for tho'se system/vessel combinations which were judged to be viable

candidates on the basis of the installation analysis (see Volume I11) .

The six vessels to be included in this study were specified by the
Coast Guard and are as indicated below,

PR Lk L L

CLAMP (75%)

Clematis (74') Class

B N e T R

wLIC-75306
Clamp (75") Class

(Inland)

P . L R

Construction Tender
(Inland)

CREW
VESSEL CLASS TYPE SIZE. HOME PORT
GALLATIN (378" WHEC— 721 Hizgh Endurance Cutter 152 Governor's Island,
' Hamilton (378") Class New York
VIGOROUS (210") WMEC-627 Medium Endurance Cutter 60 New London,
Resolute (210') B Class . Conn,
FIREBUSH (180" WLB-393 Buoy Tendor 50 Govemor's Island,
Basswood (180°) C Class (Seagoing) . New York
PAMLICO (160") WLIC « 800 Buoy and Construction 13 | New Construction
New Contruction Tender (Intended for Operation
Based on Data (Inland) in Depot Corpus,
from Texas)
.............. g Sy S (R RSSO PR,
SHADBUSH (74") WLI1-74287 Buoy Tender -1 New Orleans, La.

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

(Transferred to
Galveston, Texas)

Galveston, Texas
(Transferred to New
Orleans, La.)

WHITE SAGE (133') { WLM-544 Buoy Tender 21 Woods Hole. Mass.
White Summac (133') Class| (Coastal)

POINT HERROM (82°) WPB-82318 Patrol Boar 8 .} Bay Shore, New York
Point (82') C Class (Small) (Fire Island)
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Vessel Mission Profile Study

The vessel mission profile analysis is one of the suppotting analyses
for the application. This effort was directed at the developrhent of those
vessel mission profile characteristics necessary for the development of the
candidate system configurations as a fuaction of vessel, and for estimating
life-cycle cost. This resulted in a generalized procedure for collecting and

.analyzing vessel mission profile data. The results of this effort are presented

in Velume VI,

MSD Analysis

The MSD analysis is one of the supporting analyses for the application.

The effort was directed at developing a full characterization of the rive Marine

Sanitary Devices (MSDs) which were hybridized to form the subsystems of the

18 candidate Wastewater Management System (WMS) conﬁg‘urations included

in this study. The purpose of this characterization is to develop the various

types of generic MSD data n

ecessary for the following phases of this study:

.Development of the 18 candidate WMS concepts and the corre-

study, as well as

. Quantification of

sponding configurations suitable for each vessel included in this

the associated installation requirements.

the effectiveness of each viabie candidate .

system/vessel combination.

. Development of li

fe-cycle cost estimates for each viable candidate

system/vessel cqmbination .

The sperific types of
include the following:

MSD description,

MSD data developed, on a subsystem level,

including the following:

Principle of cheration

Method of im

plementing principle of operation

16




.. Physical characteristics including:

Welghts

Volumes

Dimensicns (including maximum height)

Pipe connection specifications

. . Vessel resource hook up requirements (e.g., fuel, electric

power, fresh watér, compressed air, cooling water, ventila-

tion, and ambient air).

. MSD related effectiveness attribute data, including the follow-
ing types of information:

.. Installation characteristics

.. Performance characteristics

.. Operability characteristics

.. Personnel safety characteristics

.. Habitability characteristics

.. Reliability characteristics

.. Maintainability characteristics

. MSD costs, including the following:

.. Acquisition (including initizl spare parts)

.. Operation and maintenance, including the following:

Consumables
Repair parts

Labor (number of men, man-hours, skills, frequency -of
tasks) ‘

Vessel resources (fuel, electric power, fresh water,
compressed air, etc.)

This effort resulted in a generalized procedure for developing and

documenting data on a subsystem level tailored to the requirements of both

the life-cycle cost and the effectiveness models. The results of this effort

are preseited in Volume V.

17
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WMS Epngineering Analysis

The WMS engineering analysis is one of fhe supporting analyses for
the application. This effort was directed at the development of both system
concepts, as well as specifi¢c configurations suitable for implementing these

' system concepts on each of the vessels included in this study. This effort
resulted in a systemétic procedure for developing candidate systems, taking
into account the parameters which determine system configuration and com-
ponent sizing, as well as the relevant guidelines and assumptions. The

results of this effort are presented in Volume IV,

WMS Installation Analysis

The WMS installation analysis is one of the supporting analyses for
the application. This effort was directed at developing the following infor-

niation:

. Development of pertinent vessel information necessary for the

cost and effectiveness analyses, including the following:

.. Existing physical conditions aboard the vessel, especially
in compartments where wastewater management system

equipments may be installed,

.. Existing wastewater management equipments/systems aboard
the vessel (holding tanks, garbage grinders, sewage treatment

systems, etc,).

.. Location of klack and gray wastewater sources aboard the

" vessel.

.. Vessel resource capacities and estimated usage rates (prior

to system installation).

Selection of the viable candidate systems as determined on the
basis of the feasibility of installation, using the governing

installation guidelines and assumptions.

18
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. Determination of the black/gray wastewater (or sludge) holding
' tank capacities which can be fitted.

. Development of installation cost estimates for each viable
candidate system.

. - Development of drawings showing the proposed arrangement of
the wastewater management system equipments for each viable
candidate as well as the arrangement of the black and gray
wastewater sources on board the vessel. '

. Development of installation related effectiveness attribute data.

. This effort resuited in a systematic procedure for developing and
documenting installation related data tailored to the requirements
of both the life-cycle cost and effectiveness models,

of this effort are presented in Volume III.

The results

Gerneral Applicability of the Approach

Both the concepts and the procedural steps of the life-cycle cost and

effectiveness modeling and quantfﬁcation methodology developed as part of —-

this study are general and have wide applicability.

Specifically, this methodology is applicable to any type of problem
which can be cast in the context of choosing an optimum (i.e., most cost-
effective) candidate from a number of available legitimate alternatives.
These alternative candidates do not necessarily have to be systems. Thus,
the candidates may be alternative choices of prucesses or (e.g., chemical),

altérnative approaches to solving a problem, etc,.

The computer program for quantifying effectiveness was not written
for any one specific effectiveness model. Instead, the effectiveness model
(and its associated data) is part of the input. As a result, this computer

program is capable of handling any type of problem &s soon as the necessary
inputs have been developed. ‘
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Limitations of Results and Approacii

Some of the limitations of both the results of this study as well as the

cost-effectiveness analysis methodology are presernted below.

a. Results of Study

Both the effectiveness ratings and the life-cycle cost estimates
presented here are applicable to the specific systems ard vessels included
in this study. Furthermore, these results reflect the assumptions, objectives,

requirements and constraints which are part of the context of this study.

Hence, caution is advised in attempting to use these results directly for
systems and/or vessels others than those specifically analyzed or in a

different context.

All cost estimates, as well as inferencas, comparisons and conclusions

e e et

regarding life-cycle costs and/or optimum (i.e., most cost-effective) candi-
date system selection are based on the individual vessels included in this
study. Economies (and other differences) which may result from implementa-

" tion of these systems on a fleet-wide basis have not been considered.

. The effectiveness ratings are subject to -the following considerations.
The effectiveness attributes used as the basis for the ratings are a mixture
of objectively determined system/vessel characteristics as well as
subjectively determined qualitative system/vessel characteristics hased oi.
the analysis of the mar.ine sanitary devices {MSDs) and the cendidate WMS
systems which we hybridized from these MSD subsystem (see data 1ﬁ
Volumes III and V).

In addition, the elements of the effectiveness model, especially the
welght assignment and the effectiveness rating functions are based on
subjective judgements, As a result, if one agrees with these judgements
as well as the data used, then une may also accept the validity of the
results. On the other hand, if one has reservations about the accuracy'of
the data and/or strongly disagrees with the subjective judgements inherent B
in the effectiveness model, then one may question the validity of the results.

in such cases, one can substitute different data and/or subjective judgements,

assumptions, etc., and obtain a new set of results (at least in principle,

20




even if one mafr not actually wish to dc this). In either case, the data, the
subjective judgements, the assumptions, etc., used are all documented and
are accessible. Another relevant point to keep in mind is that the effective-
ness ratings are not to be used in an absolute sense but rather as a means
of comparing candidate systems for the purpose of discerning differences
among the alternatives available, In this éonnection, it is noted that since
the same effectiveness model is used to assess the candidate systems and
the same generic MSD subsystem/equipment data is used for all system/
vessel combinations, all candidates are tréated equally. Hence, bias (to

be distinguished from subjective judgement) in the results is avoided.

The life cycle cost estimates should be interpreted in the light of the
relevant assumption used. These cost estimates are more meaningfu! in a
comparative sense than in an absolute sense. Some of the data (especially
eqiitpment failure notes) represent estimates. There are differences in th‘e
amount ;f testing, operational experience, and the availability of docu-
mentation for the MSDs included in this study. As a result, not on19 are
there differences in the reliability of the data, but those MSD's for which

the documentation is less detailed may unfairly have been made to appear

'
’

better than they actually are by including a disproportionately small numker of

operatingland maintenance activities. As with the effecﬁveness ratings,
if one disagrees with some of the data and/or the assumptions used, these
can be replaced and new resuits obtained (although this 'may be a tedious
effort). An eifort has been made to keep a clear separation between the
model, the relevant assuniptions, and the data used. This facilitates pin-

" pointing those areas with which one does not agree.

Two final cautions are advised in using and interpreting the results.

by
‘-‘v}st, before final acceptarce of any candidate system for a glven vessel,

the discussion relating to its installation (presented in Volume III} should
be reviewed. Second, an effectiveness rating or a cost estimate does not
necescarily represent an assessment of a given MSD but rather of a given
WMS configuration which uses'a given MSD or a portion thereof, sometimes
in combinaticn with other MSD subsystems. '
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A specific limitation in connection with the life-cycle cost model
concerns the effort required to manually execute the necessary computations.
This puts a severe restriction on the number of rebeti'dons of such computa-
tions to reflect changes in data, assumptions, systems, etc. Automation

of the life-cycle cost model would remove this objection.

General limitations in connection with this cost effectiveness analysis
methodology can best be discussed in the context of what it does not do

and should not be expected to do.

It does not develop céndidate systems. These have to be developed
prior to application of the cost effectiveness analysis methodology. The WMS
engineering analysis served this purpose in this study. The installation
analysis was used to determine viability of candidate system/vessel

combinations.,

It does not generate the necessary data. Instead, it requires such data
as an input. In fact, the validity of the final results are directly dependent
on the quality of such data. However, the cost effectiveness analysis
methodology can interface with supporting analyses used to develop this
required data to give direction to these analyses and to accept the results
ac an input. In this study, the MSD analysis, the WMS installlation
analysis and the WMS 1if- -cycle cost analysis represént such supporting
analyses which developed the necessary data.

It does not serve as a substitute for a decision maker, reduce the
mumber of decisions required, or produced meaningful results without the
participétion of a cognizant and knowledgeable decision-maker. The need
for a decisfon-maker is emphasized by his involvement throughout the entire
process, from the dévelo_pment of the effectiveness model to the interpreta -
tion of the results. However, this methodology provides a systematic '

procedure for quantifying life-cycle cost and effectiveness and for using

the results of this quantification to make inferences, and arrive at
conclusions and courses of action. In this connection, it should be
remembered that the cust-effectiveness analysis methodology is merely

a too!, and a tool implies a user - in this case the decision-maker.
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ASSUMPTIONS

The assumptions and guidelines applicable to each one of the various
analyses performed as part of this study are presented in the other volumes

of this report. Some of them are briefly summarized below.

Vessel Mission Profile Characteristics

The assumptions relating to vessel mission profile data collection
and analysis are presented in greater detail in Volume IV of this report.
Those assumptions which affect WMS design and operation are as follows:

. Restricted Waters

Restricted waters are defined as the coastal wa.ters within three
(3) miles of any shoreline of the continental United States, as

‘well as él_l inland waters (e.g., lakes, rivers, bays, streams,

estuaries, etc.)

. Waste Recelving Facilities

Wastewat':er receiving facilities ére assumed to be available at
the vessel's home port and at a yard only. Waste off-loading
facilities are assumed to be unavailable for the vessel at all
other non-home ports regardless of type, i.e., Coast Guard,
Navy, municipal, etc.

. WMS Operation Within and Beyond Restricted Waters

All results are computed on the basis of the following assumptions

with respect to WMS operation:

.. Operation of WMS subsystems which are necessary to avoid

discharge of wastewaters (1.e., the primary mode)is initiated
as soon as the vessel enters restricted waters or leaves its

home port and continues until the vessel either leaves
restricted waters or arrives at its own home port or at a
yard. WMS operation in the primary mode continues if

the vessel is at any non-home port except a yard.
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.. As soon as the vessel arrives at its own home port or at
a yard, it is connected to a pierside waste receiving
facility and WMS subsystem operation is changed to the
pierside discharge mode.

«+ WMS operation in the overboard discharge mode is initiated
as soon as the vessel leaves restricted waters and con-

tinues until it reenters restricted waters.

.. Any effects that an installed WMS may have on vessel mission
profiles have not been considered. Examples of such effects
include remaining longer beyond restricted waters to empty a

holding tank, transiting out of restricted waters in order to

empty a full holding tank, transiting out of restricted waters .
more frequently (therefore, affecting the number of mode change-
overs) due to the installation of a holding tank which does not

provide full capacity, etc.

. Vessel Holding Time Requirements

For purposes of this study, the holding time goal fér a given
vessel is based on the largest holding time recorded for that
vessel, regardless of its frequency or maghitude in relation to
the other holding times in the data obtained, i.e., even if the
maximum holding time occurred only once and is considerably

higher than all other holding times.

Candidate System Development

The assumptions and guidelines relatiné to the development of the

- candidate WMS concepts and their associated WMS equipment configurations

as a function of vessel and the guidelines for determining viable system/

vessel combinations are presented in Volume IV of this report. Those relating
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to the installation analysis of these candidates are prasented in Volume III,
Some of these assumptions and guidelines are:

Wastes to be Managed

The candidate systems are intended for managing black and
gray wastewaters on board the six U,S, Coast Guard cutters

selected for this study. These wastewaters are defined as
follows:

.. Black water includes sewage, i.e., the output from

commodes and urinals, and garbage grinder slurry.*

.. Gray water includes: galley wastewater from sinks and
kettles (excluding garbage grinder output); turbid water from
lavatories, showers, and laundry; drainage from air

conditioners, drinking fountains and interior deck drains
(including those in head spaces). |

WMS Concept Preferences

It is assumed that there is no a priori preference of WMS concept
with respect to no-discharge versus flow through, as long as

existing emission standards are met.

WMS Acceptability Criteria

The determination of the viability of a candidate WMS configura-
tion on a given vessel is based on the feasibility of installation
within specified guidelines for compartment availability. The
WMS acceptability and installation criteria are:

.. All specified sizes and required number o duplicate WMS

equipment, except for holding tanks, must be accommodated,

pbased on the established vessel space utilization guidelines.

* 1;.S. Coast Guard legal opinion considers garbage grinder output
as sewage. '
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Inability to accommodate the required black and/or gray
water holding tank size, based on the vessel space avail-
ability guidelines below, shall not be deemed sufficient
reason for rejecting a candidate WMS configuration. The
maximum black and/or gray water holding tank size which
can be accommodated shall be specified, using the guide-
lines for blaék/gray water holding capacity apportionment

and the minimum gray water holding tank requirements.

Where limited holding tank capacity exists, black water
storage capacity shall have priority. Remaining storage
capacity shall be used for gray vi'ater, ensuring that the

minimum gray water requirements are met.

A minimum gray water handling capability must be provided
for each vessel. In a system where gray water is dumped

as and when received, and the manifold is below the water-
line, an overboard discharge pump is required with a feed
tank. If the manifold is above the wateriine, neither pump
nor feed tank is required since overboard discharge can

be achieved by gravity. In either case, provisions have to
be made for transferring the gray water to the pier connection

(which may be accomplished via a blaék water holding tank).

Holding Tank Aeration

Black water holding tanks must be aerated at a rate of 16.3 SCFM
per 1, 000 géllons of liquid. Gray water tanks are not aerated.
Aeration rates are based on requirements for a full tank. The

same aeration rate is assumed regardless of the type of black

water held, i.e., full volume flush, reduced volume flush

(from Jered or GATX collection subsystem), or sludge (from

Chrysler or Grumman treatment subsystem),
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Hybrid Systems

The following assumptions have been made with respect to WMS

concepts hybridized by combining subsystems/equipments from
different MSDs:

.. The effects on cost, effectiveness, and installation of any
interface equipment or prime equipment modifications which
may be required have been neglected.

.. It is assumed that data (relating to the cost and/or effective-
ness analyses) developed on an MSD éubsystem/equtpment
. basis are valid even when such data were derived from
operational information or observations of the entire MSD and

not just the given subsystem/equipmeht. This does not

apply to acquisition costs, which were obtained from MSD i "F’
manufacturers on a subsystem/equipment basis. g

.. It 1s assumed that overall WMS data (relating to the cost
and/or effectiveness analyses) synthesized from MSD sub-
system/equipment data are valid, i.e., any changes to

such data due to possible interface problems or dependencies

have been neglected.

1Life-Cycle Cost Estimates .

Thé assumptions and guidelines relating to the development of MSD
acquisitioﬁ, operating and maintenance costs are presented in Volume V of
this report and those relating to WMS installation costs are presented in
Volume III. Some of these assumptions and guidelines, as well as addi-

tional ones affecting the WMS life cycle cost estimates are as foliows:

. labor Rates

The cost of labor for WMS operation and maintenance on board

U.S. Coast Guard cutters is based on hourly labor rates derived
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from the annual billet costs for U,S, Coast Guard military and
civilian personnel. Hourly labor rates were obtained by divid-
ing the annual billet costs by the number of working hours per
year, assumed for the purposes of this study to be 2, 080 hours
(i.e., a 40 hour work week). The hourly labor rates thus

obtained, as a function of pay grade are given below.

LABOR RATES* ‘
Electriclans Mate (EM) Il Machinery Technician (MK)
Pay Grade Aunual - | Hourly Rate " Annual** Hourly Rate
(8) ($/hour) ($/hour)

E-2 11,332 | s5.45 . " 13, 038 6.27
‘E-3 12,396 5.96 14,235 6.84
E-4 ' 13,522 6.50 15, 425 7.42
E-5 | 15, 023 7.22 16,911 8.13
E-6 20, 240 9.73 23,215 11.16

* Houﬂy rate base on annual billet costs and assumed 2080 hours per year

** Source of annual billet costs - USCG Military and Civilian Manpower
Billet and Life Cycle Costing, July 1975.

Cost of Vessel Resources

For purposés of this study the cost of vessel resources is assumed

to be as follows:

.. 39¢/gallon of fuel oil

.. 3¢/kwh of electric power

.. 70¢/1,000 gallons of fresh water, if taken from .shore supply

.. $20/1,000 gallons (2¢/gallon) of fresh water, if generated

on board vessel by an evaporator
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.. 1.,83¢/1, 000 gallons for the cost of electric power tc
" pump flushing fiuid

.. 16.1227 (14.7 + p)0 1419 _g 9808] [V] 15 the annual

cost of compressed air in cents, where p is pressure {n
psig and V is the flow in standard cubic feet per day.

Preventive Maintenance

It is assumed that preventive maintenance of WMS subsystems/
equipments is unaffected by vessel mission profiles, i.e.,
scheduled maintenance activities will not be adjusted to

reflect differences in WMS utilization factors.

Overhaul Intervals

In lieu of available information on overhaul requirements from
manufacturers on all MSD subsystems/equipments included in
this study, a two (2) year overhaul interval was assumed .er |
2ll WMS equipment for purposes of estimating life-cycle

overhaul costs.

System Economic 'Life

" The useful life of each candidate WMS was assumed to be ten
(10) years, i.e., life-cycle costs were computed on the basis
of adding the fixed costs (capital 1nvestmentb) to the present

value of the recurring expenditures (operatlmj arid maintenance

costs) computed for a 10 year interval.

* Effective Discount Rate

An effective discount rate (to include the effects of interest and
inflation rates) of 10% was used in deriving present value factors

for estimating the present value of WMS life-cycle operating and
maintenance costs.
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APPROACH

A summary of the overall approach used for developing and analyzing
the candidate system/vessel combinations is presented in Figure 1. A
description of the various steps in this figure is presented in the body of
this report, together with the results obtained after executing .each step.
Further details of the procedural aspects of the approach are presented in
the other volumes of this report. The diagram which appears in the "Preface"
complements Figure 1 by indicating the flow ofl information between the
various analyses which are part of this studf. and which are presented in

this as well as in the other volumes of the report.

The d:lscﬁssion below is presented as a means of clarifying some of
the issues pertaining to the concepts principles, philosophy and to a lesser
extent, some of the procedural aspects of the approach.

Who Determines What Effectiveness Is and How ?

This approach for assessing effectiveness can be characterized as
being decision-maker intensive.* The essence of the approach is the notion '
that an effective system is one that fulfills 1ntended objectives satisfactorily -~

in the decision-maker's opinion. Some of the implications of this are:

Nobody can tell the decision-maker what effectiveness is. Instead,
he must make this determination on the basis of the specific
problem and its context.

. There is no such thing as a universal formula or model for
effectiveness which is suitable for all different types of candidate

systems.

* This is to be interpreted qualitatively rather than a quantitatively,
i.e., most of the effort consists of developing the necessary data
rather than involvement by the decision-maker.
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. The model for effectiveness must be adapted and tailored to the
candidate systems as well as the context of the problem, and

not the other way around.

. The only thing which is universal about effectiveness is its
" concept as the overail quality of a candidate. What can be
generalized is not a specific model for effectiveness but rather
the steps for developing such a model, how to use it for quantify-
ing effectiveness. and how to interpret the results for the purpose
of arriving at declsioné. This generalization takes the form of
defining a basic structure and specific elements of an effective-

ness model.

. Effectiveness is always directly related to the objectives, require-

ments, constraints of the problem and the subjective judgements

of the decision-makei', in addition to the data for the candidates.

The decision-maker's involvement in the process of assessing

the effectiveness of candidates consists of the following:

.. Stipulation of specific standards (i.e., criteria) for judging
the candidates.

Indication of the relative importance of these criteria.

Specification of the degree of preference for judging
candidate characteristics in relation to the established

standards.
Interpretation of the quantitative results.

These ideas relating to effectiveness and its quantification are

summarized on the following page.
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It i3 noted that what hés been suggested for quantifying effectiveness is a
methodology as opposed to a model. The difference is that in a methodology,
the effectiveness model for a specific set of problems becomes an input,
together with its associated data.

The above is in sharp contrast to approaches for quantifying effective-
ness which are based on a fixeci and preformulated expression for effective-
ness (or for cosf-efféctiveness) . Such an approach defines effectiveness
in terms of the product of several specific variables (usually performance,
availability, and éither "utility” or "worth"). This may appear as a simple
solution to the problem of quantifying effectiveness since it may seem that
all that needs to be done is to determine the values of these variables for the
candidate systems and then the answers to all questions will become avail-
able. Howéver, this is not quite the case. An attempt to use this riethod

brings up a number of both conceptual and procedural problems.

_ Since fhis approach req}xires that the candidate cystems be fitted to
the model, rather than the other way around, one immediately faces the
problem of how to accomplish this. For instance, one must decide how
to examine the systems in question and from that examination derive a single
mumber whiéh is an objective measure of system performance. The difficulty
in doing this becomes apparent When one considers the multiplicity of

considerations which enter in‘o the overall assessment of system periormance.

Another major problem with such an approach is the questidn of what
to do with all the other considerations which are pertinent to the systems
of interest but which do not appear in the focrmulation of effectiveness
(e.g., safety and habitability problems, burden on crew). Thus, attemptihg
to use such an approach will inevitably mean omitting large chunks of
considerations and will result in a decision arrived at on the basis of a small

fraction of the original set of issues which are of interest to the decision-

maker.
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There is often the belief (or hope) that such an approach for quantify-
ing effectiveness is "objective” (or at least more objective than the approach
used in this study). The argument (or belief) for this is that the approach
is based on an explicit formula into which are substituted quantitative and

"technical” data. Hence, since only this type of information is used in
the quantification of effectiveness, the results and conclusions must there-

fore be (so it is believed) "objective" and perhaps even "scientific",

What such reasoning fails to recognize {s that as soon as one confines_
oneself to a fixed expression for effectiveness (or for cost effectiveness)
in terms of several specific variables only, one has immediately made a
very subjective decision. One has decided that the entire realm of effective-
ness (or cost effectiveness) is encompassed by the few specific yariables,
i.e., that these variables adequately account for all considerations of‘q\x\_\
interest. Furthermore, such a decision is irrevokable, i{.e., one has lost

control of the ability to modify ones subjective judgements and examine
the effects of such changes.

One may wonder about the origin of such approaches for quantifying
effectiveness and under what circumstances they may be adequatg. Such

approaches are popular in thé weapon system mission analysis community

in which practically the entire context of the probleni is that of determining

the probability of mission success. For such purposes, effectiveness is
formulated for a specific purpose, namely to serve as a figure of merit or
indicator for measuring how well a weapon system can hit a target. In

such a formulation, the miss distance is a good indicator of performance.

Thus, a fixed expres_sion for effectiveness may be adequate fc:;-m
systems in which performance is the overriding criterion and ﬁu*thenji“f?:e,
performance can be adequately characterized by a single parameter. Applica- ) 3
tidns of such approaches to candidats s?stems in other types of contexts.may !
very well constitute a fallacy resulting from an invalid attempt at a transfer

of technology. t‘
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Life-Cycle Cost

Estimation of life-cycle cost can be aptly characterized as a complex
problem disguised as a simple concept. That is, most of the problems
associated with the quantification of this cost are conceptually simple but !
procedurally difficult. |

This is not to say that life-cycle cost is devoid of cbnceptual

problems. One such problem relates to the question of who pays for what?
A specific example 'of this is the issue of the costs associated with the labor

board a vessel. It is sometimes argued that since such labor comes from

|
i
required to operate and maintain a system, such as a WMS, installed on ;
the crew already on board the vessel (assuming that the introduction of E

-the system will not require an increase in the manning complement), its cost

should not be charged to the system as an element of the overall life-cycle
cost. A similar argument might be advanced with respect to the cost of
vessel resources used by the system. Such reasoning is especially appealing
when the costs involved come from another department's budget. One fallacy
in such views is that if, for instance, the argument about the cost of

labor is pursued to its ultimate conclusion, i.e., it is applied in turn to
every individual piece of eq\iipment, the result might be a vessel without a

crew,

The approach used in this study for estimating life-cycle cost is based
on including all items ar_zd parameters which affect cost. Regardless of

specific budgetary subdivisions and allocations, all costs must eventually

be accounted for.

Although the notion of cost is certainly a familiar one and it is evén
easy to agree with the basié idea of life-cycle cost, namely that all, not
only some of the costs, ought to be included, the execution of this objective

is by no means simple. The reason for this is twofold. First,the large




amount of data which must be dealt with in order to include all cost .
elements. Second, the numerous dependencies which are inherent in these ‘

data elements.

Some of the system/vessel parameters on which life-cycle cost
depends may not immediately be obvious as being associated with cost,
since they are often considered in other contexts. Thus, performance
requ‘irements for a vessel as determined from mission profile data (i.e., the
hqlding time requirements) affect both acquisition and installation costs.
System reliability (actually the lack of it) has economic (as well as other)
implications and system maintainability qffects life-cycle costs.

Other types of dependencies which must be addressed relate to
differences in cost for the equipment operating on board different vessels.
Examples of this include the different costs for fresh water depending on
its source (i.e., whether taken from shore and stored or whether generated
on board the vessel by an evaporator), the dépendence of vessel resource
usage rates on crew size and mi&sion profiles, etc. Superimposed on-this
are additional dependencies on assumptions or estimates which affect life- |
cycle cost, such as how long the system will last, interest and inflation

rates in the future, etc.

In the approach adapted for estimating life-gycle cost, the'key to
addressing these dependencies successfully is to break up life-cycle cost
into constituent elements. This, in effect,results in a life-cycle cost model
which takes the form of a hierarchy. The various dependencies are addressed
by infroducing them at strategic points in this hierarchy (see "The Life-Cycle
Cost Model"” further in this report).

In contrast with the effectiveness model, th life-cycle cost model is
considerably more universal. That is, the same types of cost categories are
applicable to a large range of different system typejs. What varies from

system to system is the specific data assoclated with the life-cycle cost
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model and perhaps some of the depehdencies. The advantages of this is
that it makes this model amenable to automation and thus alleviates the
computational burden associated with developing cost estimates.

Cost Versus Effecveness - A Priori and A Posteriori

This cost effectiveness analysis approach starts with the premise
that there is no a priori relationship between cost (penalty) and effectiveness
(quality). The validity of this is generally confirmed by evidence from r ost
types of market places. Such a relationship is provided a posteriori by
application of the cost effectiveness analysis methodology.

This is to be contrasted with approeches (in other eqntexts) which
attempt to estimate system cost on the basis of one or more system
characteristics. .Such approaches are based on tﬁe assumption (or belief)
that there is an a priori relationship between cost and quality. Such
relationships are generally derive'd by regression analysis techniques applied
to historical data fer system eost and the value of one or more system
characteristics. The cost of any other system is then obtainéd by substituting
the value of the' desired characteristic(s) into this relationship. When such
approaches are used to estimate the cost of new types of systems, i.e.,
based on designs different from those used to derive the relationship, then
what is being engaged in (perhaps without conscious realization) is techno-
logical forecasting. .

Some cost effectiveness analysis approaches are based on eventual
elimination of a cost versus effectiveness relationship by converting
effectiveness into cost so thet the final number or figure of merit used ic
all cost (the purely economic approach). Such a procedure may be appropriate
for problems in which the context is one of achieving a specific objective

and the overriding consideration is the reduction of cost.
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The approach used in this study does not attempt to convert effective-
ness into cost or vice versa. Although one of the optimum candidate '
selection criteria is based on the ratio of cost to effectiveness rating, which
results in a number having the units of cost, this is done only for the
purpoée of ranking the candidates rather than as an attempt to obtain an
actual cost equivalent for an effectiveness rating. In the approach used,
the problem is formulated in two dimensions in the context of effectiveness
(quality) vs. cost (penalty). To put it another way, one can answer the
question: what is the most economic approach under different consequences.
The question of .how and to what extent to trade -off consequences (quality)

for economy (or cost penalty) is left to be resolved by th2 decision-maker.

Another {ssue concerning the relationship between cost and effective-
ness is related to the question of which system aspects belong in the cost
category and which ones belong in the effectiveness category. Thié approach
is based on the principle that all candidate system aspects which affect
life-cycle cost must be included in the cost estimate and all candidate
system aspects which have an impact on effectiveness must be included
in the effectiveness assessment, whether or not there is any commonality.

In fact, ideally the two analyses(cost and effectiveness) should be performed
by different groups of individuals who do not communicate with each other

in order to avoid bias in the results. Thus, this principle implies that certain
candidate system features will exert an influence on both cost and effective .-
ness. As an example of this, the number of man-hours required for operation
and maintenance has economic implications (i.e., the cost of labor) as well as

an impact on overall system quality or effectiveness (i.e., the extent to which

it burdens the crew).
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The Objectives of Quantification

There are two main and related reasons for quantifying cost and
effectiveness. Although the reason for quantifying cost is obvious, the

reasons for quantifying effectiveness may not be apparent.

One motivation for attempting to quantify effectiveness relates to
the different types of information which must be dealt with in an eifective-
ness assessment, Sbme of this information is inherently qualitative and
converting such information to numbers reduces the different types of
information to a common basis. Qualitative information may, in turn, be
objective (e.g., the system has or does not have a given feature, it can or
cannot do a given thing) or subjective (e.qg., levels of difficulty to perform

a given task, odor levels).
.

The second reason for quantiﬁcatiér?*is directly related to the first one.
Once all the types of information have been converted to numbers, it becomes
much easier to use and combine the information for the purpose of identifying
trends and making inferences. Specifically, it is much easier to manipulate
numbers than it is to manipulate such things as system features and ‘
characteristics, goals, assumptions, requirements, and subjective judgements.
Thus, the resulting effectiveness and cost numbers become the indicators
or representatives of system atﬁibutes. Ofteh, important system properties, ‘
trends, conclusions, etc., not otherwise apparent, can be discerned by
manipulating these numbers*.

* This i1s analogous to the introduction of the notion of a random variable in
probability theory. The basic concepts of probability theory are stated in
terms of events (outcomes of an - ~<»eriment) which are not necessarily
quantitative in nature (e.qg., heaﬁJ or tails when a coin is fiipped, the color
or suit or identification of a card drawn from a deck). The introduction of the
notion of a random variable serves to quantify non-numerical events. This,
in turn,facilitates analysis on the resulting numbers. Such analyses sometime
lead to the discovery of important properties which can then be reinterpreted
in terms of the original events.
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The cost effectiveness analysis methodology developed and used
in this study relies heavily on the use of cost and effectiveness numbers.
. The purpose of these numbers is to provide the 'decisior;-\ma\ker with as much
visibility as possible of the candidate system properties in relation to the

overall context of the problem, so that the important implications become
apparent.

In order to facilitate such visibility, this methodology makes available
resvlts for both cost estimates as well as effectiveness ratings at several
levels of detail. This enhances the decision-maker's ability to interpret

the numbers in terms of system features and characteristics.

Although the quantification of life-cycle cost and effectiveness is one '
of the major aims of this methodology, caution is advised against putting
undue emphasis on these numbers. An overefnphésis of these numbers, to
the exclusion of other considerations, or their use out of context, carries

-with it the danger of mistaking or substituting form for substance.

It mﬁst be remembered that the ultimate objective of the analysis is
not to generate these numbers. They are merely a stepping' stone toward the
higher objective of gaining a better insight into the candidate systems,
making inferences and drawing conclusions, so that the best course vof action
can be identified. * Thus, it is important for a decisipn-maker using this cost
effectiveness analysis methodology to develop a skill in interpreting these

numbers in terms of the original goals and requirements associated wit'n' the
problem. ' . '

* This is analogous to the modulation 6f a signal to facilitate its transmission
over grcat distances. The ultimate aim of the effort is not to transmit the
signal but rather to facilitate communication.
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Scales for Relative Importance, Degree of Acceptability and Effectiveness

The effectiveness model requires two types of quantitative inputs from
the decision - maker and it provides one type of quantitative output.

One of these inputs is the importance of each criterloh in relation to the
others at the same level in the criteria hierarchy. This relative importance is
expressed as a quantitative weight in terms of a percentage in the range from
0 to 100%,suchthatthe sum of the weights is100% for all criteria at the same
level of subordination (i.e., M/E weights, factor weights, or subfactor weights).
On this scale a weight of 0% assigned to a criterion means no importance at all,
i.e., the given criterion is in fact ignored. On the other hand, a weight
of 100% assigned to a given criterion means overriding importance to the
exclusion of all the others, i.e., all the other criteria at the same level of
subordination in the effectiveness model will be ignored, and hence will not_

exert any influence on the overall assessment of the candidates.

The other quantitative input to the effectiveness model is the degree of
preference for the various quantitative and qualitative attributes of the
candid_ates Being evaluated by the lowest level criteria in the effectiveness
model (i.e., the elementary factors/subfactors). These preference a‘ssign-

ments are made via tPe effectiveness rating functions (ERFs) which relate the

.qualitative or quantitative candidate characteristic or feature to an effectiveness

rating as a percentage on a scale of 0 to 100% which represents the degree of
acceptability of varidus possible attribute values or choices. bn this scale.,
a rating of 0% means|completely unacceptable, i.e., worthless, A rating of
100% means completd satisfaction of the given criterion, i.e, the candidate

attribute is ideal.

Can.didate effectiveness assessments are the outputs from the effectiveness
model which are expressed quantitatively as effectiveness ratings. Effectiveness
ratings are expressed as a percentage on a scale of 0 to 100%. An effectiveness

rating of 0% means tHat the candidate does not satisfy any of the established

criteria. An effectiveness rating of 100% means an ideal candidate, i.e., it fully .

~satisfies all of the established criteria.
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These quantitative scales assoclaied with the effectiveness
assessment methodology are all in terms of percentages. For purposes of the
mathematical operations in connection with the quantification of effectiveness,
the numerical values for the relative importance (weights), the degrees of
preterence (elementary factors/subfactor ratings), and the overall effectiveness
ratings should be expressed as a fractien in the range from 0 to 1.0 rather than.

as a percentage. This conversion is done by the computer program for quanti-
fying effectiveness. '

For purposes of communicating‘with the decision-maker, a percentage
scale was adapted in this study since it is more user-oriented. Most pecple
are used to thinking in terms of percentages and hence can visualize

a percentage and relate to it better than to a fraction.

It is noted that the above three quantitative scales' are continuous rather
than discrete. Another continuous scale used in connection with this cost
effectiveness analysis approach is the ranking of candidates on the basis of
the ratio of cost to effectiveness rating (see "Optimum Candidate Selection
Criteria" further in this volume). If these rankings are normalized by dividing
each by the maximum value, then the resultin> relative rankings are percen-
tages in the range of 0 to 100%. The above are in contrast with approachesl

in which the inputs and/or the outputs are 'discrete rankings.*

*Tor a discussion on the difference between a ranking and a rating see "Simpli-

fied ERFs Based on Ranking” in the section on the development of ERFs in
Volume II.
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ANALYSIS OF VESSELS

VESSELS CONSIDERED

The six vessels selected by the U.S. Coast Guard for inclusion in
this study are listed in Table 1. Mission Profile data for the new construc-
tion vessel was simulated with data from the SHADBUSH (74') and CLAMP (75°')
which have similar missions. These vessels were analyzed on the basis of

the following:
. Study of various vessel plans and drawings.
. Visits to vessels to obtain mission profile data (see Volume VI).

. Shipcheck inspections of the vessels for the following purposes

(see Volume III):

.. Observe physical conditions aboard the vessel.

.o -‘ Determine deviatlor;s from plans.

.. Ascertain locations of black and gray wastewater sources.

.. Determine the feasibility of installing each candidate

system.

.. Obtain information required for developing WMS equipment
drawings, installation cost estimates and installation related

effectiveness attribute data.
MISSION PROFILE CHARACTERISTICS

Vessel mission data was recorded on the form shown in Figure 2. The
results of a statistical analysis of these data are shown in Table 2. Vessel
mission profile characteristics which are of particular lnterest‘in the develop-
ment of the candidate systems ahd the life cycle éost estimates are the

following:

. The holding time requirements (assumed to correspond to the
maximum holding time), which will determine WMS equipment

requirements and sizing.
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. The percentage of the total annual time-spent within restricted

waters (which corresponds to the WMS utilization factor).

. The number of annual crossings of the 3- mile limit and the

alion

number of home port (or yard) dockings (which determine the num-
ber of WMS mode changeover cycles from primary to overboard

mode and pierside to primary mode).

Vessel Holding Time Requirements

The holding time requ_frement for a vessel is an important mission
profile characteristic used to establish WMS equipment configurations and
the choice of a given holding time may determine the feasibility of install-
ing a given candidate WMS configuration. By Coast Guard direction, the
‘holding time goal for each vessel was fixed as the maximum holdiﬁg time
recorded for that’vessel‘, withéut regard to the frequency of occurrenée in
relation to the other holding times during the interval for which data were
collected. Table 3 shows the relationship between the maximum holding
time for each vessel, the next smaller holding time and the percentage of

all holding times which are equal to,or less than, the next smaller holding

time. It is noted from Table 3 that for some vessels, the maximum holding ' (
time is sevelral.orders of magnitude larger than the next smaller holding
time. The implication of this is that a holding time goal based on satisfy-
ing P% rather than 100% of all holding times, would result, for some vessels,

" in drastic reductions in wastewater management squipment requirements and
sizing. Possibly this may also resuit in a reversal of the decision that some
systefn/ve'ssel combinations ‘areA not viable candidates based on installation

considerations.

. However, the implication of a decision to use a holding time goal for
a vessel based on satisfying P% of all holding time requirements, is that
emission standards will be violated by (100-P) % of the vessel missions.

Alternatively, vessel operations may have to be modified in order to avoid

violating emission standards.,




Table 3
RELATION BETWEEN MAXIMUM AND ALL OTHER HOLDING TIMES

ALL OTHER HOLDING TIMES

MAXIMUM | Next Smaller % of All
VESSEL HOLDING | Holding Time Holding Times
TIME (Hours) Excluding the
(Hours) : . Maximum
GALLATIN (378") 97.5 88,0 98.21
VIGOROUS (210") 172.0 72.0 © 96.77
FIREBUSH (180') 277.9 54.0 99.26
PAMLICO (160")* 456.,0%*% 228.0 97.78
New Construction
WHITE SAGE (133") 65.5 62.0 . 96.88
POINT HERRON (82) 39.0 21.5 99.12

* Based on data from SHADBUSH (74') and CLAMP(75")

** Maximum hoIding time usgd for WMS design purposes is 501 hours, an
increase of 10% to reflect anticipated longer holding time requirements
as a result of more available space for stocking supplies.

49




DEVELOPMENT OF CANDIDATE SYSTEMS

MSDs CONSIDERED

The five Marine Sanitary Devices (MSDs) to be used as the building
blocks for the WMS concepts were specified by the Coast Guard. In accor-
- dance with the C.G. '.guideune's, scaled versions of each MSD were con-
sidered only if they are commerciallly available, or operational and physical
characteristics are available from the manufacturer. An analysis and data
for pertinent characteristics of each MSD are presented in Volgme V of this
report. A brief description of the principles of operation and a functional
block diagram of each MSD considered in this study are presented below. '

Jered Sewage Disposal System

The Jered MSD is based on the use of vacuum collection of human
wastes from proprietary, reduced flush commodes. Wastes from standard

urinals are also collected by the vacuum drains by means of a special

interface valve., The collected sewage is incinerated in a vortex incinerator.

"It is the only MSD considered in this study that pcovides motive power for

transport of sewage at the central collection site.

The primary Jered MSD under consideration is the model V85003 that
was installed as a test system on the USSKRAUS. The system has the
capacity to handle a maximum of 200 men on a 24-hour basis. In order to
examine a vacuum collection system that is practical for significantiy fewer
users, the Jered Smail Boat Collection System was included in this study.
The small boat system is essentially a collection and holding system; it
does not include an incinerator, Available information on this system is
much less extensive than for the 200-rﬁan system. The small boat system
is available in different capacities. In the description below, prospective
minor modifications are discussed which would be expected if the system is
to be adapted for use with a small incineration subsystem, possibly by

another manufacturer, Currently, Jered has only one size incinerator.
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The 200-man MSD is an automatic system but requires an operator for
periodic ash cemoval from the incinerator. However, the system is quite
complex and requires a fair amount of operator and preventive maintenance
actions.

' A functional block diagram of the Jered Large Beat Sewage Disposal
System is presented in Figure 3. A functional block diagram of the Jered
Small Boat Waste Collection System appears in Figure 4.

GATX Evaporative Toilet System (ETS) - : ‘ n

The GATX Evaporative Toilet System (ETS) is a *no discharge"” system
that is characterized by four basic features. It utilizes:

. Reduced volume flush commodes and urinals (also called controlled
volume flush (CVF) water closets and urinals).

. Transport of wastes by macerator/transfer (M/T) pumps.
. Bvépoxatton of the water content of the concentrated sewage.

. Holding of residual sludge in evaporator for subsequent disposal,
either to pier connection or overboard.

Because the flush fluid requirement is small (about 1.5 gallons per capita -

per day (gpcd) rather than 8.5 gped), this system is practical wifh fresh

water as well as sea water flushing. The penalties involved with the use of

fresh water flushing are offset in part by the reduced corrosion and lower ,
residual volumes in the evaporator. Thus, the evaporator can be smaller or be
used for longer periods of time without unloading. ' \

The MSD is fully automatic except for periodic servicing of the evapo- . ﬁ |
rator, involving pumping out the sludge, and rinsing and refilling the evapo- :
rator with the Snitial charge of fresh water. '

The collection subsystem is required to be operational at all times to i 1
provide tollet facilities for the crew. Since the sewage transport pumps are

decentralized, only one M/T pump and the urinals and commodes that drain f "
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to it need be kept operatlonai. if minimal facilities are required. While at
plerside or beyond restricted waters, the M/T pump discharge can be diverted
to the pier connection or overboard in a simple MSD system. Where multiple
evaporators necessitate an intermediate feed tank, diversion of raw sewaye
off the vessel is effected by a transfer pump, taklngl the wastes from the feed

tank. functional block diagram of the GATX Evaporative Toilet System appears
in Figure 5. ‘

Chrysler "Aqua-Sans" Recirculating Oil System

The Chrysler "Aqua-Séns" is a "no discharge” MSD that differs from
‘most systems in its use of a refined oil to flush wastes from commodes
and urinals instead of water. Since the oil is immiscible with, and less
dense than, the wastes, gravity éepara’tion is effective in disengaging
" theoil from the wastes to be destroyed. Tize oil is recirculated as a

flush fluid for both urinals and commodes. It {s purified by filtration and

adsorption and chemically disinfected. The wastes are vaporized and
burned in an incinerator.

The equipment is available in predesigned, functional modules
of varying sizes or capacities, The modules are:

.  Separation tank |

. Pressurization énd Fluid Maintenance package, which

is separated into two moduies in the larger size.

. .Sludge holding tank, used in larger systems

. Incinerator,
The collection (and recirculation) subsystem, comprised of the Separation
Tank and Pressurization and Fluid Maintenance (P & PM) package, is
operational at all times, regardless of vessel location (i.e., in or beyond
restricted waters or at pierside), in order to provide toilet facilities fpr
the crew. TFor servicing, or durihg an emergency, the fluid maintenance

portion of the P&FM package can be shut down and remain inoperative

until odor becomes too objectionable, While at pierside or beyond restricted
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waters, collected wastes can be pumped to a pier connection or overboard
from the sludge holding tank, permitting the incinerator to be nonoperational
In a small system that does not have a sludge holding tank, an ejection
tank can be added for just this purpose.

The Chrysler MSD is essentially automatic, requiring supervision of
equipment operational status plus the following periodic efforts during
normal operating conditions: '

. Ash removal from the incinerator

. Addition of chlorine disinfectant tablets

. Replacement of filters (prefilter, chércoal and clay)
. Replacement of filter bag(s) in separator tank

. Addition of make up flush medium (oil)

. Complete replacement of system flush fluid.

A functional block diagram of the Chrysler "Aqua-Sans" Olil Recirculation
System is presented in Figure 6.

Grumman Flow Through System

The Grumman MSD is a flow-through system, the only MSD of this
type considered for this study, Sewage is treated in a two- stage process
consisting of physical separation of liquids and solids by centrifugal force,
followed by ozonation treatment. The effluent water is continually dis-
charged overboard. The contaminants removed from the waste stream are
dehydrated and burned in an incinerator. The MSD utilizes the standard,
existing, fuli volume flush commodes a,nd urinals, draining by gravity,

but it can be adapted for use with reduced flush co»mmodes and urinals.

The Grumman MSD was developed under a U.S. Coast Guard contract,
but the version considered for this study eliminates two major items found
to be of marginal value: the Hydrasieve and the disk centrifuge. This

version also substitutes a‘ Thiokol incinerator, due to operational difficulties
with the Grumman unit. -
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It is an automatic system; although complex, it normally requires
operator attention mainly for ash removal and filling of the fuel oil day tank.
The only expendable that it uses other than fuel oil is ozone, which is made

from air (drawn from the atmosphere) by one of the component equipments.,

The Grumman MSD, as developed, is unique among the (commercial)
MSD's considered for this study in another respect: it receives and treats
combiined black and gray water. (Although a CHT can also handle black
and gray water, it i1s not a prepackaged commercially available MSD but

- instead is gustom fitted to the vessel.) However, in applying this MSD
to a cost-effectiveness analysis, other combinations of input streams are
examined: full flush black water only, gray water only and gray water input
with reduced flush black water going directly to the incinerator. In all |
cases, there is a continual discharge overboard of treated water during

operation.

When the vessel is at pierside or beyond the restricted zone, the
treatment subsystem can be shut off and bypassed. Wastes can bé pumped
off the vessel from the influent surge tank located at the end of the collection

- subsystem. The surge tank is normally used for smoothing out peak flows,

since the treatment subsystem only accepts a continuous one gallon per
minute input,

Only one size of Grumman MSD is available, designed for up to 20 .
men when receiving combined black and gray wastewaters, using full flush
commodes and urinals. For larger capacities, multiple MSD's are required.
With some combinations of waste stream inputs on larger vesseis, more
incinerators may be required than the number of deccntamination/disinfection

sect#ons. The extra incinerators can be located adjoining or remote from
the MSD.

_ . Afunctional block diagram of the Grumman Flow Through System is
presented in Figufe 7.
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Collection, Holding, Transfer (CHT) System

A Collection, Holding, Transfer (CHT) System provides storage volume
to receive and hold wastewaters, deferring discharge from the vessel until

an appropriate time. It is a “no discharge” system. It is the siwonlest of
the MSD's considered for this study from a processing point of view, Various

arrangements of wasiewaters and storage tanks are possible and have been
considered by others for different applications. These are:

One tank to hold:

.. Black* water only, gray* water not retained

i

.. Black water, with gray water while in port

.. Black water, with gray water while transiting between open
seas and port -

Two tanks: One tank for black water and one tank for gray water
as follows:

.. Separate and distinct pump-dut facilities
.. Common pump-out facilities

.. Serial pump-out, {.e., gray water is pumped into blacl: water
tank, from which both .wastewaters are discharged.

CHT systems are usually thought of in connection with standard flush

volumes of sea water., Supply limitations on board vessels preclude the use ' .
of fresh water with standard flush commodes and urinals. However, a CHT

tank can be used with fresh or sea water flush medium in a system containing

*
Black water is synonymous with sewage and soil wastes. It is comprised
of human wastes, flush water and, if collected separately, wastewater
from a garbage grinder (Coast Guard policy). Gray water is comprised of
wastewater from lavatories, sinks, showers, laundry, galley, scullery
and inside deck drains.




reduced volume flash commodes and urinals. One reduced volume flush
system, using vacuum transport (Jered), requires a separate vacuum tank
for collection, in addition to the vented holdlng.tank. Alternately, the CHT

tank ocan be dpsigned as a vacuum tank which may be practical where the
total retention volume is small,

A functional block diagram of a Collection, Holding, and Transfer
(CHT) System is presented in Figwe 8.
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WMS CONCEPTS

WMS concepts for managing shipboard black and gray wastewaters
were developed as hybrid combinations of the subsystems of each MSD
included in this study. In general, each MSD was viewed as consisting
of two subsystems, namely a Collection/Transport subsystem for black
wastewater and a Treatment/Disposal subsystem for either black waste-
water or for black and/or gray wastewater(i.e., Grumman and CHT).
MSDs whose treatment disposal subsystems included waste treatment
equipment and a sludge incinerator, were further subdivided for purposes
of forming the hybrid WMS concepts. Of all possible concepts which
result from various combinations of these MSD subsystems/equipments,
only certain ones were selected for this study, Eliminations were based
on the following considerations: | |

Hybrid WMS concepts whose successful operation was
doubtful on the basis of engineering judgments or operational
data. , ‘
Hybrid WMS concepts which were considered to req.uire

redesign, elaborate interface equipment, and/or extensive

testing for successful .operation
Hybrid wWMS concepts which were considered tp be unreasonable
on the basis of the overall operdtional obiectives or preliminary
economic and/or installation cor ..derations.

Examples of WMS concepts eliminated on the bases cited above,
include oil recirculation in conjunction with reduced volume flush due to
uncertain successful operation; a holding tank for the full volume flush
black water in conjunction with Grumman flow through treatment including a
sludge incinerator (the latter on the basis of being contrary to the primary
objective, that of giving preference to the management of black water).

The resulting 18 WMS concepts included in this study are shown
in Figure 9. Schematic diagra:ns of these WMS concepts are presented
in Appendix A. A summary of the instéllatio requirements for each WMS

concept is presented in Figure 10,
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For purposes of determining and interpreting the various analyses
of this study, it is convenient to think of each WMS concept as consisting
of three subsysiems, namely: a black water Collection/Transport
subsystem, a black water Treatment/Disposal subsystem, and é gray water
Treatment/Disposal subsystem. A summary of the 18 WMS concepts in
accordance with such a subsystem breakdown is shown in Table 4,
Also indicated is the manner in which each WMS subsystem has been
synthesized from the available MSD subsystems/equipments. It is noted '_
that. in some WMS concepts (5 and 8) the black and gray wastewater
Treatment/Disposal subsystems are combined into one, and in others
(13 and 18), these two subsystems share the same equipment, namely,
an incinerator. As an an_ in interpreting the results of this study, the
breakdown of each WMS céh?:ept in terms of its subsystems, a'ppears on the
left side of some tables in this report.

CANDIDATE WMS CONFIGURATIONS AS A FUNCTION OF VESSEL

Specific MSD equipment configurations necessary in order to
implement each WM$S concept on each vessel were determmed. on the
basis of the foliowing considerations:

Waste generation rates (for black and gray wastewatgss).
Holding time requirements for each vessel .
The. manning complement for each vessel (crew size). -

The waste generation rates used in this study for the purpose of
designing the WMS c.'mfigurations as well as for estimating WMS operating
costs are shown m{j}:ure 11. The holding timoe goal and the crew size for
each vessel are shown in Tables 1, 2 and 3. The details of this analysis
as well as the resulting candidatve WMS equipment configurations for

each vessel are presented in Volume 1V of this report.
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Table 4
SUMMARY OF WASTEWATER MANAGEMENT SYSTEM CONCEPTS
(For Handling Shipboard Black and Gray ll[astewaters)'

- TYPE
VIrany Treatment/Disposal '
Subsys 7/ Subsystem ’ * ABBREVIATED NAME® .
(Black) /“Black Gray ' '
Holding | Holding :
Tank | Tank GRV COL/B(HLT)/G(HLT)
Oil  |Chrysler | Holding ;
*2 Récircul. | +Hld Tnk | Tank I[RECRC/B(CHIR+HLT)/G (HLT)
(Chrysler] Chrysler | Holding “
3 +Incin. Tank. BECIRC/B(CHLRHNC)/G(HLT)
Gravity }GrumFlow | Holding i
Collect. [hru+H1dTk|Tank “ GRV COL/B(GRM+HLT)/G(HLT)
Grumman)} Grumman Flow Thru
5 ety Tk " GRV COL//B+G(GRM+HLT)
Gravity |Holding Grum Flow P
8 collect. |Tank Thrus HlaTnk]| GRV “COL/B(HLT)/G(GRM+HLT)
AGravity |GrumFlow | Holding GRV COL/E(GRM+INC)/G (HLT)
"fcollect Thru+Incind Tank
aLKGrummén)’ Grumman Flow Thru GRV COL//B+G(GRM+INC)
+ Incineitor
Vacuum Holding |Holding -
9IrCollec:t. Tank® Tank VAC COL/B(HLT)/GHLT)
10[1 (Tered)  irnctnerator f:éi‘"g VAC COL/B(INC)/G(HLT)
l GATX |Holding ~
11 Evap. |Tank VAC COL/B(EVAP)/G(HLT) ‘
' Holding Grum Flow .
12 Tank® Thru+ H1d TnX VAC CQL/'B(HLT)/G(GRMi-HLT)
Grum Flow '
33 v Incineratorimy oy 1ncin, [| VAC COL/G(GRM)/B+GS(INC)
M/T Holding {Holding P _
14| Pump Tank = |Tank PMP COL/B(HLT)/G(HLT)
15/ G";‘,l?};t Incinerator ;’a";img PMP COL/B(INC)/G(HLT)
GATX Holding AP
16 Evap. |Tank PMP COL/B(EVAP)/G(HLT)
Holding |GrumFlow MP COL/B(HLT)/G(GRM+HLT
17 Tank  |Thru+H1d Tnk|| © L/BMHLT)/G( )
18 ncinerator |GFUM Flow I pMP  COL/G(GRM)/B+GS(ING)
Y Thru +Incin.

(1) Used to idendfy system in output of computer program for quamifying effectiveness,

(2) Two subchoices available for WMS No, 9 as follows:

9a . Concentrated black water wransferred from VCT to holding tank,

. 9b = Concentrated black water held in VCT.
(3) Two subchoices available for WMS No. 12 as follows:

. 12a - Concentrated black water ransferred from VCT to holding tank,

12b - Concentrated black water held in VCT.
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Type/Source gpcd Derivation/Reference
Commodes Standard 9 ‘Ships Waste Management Study, :
and Urinals | fixtures NSRDC/A Rept 28-999, Nov. 1973 ]

average of officers and crew at sea
(9.13 gpcd), weighted by numbers of
officers and crew

Chrysler 0.46 Bloastronautics Data Book
NASA SP-3006

. {-Urine-value »-2rd edition
Fecal value - 1st edition

GATX 1.875 5 urinal flushes/day @ 1 pint/flush

and 2 commode flushes/day @ 3 pint/flush

JERED | plus human waste (Chrysler value)
Galley 8 USCG. Polab Program Phase II

‘presentation. Weighted waste gener-
ation rates for officers and crew from
NSRDC/A Report cited above yields

a value of 7.5 gpcd. .

Turbid 22 ' Average of NSRDC/A Report and USCG
: presentation values (19.5 and 25,
respectively) '
Garbage Grinder 1.5 USCG 'presentation value
Sludge generation 1/12 Grumman: 5 gal/hr sludge from
rate in Grumman WMS of 60 gal/hr input
influent : ]

Note: Waste generation rates were assumed in lieu of actual data from the
vessels under study or sinidlar ones. The values in terms of gallons
per capita per day (gpcd) are indicated above.

Figure 11

WASTE GENERATION RATES ASSUMED




VIABLE CANDIDATE SYSTEM/VESSEL COMBINATIONS

The WMS configurations for each system concept as a function of
vessel were developed without regard to the feasibility of installation.
Installation considerations were brought to bear in order to establish
viable candidate system/vessel combinations. This installation analysis
was performed in two steps.
Preliminary Installation Analysis

The preliminary installaticn analysis was performed on the basis
of the vessel compartment arrancement drawings, the known physical
dimensions of the candidate WMS equipments and previously
established 1nstaliation’ guidelines. As an aid in determining the '
feasibility of installation, vessel compartments which were potential
locations for WMS equipment were drawn tc scale and paper cutouts of
the various WMS equipmerts, also drawn to scale, were made. These
were manipulated in order to test various arrangements of the WMS
equipments within the vessel compartments. A summary of the results
of this preliminary installation analysis or "paper shipcheck" are shown
in Table 5. The details of the preliminary installation analysis are giveAn
in the appendices of Volume III of the report. .
Shipchecks to Determine Viable System Vessel Combinations

Following the preliminary installation analysis, physical shipcheck
inspections were made on each vessel included in this study (except for

the PAMLICO new construction vessel which was not available for inspection

at the time of the analysis). The purpose of this shipcheck tnépeétion,.

in addition to obtaining other relevant vessel information,” was to confimm
and modify the results of the preliminary installation analysis and make

a final determination as to the feasibility of installing each candidate WMS
conf iguration on each vessel, For the PAMLICO, this determination was

made on thé basis of the "As Built" drawings obtained from the Coast Guard.

DRALE T
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vessel,

The results of this shipcheck analysis are shown in Table 6, which
and gray wastewater which can be met by each viable system on each

also indicates the percentage of the required holding time goal for black

These holding time percentages result from the Coast Guard
installation guidelines.which specified that except for the case of
holding tanks, the viability of a candidate system is determined on the

basis of the feasibility of installing all of the required candidate WMS

equipments (within the installation guidelines regarding compartment space
availabilities).

In the case of holding tan Xs (for either black or gray wastewaters

and for black or gray wastewater sludge), a candidate WMS configuration

was not to be rejected because of the inability to provide 100 % holding
capacity, i.e., the inability to install the required holding tank size.

Instead, the maximum possible tank size is to be installed, giving preference

to black water (or sludge) holdinc tank capacity, with the remaining capacity
being designated for gray water ( or studge). The percentages for holding
capacity in Table 6 show the holding tank capacities which could be fitted
within the vessel compartments (based on the installation guidelines) as
a percentage of the required tank capacities.

WMS Equipment Requirements

The results of the shipcheck were used not only to establish the
viable system/vessél combinations but also to determine the actual

WMS equipment configurations required to implement each of the viable
WMS concepts on each candidate vessel.

The equipment configurations
also incorporates the results of the tank capacities which could be

for each viable system/vessel combination are shown in Table 7, which
accomodated by each installation as discussed earlier.

Table 7 served

as the basis for the remainder of the analysis, i.e., the cost and effec-
tiveness analyses of each viable candidate system/vessel combination.

A discussion of the installation of each viable system as well as
drawings showing the locations of waste sources aboard each vessel and

the location of WMS equipments within vessel compartments are presented
in Volume III of this report.
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LIFE-CYCLE COST ANALYSIS

THE LIFE-CYCLE COST MODEL

For purposes of the life-cycle cost analysis (a similar approach was
used for the effectiveness analysis), the physical system configuration will
be viewed as a hierarchy of four levels, namely, system, functions, sub-
system and equipments, as shown in Figurel2. In the case of the Wastewater
Management Systems (WMS) analyzed, the overall system level is the WMS
the function levels correspond to the black and gray wastewater handling
functions of the WMS: the subsystem levels correspond to the black water
Collection/Transport subsystem, the blalck water Treatment/Disposal sub-
system, and the gray water Treatment/Disposal subsystem; the equipment
level corresponds to items such as fixtures, Macerator/Transfer (M/’I‘) pumps,
Vacuum Collection Tanks (VCT), incinerators, etc. It is noted from
Figurel2 that equipments and subsystems are not necessarily unique with
respect to function, 1.e., the séme equipment 6r subsystem may perform
more than one function, Two examples of this are the Grumman treatment
system which treats both black and gray wastewaters, or a Thiokol incinerator
which receives both the sludge from a Grumman treatment system uyhich
treats gray water only and the black water stream frolm a reduced volume

Colleci‘on/Transport subsystem (Jered or GATX).

The llie-cycle cost model is depicted in Figure 13 which shows both
the "horizontal" and "vertical" breakdown of the cost, The "horizontal”
breakdown is in terms of the various cost elements into which the overall
life-cycle cost is subdivided. The “"vertical" breakdown - in terms of the
various stages of calculations which are necessary to pe xj ‘m tn order to
arrive at the overall system life-cycle cost. The computations are per-
formed essentially in three stages. The first stage relates equipment/
subsystem characteristics and cost estimates to overall system (or sub-
system) costs (and characteristics) on the basis of 100% utilization facter.
Thé second stage of the calculations relates the system/subsystem costs
and characteristics based on .100% utilization factor to the overall system

{or subsystem) costs and characteristics based on vessel mission profiles
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‘ (1.e., utilization factor for 2ach subsystem, the number of mode change-
overs, etc.). The third stage of the calculations relates the overall system cost
based on vessel mission profiles to the life-cycle cost based on the useful

life of the system and an assumed effective discount rate,

The main purpose of the above breakdown of the costs into different
cost elements and each cost element into three different stages of calcula-
tions is to facilitate the introduction of the various dependencies ,
which affect the overall system life-cycle cost. It is this breakdown which
enables the life-cycle cost to be éccu:ately and consistently estimated. .
This breakdown also facilitates the analysis of syc.tem costs and character-
istics in such a way as to yield useful 1nf§rmation for system modifications,
management, and for trade-off studies and decision- making. In addition,
this breakdown provides ah oprortunity for incorporating an extensive sen-
sitivity analysis capability.

Figure 12 indicates the various tables which represent the inputs
and outputs assocjated with the life-cycle cost model. Tables 8 and 14
_ through 18 are the basic data inputs for acquisition, installation, operation
and maintenance (PM, CM and Overhaul) characteristics ard cost
estimates. Tablé 7 lists the equipment requirements for each systen
configuration on each vessel. Table H-1 lists the sensitivity analysis
relationships used. The other listed tables represent the various outputs

from the life-cycle cost model.
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FIXED COSTS
The fixed costs include WMS acquisition and installation costs.

The development of these costs is discussed below.

Acquisition Costs

The basis for estimating WMS acquisition costs was data on MSD
subsystem/equipment costs obtained from MSD manufacturers. MSD costs
were solicited from manufacturers not on an overall system level but
rather on a subsystem/equipment level corresponding to the manner in which
the MSDs were hybridized to form the candidate WMS concepts. Acquisition
cost was broken down into equipment costs and associated initial spares
costs . A form showing the breakdown of each MSD into the subsystems/
equipmehts and different pertineﬁt model types was sent to each manu-
facturer requestir+; equipment and spares costs as well as suggestions
for initial spares stocking requirements. The results of such inquiries
are shown in Table 8. Acquisition cost estimates for Grumman were supplied
by the Coast Guard.

The results in Table 8, in conjunction wi_th the equipment requirements
in Table 7, were used to estimate the WMS acquisition costs shown in
Table 9. It is noted that holding tanks were considered to have zero
acquisition cost, and the installation cos: of holding tanks includes the
cost of materials required to fabricate the teénks.

Installation Costs

Installation cost estimates were obtained as part of the WMS
installation analysis. Such installation cost estimates were made by first
defining a number of installation cost elements with 'associated unit costs
and then viewing each WMS installation in térms of these elements, taking
existing vessel conditlons Into account, The form used for estimating
installation costs is shown in Figure 14, The completed forms for esch viable
system/vessel combination appear in Volume 111 of this report. A summary of

the results of the WMS installation cost estimates is shown in Table 10.




Table 8
SUMMARY OF MSD ACQUISITION AND INITIAL SPARES COSTS

4 Equipment |Cost {($) of Associated
MSD + Equipment n Cost (8) |Inital Spares Package
mmn It 300 300 1
Urinal Discharge Valve I 300 150, 1
JERED VCT(with 30 gal, (Small Boat) 5,000 400 (2)
asscciated 60 gal, (Small Boat) 5,000 : 400 )]
equipment 120 ma at 6, 000 500 . (2)
and controls) 00 gal, (Large Boa 20, 000 1,200 . (2)
250 a 20,000 1,200 (2)
Incinerator (including controls) -l 33,000 8,250 (2),(3)
" LCommode 750 50 (2)
Urina} Flushometer 150 10 - (2)
Macerator/Transfer Pump Fresh Water 1,500 (4) | 1,500 (4)
ncluding conta Y Salt Water 3,000 50 (2) |
GATX Evaporator 20 gal, 14,100 . 600 (2)
(With sludge 40 qgal, 14,400 600 (2)
pump and 60 gal, 15,000 600 (2)
ntrols 80 gal, 15,590 . 600 {2) |
Vapor Treatment Section
(Including controls) 2,000 - 250 )
Separator Tank [Model A d 4,750 275 (5)
(Inciuding [Model A/B | 5,694 275 G)
Controls) Model B | 6,647 275 (5)
Pressurization & “ _ '
Fluid Maint, Model A 3,319 (6) 198 (6)
Package(s)
CHRYSLER | (Including Pump Package 1,585 N/R
controls) Accumulator 512 ) 26
Fluid Maint. Pkg. 1, 664 26 _
Total Model B 4,196 (7) 487 (7)
Sludge Surge Tank {Model B _5,04) 350 :
IIncluding controlsiModel C 5.20C 350
Incinerator Meodel A 5,462 600
(Including controls)iModel C 9,174 550
T[f‘-‘alt"‘!er’:t S“b:_‘,’,:;‘?;“ | 25,000 ®] - 2,500 (8)
GRUMMAN |Incinerator g :
Subsystem - Thiokol 25,000 (8) 2,500 (8)
(Including controls) ‘

' (1) Manufaoturer recommends one inidal spares package for every § associated equipments on board the vessei.
(2) Manufacturer recommends one initial spares package for every associated equipment on board the vessel.
(3) Includes the cost of one incinerator *iner (Incomnel 601 at $6, 500) which was now {ucluded fa cost provided by manufacturer,
A new incinerator liner (Inconel 671 wc $7,800) is currertly being evaluated by die Navy.
(4) U.S. Coast Guard policy is to use fresh water flushing and to stock one extra M/T ;runp per vessel regardless of the number
of such pumnps installed on the vessel,
(5) Manufacturer recommends one inidal spares package for evzry 4 associated equipments on board the vesrel,
(6) Includes the cost of flush fluid and expendables ($145) which was not included in cost provided by manufacturer,
. (7) Includes the cost of flush fluid and expendables (%435) which was not included in cost pnovided by manufacturer.
(8) Estimates provided by U.S, Coast Guard.
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Vessel
WMS No.
Quantity Required
g‘ st:lé?tion t Unit Assumed Unit Cost (estimated Cost ($)
oS emen number of units)
$ 4.50/1b. @
1
Piping® Pounds (Materials and Labor)
9
(3) $ . SS/Ib-
Tank Steel Pounds (Materials and 1abor)
$ .92/Lb. @
Foundations Pounds (Materials and Labor)
Blectﬁc Feot $ 2,00/Ft.
Cables (Materiais and labor)
Miscellaneous ' '
Installations (pumps, | Man- $15.00/MH
motors, skid-mounted | Hours | (Labor)
components, etc.)
Access Cuts (in hull, . .
deck plating or . 1.00/Ft '
‘bulkhead to provide | 1 oo ?Lalsgr)'/ ft.
passageway)
- $ 6.00/Ft.
Welding Feet L- (Materials and Labor)
$s0.00/mr.  ©
Cutting
u Hours (Labor)
m ————— . e T I T R e e e i e e
8[— Other 1
E Man- | $15.00/MH
2! (miscellanepus Honrs (Labor)
handling) *

Total Installation Cost ($)

(1) Copper-nickel assumed,
(2) Estimate includ
(3) Onme-quarter in
(4) Estimate includ

; supported.

(6) Based on an assuined cutting rate of 50 ft. /hr,

Figure 14
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a factor of 50% added to allow for valves, flanges, fittings, take-down joints, etc.
plate assumed.
a factor of 30% added to allow for requ

1 structural stiffening for proper support.
(5 F.stima;ed on the basis ¢ 10% of the weight which has t¢

INSTALIATION COST ESTIMATE FORM
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RECURRING EXPENDITURES

Recurring éxpenditures include WMS operating and maintenance costs.,
For purposes of this analysis, and in accordance with the life-cycle cost
model, maintenance costs are broken’down into three categories, namely
preventive (scheduled) maintenance, corr>ciive (unschzduled) maintenance
resulting from random failures of equipment, aad overhaul.

A fuller discussion of these operating and maintenance activities,
including definitions and rules for classifying tasks into each of the ’
abeve categories are presented in Volume V of this report. Bighlights of
o:;erating /mainterance cost analysis are presented below.

Qperating and Maintenance Costs Based Gn Continuous Operation

As a first step in estimating WMS recurring expenditures, MSD
opeg'ating and maintenance cost data were developed on a subsystem/equipment
basis comresponding to fhe manner in which ti.e MSDs were hybridized
to form the cahdidate WMS concepfs. MSD data for each of the four
operating and mainterance cost elements were recorded on th:: izims
shown in Figures 15 through 18 and are presented in Volume V of this
report,

The da'a in Figure 15 through 17 are based on the assumption
of continuous operaticn or 100% utilization factor, and the data in Figure
18 are given on a per overhaul basis. It is noted that déta based on
continucus operation do not imply that the subsystem or equipment for
which such data are given actually operates continuously. Instead, it
means that the data are developed on the basis of the atsumption that
the vessel is continuously within restricted waters, and the data
represent estimates of the subsysiem/equipment operation (and maintenance)-
under such conditions (e.g., percentage of time an incinerator is operating
if the vessel were continuously within restricted waters). The assumption of
continunus operation or 100% utilization factor was made in order to

facilitate the development of generic MSD data which could then be used

for all candidate system /vessel combinations of interest,
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(Based on 100% Utilization Factor

MSD PREVENTIVE (SCHEDULED) MAINTENANCE CHARACTERISTICS AND COST ESTIMATES
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It is noted from Figure 15 that operating costs have been broken

down into the following elements:

Labor, including:

.. The periodicity

.. Time required

.. Number and skill level of operator

Vessel reéources used, in;:luding:

.. Electric power (includlng' power for pumping flush mmedium
and cooling water) |

.. Fuel oil

.. Fresh water

.« Compressed air
Materials consumed '(ﬁlters, chemicals, etc.)

Since the data in Figure 15 have to be generic and on a sub-
system/equipment basis, development and subsequent use of these
data are not a trivial matter. The reason for this is.that not all
operational characteristics are on a per unit Basts,. independent of the
vessel on which the subsystem/equipmentwill be operated. As aresult of
such dependencies, some of the data cannot be explicitly stated but
instead Fave to be given implicitly in a form which indicate the parameters
on which the data are dependent. Some examples of such dependencies

are as follows:

" Fuel consumption (and electric power) for an incinerator
depends on the vessel crew size, As a result, fuel consumption

rates have to be given on a per capita basis.

The frequency of emptying an evaporator depends on the crew
size ., As a result, the periodicity for this activity is given in

man-days rather than in hours.
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. The consumption of compressed air for aerating a black water holding
tank dépends on the size as well as the naximum height of the
tark. As a result, compressed air consumption must be given
_in terms of an expression which can be quantified only when

" the physical characteristics of the tank become kncwn.

. The cost of fresh water is vessel dependent since the cost

} is different depending on whether the frgsh water is taken from
siore and stored (70¢/1000 gallons) or whether it is g,enerated
aboard the vessel by an evaporator ($20/1000 gallons).

Note that in addition to the above, vessel dependencies such as
crew size, some of the operating cost elements (e.g. fuel consumption)
also depend on vessel mission profiles, but this is another type of
dependency which will be treated in the ensuing discussion. This also
includes the number of WMS mode changeover cycles from primary ‘to

overboard mode and from pierside to primary mode.

Using the data in Fiéure 15 in conjunction with the equipment
requirements information provided in Table 7, the annual operating costs
and characteristics for each viable c_:andidate system/vessel combination
were computed. In making these computations, all pertinent vessel
characteristics on which these cost elements depend have been accounted
for. In order to facilitate the use 6f this information ip the next stage of
the calculations (which take mission profiles into acccunt) it was
necessary to determine these cost elements not on an overall WMS ba.sls,
but rather on a WMS subsystem basis. Thusb, results for WMS operating
costs and characteristics based on continuous operation have been
derived and are given separately for each of two major WMS subsystems.
For purposes of these calculations, each WMS concept was subdivided
into a black water waste Collection/Transport subsystem and a combined
black and gray waste Treatment/Disposal subsystem. The results of the
ahcve described computations for each viable candidate WMS on each

vessel are presented in Appendix B.
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The results in Appendix B indicate that the operating costs for the Treatment/
Disposal subsystem are generally much larger than those for the Collection/ ;
Transport subsystem (except for WMS Nos. Z and 9). Treatment/Disposal !
subrystem operating costs are especially high for systems with evaporators E
and even higher for systems with incinerators. Most of the costs are for |
vessel resources (fuel and electric power). The largest Collecttbn/Transport
subsystem operating cost is associated with systems which utilize vacuum

collection and oil recirculation® (WMS Nos. 2, 3 and 9 throughl3). Operat-
ing costs are also a function of crew size.

It is noted from Figure: 16 that preventive (scheduled) maintenance
costs have been broken down into the following elements:

. Labor, including: 1

.. Periodicity E
.. Time required

.. Number and skill level of maintainer
. Parts (or materials) required

Using the results in Figure 16 in conjunction with the equipnent requirements
infcrmation in Table 7, anmual preventive maintenance costs and characteristics
for each viable candidate WMS corfiguration on each vessel were computed.
The results of these computations are given in the left side of fhe tables in
Appendix C. It is noted from Appendix C that the results for preventive
maintenance based on continuous operation are given on an overall WMS basis
rather than on a WMS subsystem basis. The reason for this is that due'to the
limited experience with these systems, a good basis for reducing the amount
of preventive maintenance as function of use (i.e., vessel mission profi}és)
could not be defermined and it was as.curped that the same amount of preventive
maintenance would be performed on.these WMS subsystems/equipments
independent of the vessel on which they will be installed. The left-hand

portion of Appendix C indicates that most of thé preventive maintenance
cost is due to labor.

* Note that in an oil recirculation system the Collection/Transport sub-

system operating cost includes the cost of the treatment portion as well
(except for the holding or incineration function).
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It is noted fromFigure 17 that corrective (unscheduled) maintenance

costs have been broken down into the following elements:
. Labor, including:

.. Frequeacy
.. Time required

.. DNumber and skill level of maintainer
Replacement part requirements

It is noted that, as in the case of operating activities, corrective main-
tenance a.ctivities .could also have dependencies. An example of such a
de.pendency is the replacement rate for the Jered incinerator liner. It is
estimated that this liner has a life expectancy of approximately 500 burn-
hours. However, the annual number of burn hours for an incinerator on a
given vessel depends on the crew size. As a result, the failure rate of the

liner is given in terms of man-days rather than in hours.

Using the data in Figure 17 in conjunction with the equipment require-
ments information in Table 7, annual corrective maintenance costs and
characteristics based on continuous operation fdr each viable candidate WMS
configuration on each vessel were computed and are presented on the right
side of the tables in Appendix C. As in the case of WMS operation, the resulfs
for corrective maintenance are given on the basis of the two major WMS sub-
systems in order to facilitate modification of these data as a function of vessel ‘
mission profiles. The right hand portion of Appendix C shows that in most
cases, the corrective maintenance cost for the Treatment/Disposal subsystem

" is much greater than that for the Ccllegtion/Transport subsystem. Exceptions
are systems based on reduced volume collection in conjunction with a holding
tank or evaporator (WMS Nos. 9, 11, 14, 16 and 17) and for oil recirculation
with a holding tank (WMS No. 2). This pattern is not followed by WMS No. 11
on the POINT HERRON due to the small number of fixtures on board this vessel
and by WMS No. 17 on the FIREBUSH. Also noted is the fact that most of the

corrective maintenance costs are due to the cost of parts.
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From Figure 18, it is noted that overhaul costs are broken down into
the following elements:

. ' Labor, including:.

.. Overhaul interval (assumed to be two years for purposes .
of this study)

.. Time required

.. Number and skill level of maintainer

. Parts and material requirements

Using the,data in Figure 18, in conjunction with the equipment requirements
information in Table 7, overhaul costs and characteristics for each viable
candidate WMS configuration on each vessel have been computad and are
presented in Appendix D. The data in Appendix D are given on an overall
WMS basis rather than on a subsystem/equi pment basis. Inherent in this
is the assumption that the entire WMS will be overhauled at the same time
rather than on a subsystem/equipment basis.

It is noted from Appendix D that for systems with complex equipment
(1.e., reduced volume collection, incinerators, evaporators, etc.), the
overhaul costs are higher and are due mainly to the cost of parts, whereas

for less complex systems (e.g., gravity drain with holding tanks) the overhaul
costs are lower and are due mainly to the cost of labor.

Operating and Maintenance Costs Based on Vessel Mission Profiles

The second step in estiinating WMS recurring expenditures involves

modifying the results based on continucus operation by vessel mission

profil‘e 'characteristics. The specific mission profiie characteristics which are
of interest for this purpose are the percentage of total annual time that the
vessel is within restricteci waters (or 11 a non-home port) as well as the
annual number of three mile limit croszings and the number cf shore dockings
at home port and at yards. The percentags of time within restricted waters
(or non-home port) is directly translatable into WMS utilization factors,
" whereas the number of limit crossings anc shore dockings are translatable

into the annual number of WMS mode changeovers., Ffrom Table 2 these
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mission profile parameters for each vessel are as shown below.

WMS Annual Number of Mode
VESSEL Crew] Utilization || Changeover Cycles
Size |Factor (%) || Primary/ | Pierside/

Overboard | Primary

GALLATIN (378") 152 11 36 20
VIGOROUS (210" 60 5.6 15 16
FIREBUSH (180") 50 14.1 34 103
PAMLICO (160") 13 31 0 33
WHITE SAGE (1’33') 21 11.1 17 81
POINT HERRON (82°) 8 1.8 46 46

In using vessel mission profile characteristics to modify the operating
and mailntenance costs based on continuous operation, it is important to
recognize which WMS subsystems/equipments are affected and which ones
are not. Thus, the WMS waste Collection/Trahsport subsystem has a
utilization factor 6f 100% and therefore the data for this subsystem should
not be modified by mission profile characteristics. On the other hand, the
WMS waste Treatment/Dispnsal subsystem is operated only when the vessel
is within réstr;cted waters or in a non-home port, and it is turne. off when
the vessel is beyond restricted waters or connected to a shore waste receiving
facility. Consequently, the data for this subsystem must be modified by the
vessel mission profile characteristics. An exception to this is the treatment
portion of an oil recirculation system which has a utilization factor of 100%

(this does not apply to the holding or incineration function).

Generally, the modification consists of multiplying the data for the
Treatment/Dis posal subsystem based on continuous operation by the WMS
utilization facotr. When this product is added to the corresponding cost
element for the Treatment/Disposal subsystem daia based on continuous

operation, the resulting numbers are the desired costs.
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The results of modifying the WMS operating characteristics and costs
based on continuous operation (given in Appendix B) by vessel mission
profile characteristics are presented in Appendix E. These results include
the effect of accounting for mode changeovers. It is noted that the distri.
bution of operating task frequencies given in the left hand portion of the
tables in Appendix B were not modified by vessel miss.ionA profile character-
istics since a valid basis for such modifications could be determined. The

'results in Appendix E indicate that the operating costs increase with an increas-
' ing WMS utilization factor.

WMS maintenance costs and characteristics based on continuous
operation (given in Appendix C) as modified by vessel mission profile
characteristics are presented in Appendix F. It is noted that, as discussed
earlier, the preventive maintenance results were not modified by the WMS
utilization factors for the reason stated. However, corrective maintenance .
data for the Treatment/Disposal subsystems WEre multiplied by the WMS
utilization factors and added to the Collection/Transport subsystem. As

a result, corrective maintenance costs increase with increasing WMS
utilization factor,

mmmmmw‘

The last step in estimating the life-cycle cost of WMS recurring

expenditures consists of modifying 'the annual operating and maintenance
costs based on WMS utilization factor by suitable present value factors.
Present value factors take into accoﬁnt the expected life of the system and
the assumed effective discount rate, which depends on prevailing interest
and inflation rates and accounts for the time value of money. Present value
factors applicable to operating, preventive maintenance and corrective
maintenance costs (Pl) and to overhaul costs (Fz) are given in Table 11,

The present value factors in Table 11 are based on the following assumptions:

A 10-year useful system life
A 10% effective discount rate

A two-year overhaul interval
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Table 11

" PRESENT VALUE FACTORS BASED ON
A 10% EFFECTIVE DISCOUNT RATE*

PRESENT VALUE FACTORS

P ( ¢ 'For WMS Overhauls (Based on
gy Eﬁi’ﬁliiififdiil (;Jp‘;rfit?;i;eto 2t year overhaut evele
| [poeetvet | opemilon, | O T cumuta
1 0.909091 0.9b9091 WMS
Installation
2 0.826446 1.735537 { Overhaul 0.826446
3 0.75131$ 2.486852
4 0.683013 3.169865 | Overhaul 1.509459
5 0.620921 3.790786
6 0.564474 . 4,35526 Overhaul 2.073933
7 0.513158 4,868418 l
3 0.466507 ' 5.334925 Ovérhaul 2.54044\
9 0 .4240.98 5.759023
10 0.385543 F1=5.144566 Overhaul Fo= 2.92598?

*+ OM&B Circular No. A-94, dated 3/22/72,

e

"Discount Rates to be used in

evaluating time-distributed costs and benefits.

** The discount factors presented in the table above implicitly assume |end-

of-year lump-sum costs and returns.

When costs and returns occur (in a

steady stream, applying mid-year discount factors may be more appro-

priate, Present value cost and benefit computed from this table can|be
converted to a mid-y=ar discounting basis by multiplying them by th

factor 1.048809.

For example, if the present value c.st of a series|of

annual expenditures computed from the above table is $1,200.00, th
present value cost on a mid-year discounting baxis..is $1,200.00 x
1.048809 or $1,258.57.
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The present value factor F] can be obtained from the effective

discount rate (I) and the assumed useful system life (n) by the expression

Py o _(141)0 .1
! I(1+1)D

It is noted that the above expression as well as the results in Table 11
are based on the assumption that the operating and maintenance costs
are identical during each year throughout the life of the system, i.e.,

any differences in costs which may occur during overhaul years are
neglected.

The operating and maintenance costs based on vessel mission
profiles (presented in Appendices E and F) are'multlplied by the appropriate
presgnt value factors F] or Fj to obtain the present values of operatiing and
maintenance life-cycle costs., The results of this multiplication are
presented in Appendix G. Since these recurring expenditures represent
the costs for the entire assumed economic life of the system, these can
be added to the fixed costs (acquisition and installation) in order to obtain

the total life-cycle cost of each viable candidate system/vessel combination

lag

SENSITIVITY ANALYSIS OF LIFE-CYCLE COST'Sl

The sensitivity of the overall life-cycle cost to char}ges in the data
and/or assumptions relating to the individual cost elements is indicated
in two ways. TFirst, the summary table at the beginning of this report
shows each cost element and in addition indicates its relative contribution
(expr_essed as a percentage) to overall life-cyclevcost. These percentages

- serve as indications of the relative importance of changes in the daté for
éach cost element. Second, expressions were deri red relating the overall

WMS life-cycle cost to the various cost elements, the assumptions, and the

other parameters which affect the cost. These expressions indicate the amount
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by which any cne cost element (or other cost dependent parameter) has to
vary in order to effect a given change iq the -overall life cycle cost,
assuming that all other cost factors are held constant. Ideally, for this type
of sensitivity analysis, the overall life cycle cost should be ‘related to

the actual data at the lowest level of each cost element. However, in view
of the computational burden involved when this is done manually, this was
not practical. Instead, the sensitivity anclvsis formulas developed

relate *he overall life cycle cost to individual cost elements at eitﬁer

the uverall WMS level (for fixed costs) or the WMS Collection/Trans port
and Treatment/Disposal subsystem level (for operating and corrective
maintenanca costs). In addition to the fixed cost elements (acquisition
and installation) and the operating and maintenance cost elements based on
contiruous operation (or per overhaul), sensitivity analysis expressions

were also derived for the WMS utilization factor and the present value

factors. The results of this sensitivity analysis are presented in Appendix H.

Appendix H includes the derivation of the formulas for sensitivity analysis as
well as tables showing the results of this analysis. Thke entries in these
tabies indicate the percentage by which the given cost element or other
parameter has to change in order to effect a 10% change in the overall

life cycle cost.

These results indicate that the sensitivity of a cost element depends
on its relative contribution to the overall life cycle cost. As the WMS
utilization factor increases, its sensitivity also 1ncrebases, since this
results in a larger contribution of the corresponding cost elements to the
total life cycle cost. Comparison of the results for P1 and F2 shows greater
sensitivity to Fz, indicating that the life cycle cost is sensitive to the

overhaul interval,
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EFFECTIVENESS ANALYSIS

THE EFFECTIVENESS ASSESSMENT METHODOLOGY

The eﬁectiveness of candidate systems is determined on the basis
of numerous considerations, such as system characteristics and features,
assumptions, etc, It is very difficult to make sound decisions based on
the simultaneous judgment of a multitude of considerations, many of which
may be unrelated. On the other hand, it is fairly easy to make lndividuai .
' decisions on a small scale. Tha approach usec_i for assessing the effective-
ness of candidates is based on c{;nve;ting the relatively difficult broblem
of trying to arrive at a major decision by simultaneously juggling nwaerous
anrd often urrelated considerations, into the relatively easy problem of
systematically making many "small" decisions, The approach also addresses
the necessity of combining the deciéion-maker's.subjective judgments with '
technical data and relevant assﬁmptions in arriving at an overall effective-

ness assessment of each candidate system,

The approach fof assessing the effectiveness of candidates and the
development of the effectiveness model which forms the basis for this
assessment are closely related to the definition of effectiveness. In the
context of this study, effectiveness is not to be viewed as a fixed and
préformulated expression in terms of some specific variables. Instead, the

follovﬁng definition of effectiveness is used:

The effectiveness of a candidate is broadly definer as its

" overall quality. This quality is detetmined on the basis of how
well the candidate fulfills specified objectives, requirements
and constralhts. Furthermore, this 6verall quality can be quantified
and the resulting number is the effectiveness rating of the candidate.
The effectiveness rating 1s a quantitative measure of the degree to
which the candidate has satisfied the aggregate of all the individual
criteria for determining conformance with objectives and requirements

as well as their relative importance. i
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It is noted that the above definition of effectiveness implies the

following:
. It is necessary to specify objectives, requirements and constraints.

. Itis necessa'ry to establish criteria for judging how well the

candidates fulfill the objectives, requirements and constrainté.

. It is necessary to indicate the importance of the established -

criteria relative to one another.

. . It is necessary to quantify each individual criterion as well as
the aggregate of all criteria and their relative importance. This
quantification must be based on candidate attribute data (i.e.,

characteristics).

The offectiveness assessment methodology is the system of analysis
techniques and assbciated computational procedurcs which start with the
relevapt information concerning the capdidates and their associated context
as an '“pu¢, and generates quantitative effectiyeness ratings as an output.

This me*tndology consists of procedures, guidelines and computational aids

for wxecting the folldwing three main steps of the effectiveness assessment, -

. Ca2velopment of the efizctiveness model.

Development of effectiveness attribute data geared to the

effectiveness model.
uantification of effectiveness,

The effectiveness model is, in effect, a framework of criteria for
jud3ing the degree of acceptability of each candidate system. This frame-
work is in the form of a hierarchy which structures the effectiveness assess-
mer: critzria in successive levels of detail and specificity. A set of vyeights
are: then associated with this criterion hierarchy to indicate the importance

of each criterion in relation to the others.
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The development of the effectiveness model consists of the following

' identifiable steps:

. Selection of a set of measures of effectiveness (M,/I:l). The
M/Es constitute a set of highest level overall criteria which
will be the basis for assessing the effectiveness of the can-
didates. |

Assignment of M/E weights (Wi). These M/E weighté are used to
indicate the importance of each M/E in relation to the others.

. Determination of the factors (F j‘) and subfactors (SPk) of each M/E.
Factors result from a breakdown of an M/E into its constituent
lower level subordinate criteria whic“h\'argmplied by the higher
level criterion represented by the given M/E. Subfactors
result from a breakdown of a factor or another subfactor into
its constituent lower level subordinate criteria which are implied
by the higher level criterion represented by the given factor or
subfactor. Elementary factors (Fg) or subfactors (SF,) are those
which have no subordinate sqbfactors and which can be directly
related to one or more attributes (i.e., characteristic) of the

candidates under consideration.

. Assignment of factor weights: (Wj) and subfactor weights (Wg).
These weights are used to indicate the importance of each
factor/subfactor (i.e., criterion) in relation to the others at the

same level of subordination., N

Development of an effectiveness r:::ing function (ERF) for eveory
elementary factor/subfactor. An ERF constitutes a functional
relationship between the candidate attribute (characteristic)
relevant to the given elemenrtary factor/subfactor and an effective-
ness rating which is a quantitative measure of the candidate's
acceptability, quality, worth, desirability, etc., with respect

to the given criterion. The ERFs constitute an important element
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of the effectiveness model, They provide a mechanism for
systematically bringing together and integrating the essential
elements of the effectiveness assessment, namely:

.. Assumptions,’ goals, requiremcnts and constraints.

.. Technical information.

.. Subjective judgments of the decision maker.

The effectiveness attribute data required is determined by the ERFS.
The ERFs also determine the format of these data. A numbering scheme
which uniquely identifies each ERF within each M/E is used to associate
the data with the corresponding ERF. An 1mportant' aspect of the development
of the ERFs and the associated effectiveness attribute data is its flexibility
with respect to the type and level of detail of the required data. This
'ensﬁres that the data requirements are realistic and are consistent with’
common practice in the fleld, i{.e., the analyses performed in support of
the effectiveness assessment such as MSD analysis; installation analysis,
life-cycle cost analysis, etc. Thus, the development of effectiveness
attribute data represents another important mechanism for integrating the
results of the var{ous analyses which are normally pe-formed in the course
of studying the candidates. .

The quantification of the effectiveness is summarized in Figure 19,
It is accomplished by relating the rating at any level ‘of subordination in the
effectiveness model to the next lower level elements of the model as the
~sum of products of the rati'ngs and associated weights of theée el‘emer_nts.
Thus, starting with the elementary factors/subfactors, the néxt higher
level subfactor or factor ratings are given as the sum of products of the
elementary factors/subfactors. Similarly, the rating for a given M/E is
obtained as the s'um of products of its factor ratings and their associated
weights. Finally, the overall effectiveness rating is obtained as the sum
of the products of M/E ratings and their associated weights. Once the

effectiveness model and the assoclated effectiveness attribute Jata have
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G Overall Effectiveness Rating h Presented in Output
of Computer Program

E w, =100%
i i
4——— Factor Radngs

System/Subsysterm/
Subfactor Ratings e —p Equipment
l;-: wk = 100% Characteristics

Elementzry Factor/Subfactor Ratings ey

£ W, =100%
e

MSD Analysis
(Volume V)

WMS Cost Analysis
{Volume 1)
WS Iastallation

Analysis

‘ > (Volume II0)

Vessel Effectiveness
Characteristics Attribute Data

v

EFFECTIVENESS RATING FUNCTIONS }LOR ELEMENTARY FACTORS/SUBFACTORS
R =1f(Z)
e Quansifizztion
’ \ Capabiiizy
3 Tl -
100 b = e = = o o o m 'gfi
P sm— i = -
g L
9 'UZ‘;‘;ZCP" | Daia for a Specific Candidate System =es- —0
3 |
& - Sy o
. . Z = g (System/Subsy stern/Equipment / L/\/\/\/\/‘
Atuibute Variable Vessel Characteristic)
"""""""""""" Figure 1°

SUMMARY OF THE PRCCEDURE FOR QUANTIFYING THE EFFECTIVENESS
OF CANDIDATE SYSTEMS/VESSFL COMBINATIONS
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been developed, the quantification of effectiveness is fairly straight-
forward and is accomplished by a computer program. The output of the
computer program consists of an overall effectiveness rating for each

candidate as well as effectiveness ratings with respect to each M/E.

As part of the development of the effectiveness assessment
methodology, the abnve steps have been documented in greater detail and
guidelines for executing these steps have been included (see Volume II of
this report). It is noted both from the previous discussion of the develop-
ment of the elements of the effectiveness model and from Figure 19 that the
M/Es, the factor/subfactors and their associated levels of subordination
constitute a hierarchy. Actually, four types of hierarchies can be discerned

in connection with the effectiveness assessment methodology, namely:
. A hierarchy of objectives and requirements.

. A hierarchy of criteria associated with the objectives and

requirements.

. A hierarchy indicating the importance of each criterion in

relation to the others.

A hierarchy of effectiveness ratings which are quantitative
' measures of the degree to which each criterion in the hierarcy

is satisfied by each candidate.

The first three hierarchies are associated with the effectiveness
model and the last hierarchy is associated with the quantification of
effectiveness. However, it is noted from Figure 19 that the quéntification
of effectiveness includes the use of the weights. Thus, the weights
possess a dual character, namely, as indicators of the relative
importance of each c-iterion (related to the effectiveness model), and
as numbers used in obtaining the ratings (related to the quantification

process). Finally, it is noted that the development of the effectiveness
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-;3 » model can be characterized as analysis (top to bott_om process), whereas
' the quantification of effectiveness can be characterized as synthesis
{(bottom to top process)* The above discussed relationships in connection

with the effectiveness assessment methodology are summarized below.

|  ANALYSIS

E - ;RE

Fj ———p Wj <———>Rij

QUANTIFICATION >

Fo/SFg> W, <> R,

<'___ MODELING

| SsYnTHESIS |

It is noted that the life-cycle cost analysis presented in a pre-iocus
section of this report, is based on a similar approach, consisting of
the development of a detailed life cycle cost model appropriate for
wastewater management systems (analysis), followed by substitution
of data at the lowest level of the model and building up to the overall
life-cycle cost (synthesis).
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THE EFFECTIVENESS MODEL

One of the tenets of this effectiveness assessment methodology
is that in order to produce meaningful results, it is necessary for the
decision-maker to participate in the development of the effectiveness
model. In conformity with this principle, the effectiveness model was
developed in consultation with. and the active participation of, cdgnlzant
U.S. Coast Guard technical tepresentatives. Such Coast Guard partici-

pation vyas extensive in the develobment of the structure of the effective-

ness model, i.e., the choice of the M/Es and the breakdown of each M/E

into its factors/subfactors and the associated levels of subordination.
The M/E as well as the factor/subfactor weights assignments were made
by the Coast Guard.. Finally, the development of the ERFs was carefully

coordinated with the Coast Guardtechnical monitor.

Measures of Effectiveness and Associated Weighté

The effectiveness model for the wastewater managemént systems
analyzed in this study is based on the seven measures of effectiveness (M/Es)
shown in Table 12, Each M/E in Table 12 is numbered for reference purposes
gnd a brief statement indicates the kinds of cohsiderations which are
encompassed by each M/E (and elaborated by its factors and subfactors)..

A weight is éssociated with each M/E to indicate its importance in relation'
to the others, such that the sum of these weights'is 100%. It is noted that
the overall eff_ectiveness ratings of the viable system/vessel combinations

reflect this weight assignment and should be interpréted accordingly.

M/E Factors/S f’jactors and Associated Weights

©

A breakdown of each M/E into its factors aﬁd a further breakdown of
factors successively into subfactors and assoctated levels of subordination
is indicated in the following pages. Within each M/E, each factor and sub-
factor is uniquely identified by a numbering scheme which also indicates
its level of subordination. The number of bullets appearing in front of each
factor and subfactor is intended to provide mcre convenient visual indication

of its level of subordination.
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Table 12
—

MEASURES OF EFFECTIVENESS AND ASSOCIATED WEIGHTS

o ————————————————
S———

MEASURE OF EFFECTIVENESS (M/E)

o

I ~ ADAPTABILITY FOR SHIPBOARD INSTALLATION

(Suitability for vessel, ease of installing,
effects on vessel)

WEIGHT (%)

PERFOCRMANCE
(How well system accomplishes intended

- functions)

15

II

OPERABILITY
(Ease of operation, burden on crew,

operational expendablie)

12

PERSONNEL SAFETY

(Likelihood, severity and ease of correcting
hazards)

11

HABITABII.ITY
(Noise, odor, heat, user comfort. aesthetics)

17

RELIABILITY
(Potential for failure free operation).

Vil

MAINTAINABILITY
(Ease of correcting failures, manpower
and logistic requirements)

14

111




@) SLHOIIM VOLDYHANS/HOLOV

g : gz ff--------~----r---re-r-comecccceonnn- sjuawaiynbay eoedg °°* €€2
. g -~~~ =" (suresp XLYD pue qIYI[ °sa sureip ysniy iy
. [euofjuaAuO0D 10j sjuswalinbes jusa pue 8dols snonuyuod
‘*6°*0) suorjeoryypow Hujdyd uresp 105 ATTIqIXayy Hupnoy * ¢ ¢ 2¢€2
—— or |-~ mmmoTomm oo s ese e (q3ayaf uy j0u INq
'wIyo ut 12ued foijuoo pue dund ‘spowwod Hur3oduuod
sojqeo o109 ‘Hurdyd urelp **6°8) sjuewaarnbaa dn-jooH **°* 1£2
et ¢t {|~=-=-""""""""- *(XIvO 107 sdund I/IN pue g3ya[ 10) I DA 3I0N) .
woaysdsqns toamcm._y\:o:owﬁ.oo Jojemelsem uoTel[eIsur Jo asey *° €2
- st §---—------------°- ————- cse-eee--==-- (wnjpaw snodnbe-uou
0] UOJSISAU0D ‘197eM B3 S 10 YSOIJ 0} UOJSISAUOD ‘18]em YsSalJ 10
“197em ©IS BUTISTXD) mconmozﬁnos A1ddns wnypaw ysnyj jo juaxzy *° 22
- ¢t [l === mm o sceeeeccec-== (sjuawalinbai dn-jooy
Buypniouy ‘sainjxij/STeurin/sspowwod ejoads sa sainIxijy
/Steunin/sspowwod Burisixa ‘*a°7) SUOTIeOTJIPOW BINIXTJ JO JuUdIXF °° 12
ot os |-—-—-°---"-"---mmm=mm- memmmmeemeooe- uorje[reisur SWM jo @sej z
. se | —---"-—""" R Ll ==={"D35 'S]UBA '1010815p 9UOZ0 "Wie[e
ob11q ‘uawdinba Huybiy 8113 ‘J0s581dWOD) SIWM SlepowIIoOd®E
03 pasynbai juswdmba /swaisds poddns [euoriTppe jo juaixgy °-° £1
- ot | =—~-=-"""""""""- Sttty s==---- —m-m-o-- (suorjernbai
- dSW DD pue apoD supiejy JueyoId|y ayj jo 3%[ 19ideyo
-qns uf parj1oads sE) pPapusWWOII] JOU 10 PIMO[[esTp S[ef1dieW °° Al
o 01 =~~~ -="""-c"oTosssososmooms mmressscs-esososssces-- 1315 R rANt
- 06 | =~~~ =""===7"" memememsscescemsm—ceco-o--ss--o---s-=w YOORIF *°° 111
gs || --- (s)weisAs jo Ajroeded [enjoe °SA [9SSOA 10 Aroedea painbay °° 11
— oz §y-—-——--"---- mm—e--- m——e--- cem———- -~--~ 18583A 10] AJ7TIqRIINS SINM 1
(ucururplogns jo 19497 pus uonduosaq)
SUOLOVAANS ANY SUOLOVA 3/W "ON
*INIQL
(1ass3 A Jo UonSUNY ¢ §Y) ' 1ovdans
15010V

P L ey

112

NOILIVTIVISNI Q¥vOddIHS HOd ALIIGYIdVAY - I

10}
S14B1OM PaIRIOCSSY pue sJo}dRIqns/I030e]




§Z || ~-----(butuedo ssaooe Burno **6°8) suorjestyrpow Areiodway *-- Y AAA
§L f| =T Semmeee- smee-- -- (10ssaadwoo aye 107
sjuswaarnbal L310edes pssealour ‘seyojey,/sioop pobierus
‘suofjepunoj ‘*6°8) suorieoyyrpow jusuewiad - SITYdIHS °*° 122
0Z || ------ uonerreisuy SIM 107 pasinbai suorjelajre [ossoa Jo eaabag ** L2
01 | ~~--==--commm- == SIM JO yS1em pappe 107 Hutiesusdwoo Jo esey *-° 9z
ot | ~—=-—~--~-- (sjusa ‘1030939p suozo ‘wiere umdn ‘buraybyy aayg
‘10ssaxdwod **6°8) juswdinbs j10ddns SIM bBurrelsuy jo osey °° ¥4
gz | o Sem---- STTTTT- sjuswaanbail Yovys Isneyxy ¢ SHZ
ot | —m=------------ M == -==-=---- sjuswainbai Juap °°° vhz
0 S| T R T T Pupptp, e e *(suru
Hurdrd pue sdn-yooy Teuoryrppe axnbai Aew sjusuoduwios
3O uoneZIEIULDAP JRY) 8I0U !Sjusuodwod Jo uognjez
-T1e1juadap *sa jjun abeysed arburs) weysAs jo Aprernpoly c ¢ £ve
gz ff ~—~------- LT “Tro-===== (*032 ‘uorie[riuea 10j Burionp m .
’ ....Bm ‘stoued 1013U0D Sj0Wwe. *&1ddns 1smod 103 sajqed ) -
D099 °039 ‘sull 9bieydSIp pieoqiaac ‘juawdinbs pajeso v
K1930W91 Surosuuosiajuy ‘are passaidwon ‘1sjem buriooo
Butrooos 1e3em ysaag ‘110 [en3 Jo3 burdyd) sjuswairnbaa dn-jooy - YA &4
sz lff ~——=-~--- mmmee—neo e L LT sjuswaJrnbai soedg ¢ 1824
ST § =~~=~~-~=-- woisdsqns Tesodsyq /quawiesi] aisem burireisuy jo ssey *- ve
ozl -——---- e e i L Sjuswairnbaax jJuap - SgeZ
(174 Bttt L T EE TP (sjuduodwoo jo uorjezyreryusosp -
"Sa Jrun abexoed a1burs {°8'1) swaysds jo-Ajjrernpopy - bEZ '
(uopwusprogns Jo 19497 pue vondossg)
SYOLOVAEANS ANV SYOLOVH 4/W "ON o
“INIaI .
(195334 Jo uopounyg v sy) LOVans
€) SLHOIAM YOLOVAENS NOLOV : 01OV

NOIIVTIVISNI Q¥yvOogdIHS 404 ALI'IGVIdYAY - I

103 ;
SIYBIam paieioossy pue s103oRIONS,/10300 g




g 0T f] ———==--="~=c-====cssesse-s s-essecwo-oo---- Jajem Burjoo) °°° GS¢
s ot J] ===~ mmmmmeemmem e e e e Smem———- Jre passexdwopy **°° pS¢E
- Gg === ""-"-=" m--esmese-oce--o-oo- smmes—e—- J9jeM ejqeiod °**° £se | =
i 0Z §| =~=""" """ Sooosseses mmSTToossomoooossesoses moreng °°° zse | -~
- GZ | —~--"---T-r---=--eo-c-seosssscsssecomoes Jamod ofa0e17 "¢ 1¢¢
-t GZ f| ==-m=mmmmom oo uoridwnsuoo 80INUSel T9SS8 * ° SE
- opg-~"—"--"""- ~~==-=-=-- poJjnbai uorjesoI[eal Jj0/opes} 8deds Jo asibag *° Ve
-t GI f~-=""""""" e itainiehidebeieid ettt abuel jeuloN *° €€
- 112 3 At el ebehiiuin bttt 1ST1 pue wylL *° (4%
- (1) B : Mt SeoTesesssees itttk 4mqers Ie
— 0 § ~=--==----=-c-cs=--- Sessssresse——oooeo 19ss8A U0 SINM JO 530833 ° £

(uontuiplogng jo 1aA9Y pue uondyceaq)

7
SIOLOVAEANS ANV SYOLOVA 3/N. ON |

, “INIa :

[a789A JO UOROMY ¥ 8Y) [ LOVIHNS :

©b) SLHOIIM YOLOVAENS MOLIVA /¥01DVd m

€ JO ¢ 199YS W
NOIIVITIVISNI QYVOHEdIHS ¥OJd XIIMAvIdvay - I

J03

s3Y619M POIRIOOSSY puR §J0310RIgNG /I0j0R]




| < . 0T V- -memrmmmee e R R R Aein ** A W
< 06 B ~~-T--me=m il i il Joerg °- iv w,
- - QT | =~ - -"--Te-seesssssecso-co--- R Rk ke ’ : {A3roeded :

93ujjspuy sey ‘lojeldurouy YIM ‘qayaf ‘sa Ajyoeded Eurpioy pajrwi| :
seq JHO °*6°9) sporied awyl paureisns 10y ajeiado o3 paubisap SNM ° v u
mesemseccccececnoe somsesseceo- R L e - el °°° A
s-ere-ses-- S A ittt Yoerg °°° ige
mmmessscscscsceccocconona Teuuosied Teuoryppe o[puey o3 AI1IqQy *° £
b b bl b e S b L b rememo-- Aeiy - 22¢
e e e e b Dl doerd °°° 12¢
-=--=-=----=-- SW8Y OIP} HUOT JO0/pPUR SUOTIFPUOD MOTJ MO] JO 108337 °*° A
b bl mem-eesscoo- meemsmeme- ceemecemeea Lo *c Z1¢
b e e b L b e bl semcsooe- messcmc-ro-ea= YOOI °°° 11¢
idialebhebebd bbbt mesmm——- ===+----=-=- gpeol }ead jo jooyyy °** 1€
cmsmo=---- et bbbk memssmecsccccen. ~-=-- speor orneipdy
Tewroudqe yo ‘sduewrojiad uo s109]J9 pue ‘eypuey 03 SIWM Jo ATIqy ° £
Seemmsescsscecooe sesmeee- s----- R == feiy °° FAA "
ittt Rttt il === Yoeg °* 12 =
e it hdal bbbttty ---=-== S3WJ] BUTpIOY SINM JO Aoenbapy ° Z
ses-se--- R ke -----=---TBumjoA wolsAs eqjded 484 - ¢ t1
bl bbbl et tJom) jubjem wielsds eyydeo y8d *° Z1
----- (195509A pieOqe pejereued Jejem ysax Joj Teny {[ong l19jem '
Buyrood pue wnipaw ysnyy durdund ‘ate passaidwod ‘uorye] :
-1iuaA icy 1omod f1amod or130918) uorydunsuod ABisus ejrdes 84 ) 11
—---ee- e e Rt s-seeccmone- nw jo seinbry SINM. ° 1 .
(uopeujpiogng o 12427 pue uonduosag)
SHOLOV4ENS ANV SYOLOVA 3/W ON
. ‘iNId
"Loviaans
(19539 A jo uonoUNY * vy) LoV

(%) SIHOIIM YOLOVIANS/HOLOVA | |

JONYIWHONAd - IT
03
SIY519M PIIRIOOSSY puk siojoejqng Jojoed




¢5) SLHOIAM ¥O.LOVAENSNOLOVL

-t sz §----- mm-c-esosossossoosscoocses memmsmmssoooscoes . T 1o N 144
et Ss e ettt hekel ket bttt seemso- Joerg °° 1L
- Of || —--------TemeTessTSoTomssoosmesssooooss ---- {@ousrradxe
- R ‘SWoIsAS prIqAy ‘°e°y) uornienbiyucd SIWM 107 JsTl dduew.opsdd * L
- 09 s sesescosoc---- 55 je senpjseod pajeujwejuod fo jo fesodsig *° Z9
bt ov mmemcccecmcecsssen----- sjuein[iod Jye JUEDTIUG]S.JO BBIEYOSTd *° 19
< ST --- gpiepuels arqeoridde 199w 03 suofssywe Alepuodss SINM Jo Anmqy 9
ot 01 == (Wo3s&As 1eo1bojojq JO 9ouewoj1ad $3098]J® JF S¥) S[elRIRW OIXOL °° ¥S
ot - (1} e uiddeddedid Rt bt -~-~ sjuejoRlINS/gluabiareg °° €S
- Lgr | --------------ommmmmo- w==-------- §700{qO/5TCH8RW ULBI0] °° A
-t 59 el inialadeiideii el Sesesssreococmooso- ebeqieb punoin °° 1S
- G f| ~----=--mT-mom-oooomssossoess meesocmo-e-- wesans J9jem 3oelq
uy syelIejew snodueilxe pue abeqieb punoib afpueyq 03 SWM JO Ajmrqy S
(uoneuipiogng jo 194977 pue wondposaq)
SIOLOVAENS ANV SHOLOVA I/W "ON
“INIT
(128527 Jo uonouny ® sy) "LoviIans
73010Vd

'z Jo g 1@0YS

IONYINOJNId - II L
103 )

sybloM PoOIRIOOSSY puUR SJ010RINS/J030R]

116

[ el




©5) SIHOIIM YOLOYHENSAOLOVS

e 02 f} ==~ mmeeee--s-----scececccccecnceccora---- juowdinba
noddns SIWM anbyun 1o teroads 103 sjuswasrnbal Bupjessdo *° €t
- o¢ f| ~====-"--==-------------- (WBIRAS D035 [RISP3BJ ‘AITIqERITEAR
1e1oI8WWOD JeIduab ‘A101idAuUf [8SSOA ‘*8°]) solqepuadxa
/selqewnsuod enbyun 10 pazyreroeds pasinbus 10 AjfrIqeITRAY * ° A%
- 0§ | —~=-----------r-ee=--c-c--= $3[qUpPUBdX®/SOIqRWNLLOD JO JUNOWY °** 1€
d (11500 i ekt sewom-ssese--s SM 10)
sjuswalrnbai Hurjesaedo Juswdinbs Joddns pue sarjddns jeuoresado £
- 0 ff === -t messsssmmsseoo- paanbal (s337[1q) [9uuosiad [euonIfppy ° ° 92
-t 0T j ~==<~-===---==--r<c-e-cc---- S3[NPIaYIS/SBUTINOI Y10M UO 03337 °*° (¥4
et — S Mtk bbb b e ~-==-=-= sjuowasinbais buyurel] °° ve
o S ittt dedbddete g Serrmessecssssecscs-=--~ gjuswalnbal [OASY IS *° £2
s 02 -n!...-..--n-----:---«---!.-------4-,.. sjuswairnbai noy-uepw °*° YAA
—— 0g | ~~-~"c-r~--r-e-s--c---------- jUBWBAJOAUT 10jRI2dO JO AOusnbaiy °° 12
et os || ~-—=-~-~---=-=~-==-=--- 7(8UUOSsIBd Sujjeiado $,M3i0 UO SINM JO usaping z
=1 A IR e e (*o19 ‘spiepuels
. 399W JOU Op YOTYm JOIRIBUIOU WOIJ SUOISSWa OIS ‘juel
Buypioy wouj a6pnis 10 J9jemarsem ‘snpised Ioiriodeaa ‘(10 ysniy
‘spiepuels UOISSTWa 329 3,USBOP YOTyMm Juanje jo abreyosip) sJole
[ranpesosd Jo esnedsq spiepuels JuUaNyje Kule[OTA JO POOYIIOATT *° [ A
et 02 f| ~-=-----~cremcrrrccrereee- meeeecece-c-——- (31040 A1vWTAd O3
eprs191d /31040 ©610Y0STP paeoqiaac 03 Arewrid) si1aaosbueyd apoy °° el
ﬁ 0¢ f ~====-cormoeeeenmenne- cwressce-wec----- (s)onpysal Jo jesodsyqg °° Z1
< Gg f -~~~ ---==- uojjeiado [enuew /orjRWOINE -JWIS /OTjRWOINY * * 11
—— 0z fl ~==----mm----- D DL ~-=-=---- uorjerado SINM JO asel 1
.Eou-EEonsm uo.~u>3 pue uondyosaq)
SIOLOVHENS ANV SYOLOVA 3N "ON
“INId
(19359 A Jo uonoUN] ¥ y) 1ov44ans
N9010Vd

1 Jo 1 39ayg

AITEVIIdO - III

Joj .
83YBIOM PajRIOOSSY pue sJojoejqng,Joioe]

117




e e e bl ..mEm.ﬂ:mE Jo03 Atsuryoew Huyjeoy °°

[ 0s : £S
— 0g j------cc-ec-o-ecmermeecec e recceccmoo=~~ S3DEJINS JO0H °*° A
et 0Z JJ=--~-"r--e-ces--cees-c-cecccccccccec—coc-ea---- §36pa dieyg °*° 18
- OT fj ===~==r-===<===c=s--=-=----- SIWM WM pajejoosse spiezey [edrsiyd S
- ST f =------=--- SIM JO JaurejuTeu /io1eiodo 03 [ejjua10od Jo0Yys OJ1101q v
- §Z || =----=-----=--------------"samyjej juswdinbs/SIOLIP [EINPIDOIJ *° A3
- §L == ccce--recscrerccccnmeccoc-a— - 3IMES] UGTISOP JUAIAYU] °° 1¢
d 02 f=----=<------ssssss-scccc-c-cco----- SIM JO TRTIUSIOd UOTITULT 8114 £
~~—tp—t L T § ----- Sesss-es----c--s----- "sOM[I¥) JUSWAINDS /510119 [eINpaJoLg ° ° 72
ot SL J === e me-e--s---c-ec--- 9IN3E8] ULTSOP JuBISYU] °° 12
g~ GZ ff ~~~~ - =Termessscsssccccrcc i c e - (siodea ‘syassaa
pezpnssaid **6°9) SM JO Jaurejuyew /10jerado 10y [erjusjod aajsordxy z
- SZ - s smreseseces—C ss=<<<----c-" (spiezey
; paonpuy Jredas @j0u) sainyrey Juswdinbs /si0118 [einpasold *° VAT
- §, Y ~mmmmmomsmomme- co=---- -----e--------- 3Injesaj ubrsep juassyuy °° 11
Q0 j}] ~=~="rTreTTmsemssssssso-o- SeSscessscsse--o-e--o-c- GNM WTM
pajejoosse eoueisqns snosabuep/oyxo; jo aberrrds /WM joejuo) 1
(uopwurpioqng yo 1237 pur vondposeq)
SYOLOVHENS ANV SYOLOVA /W ‘ON
- *INIQ
(19539 A Jo uopoUN] * sy) [LOVans
@) SLHOMM YOLOVAANS/HOLOVA NOLOVA

1 jo 1 j@ays

AIIJIVS TINNOSYId - Al
Jo3

83Yy61aM PaIRID0SSY puR sJojoejgqng/Joloe]

118




t— g sememm-mne- e-=-=---«- gaupnoi Hurdosyasnoy I9ST UO SIWM Jo 309)33 Y
et gy f ~~-"CcTTTemmmTmmToT R L ekt Seolb buj¥oMm pue
fuyyiieq jusoe{pe/isurejurew /10je1ado 10y SNM £q paonpold uonIRIqIA q
o= ST | -------------s-SssSs=o-ssssesssoscoo- SRAIR Burdom pue bujyiieq
ucmomnvm\umcqmu&ms\._ouﬁ.mno 107 SINM JO AJTuidfA Uy ST9A3] 8STON g
- §Z || —m-- - rToToemeemeoees < seinjjej juswdynba /510119 [LINPadOYd °*° v |
fott— gL | m=mm=rmmmsosssssssesomomocososmeses einjesy ubyssp juaiayul °° ¥
f—— gy || == === memsmssTmosssossoossSocosommesmemmT seaje Huryiom
fujylieq juedefpe/Isujejujew /1ojeiedo 10j uorjeisuab jeay SNM v
— SZ | ~=-r----r-=---------~---- samyiYy Jjuewdinba /sio1s [eanpedold Z¢
g gL f| ~=-==---==--c--se-semscs-oomcseseso- BINESYY ubysep juarayuy *° 1¢
e gz § -----mmme-eme-emscmemcmcnooocioemomo-- SINM 4Qq paonpOId §10PO €
- S STTTTTTSITCTCCTTITTITTresssssooocscno-e------  9§j0u burysnid - - 9z
i oz §-----------~-------------c--c--- soueieadde wnipsu fuygsnid °° sz
g gz {| -=--------~---- wnjpow BurysN{} WiA. JOLUOD IOSN JO pooyrieNIl *° vz
- 0z | ~==----=--~s-s-==--s--sssosco-s-es--c IMOQ UY uorjuslal isem *° €2
- g f| == <--"=-----c--sevsssosossnes sjuewalrnbai sunpsosord durysnid *° (A4
- 6T | #==---=---c-cc-sssssseomssssemsooomsoss cmesmmece---~-=  QgOJWop *° 12
t— - (13 O Mt Semessss meeeem--=----- GIWM JO LDRITJI® SINIXI] Z
- : GQZ |l —---------ms-ommssososss samjjej juowdjnbs/51018 jeanpedold *° Z1
g gt b -------------eros--r---cossccss-eoosc BN EYY ubysep juareyuy °° 11
- — G | ~==w--mmesmrmsessososoosesssecsooeomSesmemEemTe T (uoyjoeal
[eopBoroyodsd sosn) SINM HIIM pajerdosse uorieUTWRIU0D Tepsjory 1
(uonvurpiogns jo 12497 puv vonduosad)
SY01OV4ENS ANV SYOLOVA I/ ‘ON
"IN3A
({9539 jo vopoung v sy) F1ov4ans
< " @) SIHOIM YOLOVLENSAOLOY fI010V4
T30 [ 199YS

ALITIGVIIEYH - A
Joyg

81yHI9M PPIRIOOSSY pPuR 51030RIANS/JOYOR]

119




(9ouatiadxa ‘ubysap

el . R
0z 8AJIRACUYU} ‘UOTIRINGIJUOD PRIQAY *°6°3) SINM 107 ASTI AJTTIqeriay £
- S m~esmcece-ccos-se--=--- (uOrjRIBdO BJ®S [TEJ JOJ UoTsTACId "*8°7)
wolsds j09301d 03 sSUWISTURYDSW JJO-INO Pajenioev jIneJ 10J suojsjacyy °° 9?7
- or §f ------------------c=----------- sbupje: Juawdinbs jo Aoenbapy ** (¥4
- ST “-esessceecmco--o---~= ([JB} 0] WA JOYJOUL SSNED JOU [[IM WO
euo jJo ein[yej ‘*a°y) aocuspusadspur amire; juswdynbs jo esibeqg *° vz
- sz { -------------------  /Aouepunpai jusuodwod Auawdnba jo Juaixy *° £z
— g2 J ~------emmmmmmmmemmeenne- (19ssoA JnoybnoIyy saInIxyy .
/seoeds peey feucqirppe ‘°6°9) Aouepunpais uojjempbiuod Jo JuIXy . e YAA
= oz | ----=---------mmeemeeomomcccccooccon oo oo - f1xaldwoD WOYSAS C° 12
e o¢ | ----------- (uorjeanbByjuoo/ubisep waisds) SIWM 107 X2put AJTTiqerray 4
- 0S R L ~==--- SINM J0) Xapuj Aouenbaly ainffed 1
(zopwujprogns jo 19497 pue uondj1oseqg)
SHOLOVAENS ANV SYOLOVA 3/W *ON
“INIAT
(12139 A jo wopotMJ ¥ sy) [ Lov4ans
©b) SIHOIIM BOLOVAENSHOLOVA 8010V

1301 984S

XLTEVYITIY - IA
Joj

81YbI9M P34RIDOSEY PUR SIOIORIGNS/I03OR]

120

]




meemmceaesosscsoses oo —--m-- - SINM 1o} sjuawalrnbai 01181607

et St 1 4
- 0% B ----c-- - =-s=s<TTemr=e---------- Bjuowolinbal buTAoO0p (e§ads *” Tt
= oy f§ -~-------=-------------  sjudwasmbal [2AB] ITFyS pue Jroy-uely °° rAs
- oy j--—-—-------=------e-vee--oc-o-o--ceo-- SINERWYIBNO JO Aouanbaig *° 1€
e oz §----------=-=-=------ ‘gIAM 10} squawalInbal souCUSIUTRW [NEYIBAD £
- 0Z | ~==="- === c---ssmesssesss- ---- 3o5UfIno0d JepueIsSyYoIem uo 3038313 °° €Z
— gp J-----=---memceer-ce-moo-sssecnoooo-o- sjUOWAINbAL MOY-UR °° zZ2
o— gg §----<----c-coremmeccnecnc oo~ suorIOR N4 JO LOUSRDBYY °° 12
et gz §-----=-===--- SHWM Joj sjuswainbai (Nd) @oueuajuie|y 9ATIUSARL] A
fetf— Ov § -------- sped A[ddns pjepupls °SA sus)f Alejsfadoad/ferosds *°°° bl
-t 19 cemeecceceacc-n-c-= gjuawoIMbas 86e)001s Soleds JO JuAIKT °°° 18 Al
et T f -------eeecmcencecncao-cceono- sjUSWBINDAL 860001 seaedg °° ¥1
- 01 --=-----c=cemsermsscsmosocemsosco s m s sweiboid

fujuyen} pue Poddns pIaty Jeinjoemuenl Jo Ajffyqerreay °° Vel

-- (ooelde1 *sa sjedel) jossea pieoq uo Ajrrqesred.s jo saibag *°° £€1

reecscscccssesneemecaoees  OJJRZIIRINPOW WIS, § JO JUBIXT °°° AR

semmcmceecmece---~ gjusuoduwlod 8fqeedeidal Jo £3,11qrSSe00Y *°° 1€l
cemmecmmccocccecesmcccncecsamaemeea~~ dDP]d31/dT0daL JO B5RT °° £l

ceeemmmcscmmocltan-ana-  gjudweaINbel 18AS] [[TXE pUP INOY-URN °° Z1

cesscemccacmeewa--= (Kouenbajj sinfye)) suojIoRND JO Aousnbaigy °° 11

cmmmeecemen--~= SINM 10J Sjuswalinbel (WD) SoURUIUTEN BAJIOBLIOD 1

(uonwuspiogns Jo 12427 pue vondiosaq)

SIOLOVAENS GNY SYOLOVA 3/W ‘ON

| “INIdl

(19109 A Jo uonouny ® sy) Lovians

/H01OVd

@) 3IHOIAM YOLOVEENS/HOLOV A

T30 1 39948

ALTIGYNIVINIVIN - IIA
Jo3

81Yy519M DPIIRIOOSSY Ppue sJOIOoRIONG /10300

121

© e RS §




A weight is associated with each factor and subfactor to indicate its
1mpomﬁce in r2 ation to the other tactors or subfactors at the same level of
subordination such that their sum is equal to 100% (as was done for M/E
weights). These weights are assigned to factors and subfactors at a given level
of subordination without regard to factor/subfactor weight assignments at higher
or lower level of subordination. Factor/subfactor weights may be vessel dependent
to reflect individual vessel requirements but for purposes of this study, the
same set of weights was used for each vessel. It is noted that the overall
effectiveness ratings as well as Eatings with respect to each M/E for the
viable candidate system/vessel combinations reflect these weight assign-

ments and should be interpreted accordingly.

Effectiveness Rating Functions (ERFs)

An effectiveness rating function (ERF) was developed for each
elementary factor/subfactor. Figure 20 shows the form used for documenting
these ERFs. This form also facilitates recording the effectiveness attribute
data (including its source) and effectiveness ratings for each viable candi-
date system/vessel combination associated with the given ERF. The |
effectiveness model used resulted in 111 individual ERFs which are uniquely
identified by the numbering scheme for factors and subfactors. Thus, each
viable candidate. system/vessel combination is evaluated on the basis of
111 individual criteria. These ERFs are presented in Volume II of thie
" report and are numbered to correspond to the numbers associated with each

elementary factor/subfactor within each M/E,

EFFECTIVENESS ATTRIBUTE DATA

The effectiveness Attribute.Data required as input to the effectiveness
model is defined by the ERFs. These data came from three different sources

which represent three types of analyses (among others) performed as pait of

this study, namely:




. The MSD analysis
. The WMS installation analysis
. The WMS life-cycle cost analysis

The manner in which the effectiveness attribute data is used for
rating elementary factors/subfactors is documented by the corresponding
ERFs. In order to facllitéte the quantification of effectiveness, the
effectiveness attribute data for each viable caididate system/vessel
combination was recorded on the form in Figure 20 in the format specified
by the ERF. As noted from Figure 20, this form has a provision for indicating
‘the source of the data and it also lists the non-viable system/vessel com-
binations for which no effectivenesé attribute data (and no ratings) were
developed. Some ERFs call for effectiveness attribute data from more than
one source, e.g., some elementary factor/subfactor ratings for the M/Es
PERSONNEL SAFETY and for HABITABILITY depend on data from both MSD
related as well as WMS installation related effectiveness attribute data,
In such cases, both sources of data would be indicated on the form in
Figure 20. These data, as well as effectiveness ratings, for each viable
candidate system/vessel combination with respect to each elementary

factor/subfactor are presented in Volume II of this report on the corres-
ponding ERF forms.

MSD Related Effectiveness Attribute Data

Results of the MSD analystis are presented in Voluine V of this report.
Figuré 21 shows a sample form which was used to document MSD related
effectiveness attribute data. It is noted from Figure 21 that the MSD
effectiveness attribute data were developed and presented on a subsystem
jevel in accordance lwith ‘the manner in which the MSDs were hybridized
{o form the candidate WMS concepts. For ease of reference each MSD
subsystem characteristic is keyed to the associated ERF by the unique
factor/subfactor identification scheme. |
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EFFECTIVENESS RATINGS FOR ELEMENTARY FACTORS/SUBFACTORS

M/E

Ettectiveness Rating Function

“

°. P

Effectiveness Attributa Data and Ratings ior Vlagle §ystqmﬁesse! Eonmimnons

0 | wWa 3
Amsl, Con
Ami | Anal

WMSH GALLATIN VIGORQUS FIREBUSH PAMLICO [|WHITE SAGE |POINT HERRON|
# (378") . (210')r (180) (160') | (1339 {82°)
1 .
2 N|A
3 NiA NJjA
4 - N|A N|aA
S Nl A NiA N|A
6 N|A N|A N]|A
7 NjA NJ|A
8 NIA N{A N]A
9
10 N|A
11 N
12 Ni A NIA NJ|A
13 N{ A N{A N1lA
14
15 N|lA
16
17 Nl A NiA NIA
18 N| A N| A N
Avxtbute Data—d L—-udng N/A - Not a visble system/vemal combinaton

Figure 20

FORM USED FOR DOCUMENTING EFFECTIVENESS RATING
FUNCTIONS AND ASSOCIATED ATTRIBUTE DATA AND RATINGS
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MSD

MSD EFFECTIVENESS ATTRIBUTE DATA

M/E 11 « PERFORMANCE

Sheet _1 of 4

Factoe/
Subfactor

Ident, No,

PERFORMANCE

Characterisdcs

Actribute Data

plhe:. /Transp, ] Treat. /Disposal
Subsystem Subsystern

;m

2ffect of peak hydeaulic loads in Black™ wates sream oo MSD puhmmm

(a) No significant effact of biack watse peaks oo MSD subsystem perforancs.

(b) Effect of black water paaks Is of short duration, with temporary implica«
tions for MSD subsystem performance, easy to overcoms.

(c) Long-term effect of black wawr psaks, difficult  overcoms, with loog=
tarm {mplications foc MSD subsystem performance.

(d) No ability of MSD subsystem t handle black water peaks.

madpukhyduunebahgnymvmwumoambpufamm @)

(a) No significant effect of gray watar peaks on MSD subsystem performance.
() Effect of gray watar peals is of shoct duration, with temporary implicad
for MSD subsystem performance, easy to overcoms.
(c) long-term effect of gray water peaks, difficult v overcome with long=-term
implications for MSD subeystem performance, .
(d) No ability of MSD subsystem to bandle gray water peaks.

a1

Effect of low flow conditions/lc=7 idle times in black watez scream oa MSD
performance(®)

(2) No significant effect of black water low flow conditions/long 1dle dmes oa
MSD subsystem performance.

(b) Effect of black water low flow cooditions /long idle times of thort duration,
with temporary implications for MSD subey perf , easy to
overcome,

(¢) Loog-term effect of black water low flow conditions/long tdle tmes,
difficult to overcome, with long=term implications for MSD sub
petfcernance., '

(d) No ability of MSD subeystem w havdls black water low flow condidons/
loag {dle dmes.

7

[OR

tud us,bourly and daily losds.

(2) Peak load handling ability depends on C/T subsy . The abllity of an MSD-which employs an {afluent surge tank o
handle peals usually depends almost entirely on the stzing of this tank.

(3) An example of low flow condidon is whea 75% of the crew is not on board vesse! for a week and usage rate by
‘remaining 25% of crew ts normal, Lozg idls dmes are on the ocder of several weeks of virmally po usage of MSD.

Figure 21

SAMPLE DATA FORM USED FOR DOCUMENTING
MSD EFFECTIVENESS ATTRIBUTE DATA
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WMS Installation Related Effectiveness Attribute Data

Results of the WMS installation analysis are presented in Volume III
of this report. Figure 22 shows a sample form which was used to document
WMS installation related effectiveness attribute data, These data were
developed and are presented on an overall WMS basis. It is noted from
Figure 22 that each WMS installaﬁon characteristic is-keyed to the
associated ERF by the numbering scheme for uniquely identifying each
factor and subfactor.

WMS Operating/Maintenance Cost Related Effectiveness Attribute Data

Results qf the WMS life-cycle cost analysis are presented in Appendices
B through G. Some of the data resulting ffom this analysis (e.g., vessel
resource usage, labor and parts requirements for operation and maintenance),
constitute eﬁe&imness attribute data. Most of these data were developed
and presented on an overall WMS basis. The WMS cost related information
used as éffectiveness attribute data came mostly from the WMS overhaul costs
and characte‘ristics_ (Appendix D), the WMS operating costs and characteristics
based on vessel mission profiles (Appendix E) and the WMS preventive and
corrective maintenance costs and characteristics based on vesisel mission

profiles (Appendiic F).
EFFECTIVENESS RATINGS OF VIABLE CANDIDATE SYSTEM/VESSEL COMBINATIONS

The results of quantifying the effectiveness of each viable system/vessel
combination by substituting the effectiveness attribute data into the effective-

ness model are presented in Table 13. Results for éach viable| candidate

WMS configuration on each veésel are given at two different levels of detail,
namely an overall effectiveness rating and a rating for each M/E of the
effectiveness model (including its associated weight). The qua(ntification of
effectiveness was performed by a computer program. A description of this

computer program as well as the pre.pared---.mput to the program are presented
in Volume II of this report.
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/ '
WMS INSTALLATION EFFECTIVENESS ATTRIBUTE DATA
Vessel Sheet 1 of 10
@,‘g‘p‘# M/E__1 . ADAPTABILITY FOR SHIPBOARD INSTALLATION

112 § Required black warer handling capacity for vessel vessus sctual capacity of WMS

(8) Actual capacity of WMS equals or exceeds required capacity for vesel,
(%) WMS masginally suitable for vessel (has 95-99% of required capacity).
(€) WMS capacity insufficient for vesel (less than 95% of required capacity),

o INSTALIATION CHARACTERISTIC ' '
— .

[WMS 48 1 2 3§ s ] [ T 8 ] 10 1un n 18 | 14 | 18 18 {17 13
Dats
112 B Required gray water handling capacity for vemel versus actual capscity of WMS
(8) Actusl capacity of WMS equals o exceeds required capacity for vessel.
(b) WMS marginally suitable for veme! (has 95-99% of required capacity).
(¢) WMS capacity insufficient for vemel (less than 95% of required capacity).
[WMS#R 1 ] 3 4 [ (] 7 ] 9 10 1n 12 13 | 14 | 185 18 17 18

13 mdwwmmummmwnmmwwmm

(a) No addidocal support syseems of equipmeants required, @
(b) Sorne additional support sy ammnmﬂndm
(c) Many addidonal supp or equip quired

7

minmph:. Pirefighting sysvem must be installed with incineratme.
« Bilge alarm required if large tank s installed above bilge.
» Compresscr required on vesstls that do not already have one.
) festre, uses such gases in processing wastes,

Suitabllity of WMS for installadion on vessel significantly reduced.

Detsctors of toxic or noxious gases should be installed with any syscem that, as an inherest design

g: Need for support system/equi pment does not signiicantly reduce WMS sitability for ca-board installaton.

Figure 22

 SAMPLE FORM USED FOR DOCUMENTING WMS
INSTALLATION EFFECTIVENESS ATTRIBUTE DATA

127

[WMS # 1 2 3 4 8 [] k) 8 9 10 1 13 13 14 | 18 15 17 18
DPata ) ,

g e e
31 [} Extent of fixture modificatious required for WMS installation

(2) No fixtures need modtfication or replacement,

®) Somamudmdﬂcadmunplmm

(e) Al des peed rep 4 modificadon of urinal-amociared equipment (¢. g. . urinal discharge valves)

is required,

[0)] Anﬁmmmdmplxemmumuna(e.g.. rzpl or des and urinal finshometers).

(e) AnﬂnmunndWmucwuanlumhﬁmmummuhpmmmwmm
[wMs#ll 1 3 3 4 [ ] [ 7 ] 9 tio] 11| 13]14 (15|16 f11 1} 18
Data '

b e et e e e —r———— ]
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OPTIMUM CANDIDATE SELECTION

LIFE-CYCLE COST VERSUS EFFECTIVENESS

The overall effectiveness rating of a candidate is a quantitative
indication of {ts overall quaiity. The life-cycle cost of the candidate
represents its"penalty” in terms of dollar expenditures. One of the
tenets of this cost effectiveness analysis methodology is that there is
noa priorl relationship between cost and effectiyeness*.as the evidence
from almost any marketplace will confirm. This relatiénsh’ip is provided
a posteriori by the cost effectiveness analysis methodology and, in fact,
it'is one of the purposes for pérforming such an analysis. The procedure
for selecting an optimum (i.e., most cost-effective) wastewater management

system for each vessel consists of simultaneously examining the life-cycle
| cost as well as the effectiveness rating of each viable candidate and applying a
systematic selection procedure for making the choice. Thus, due to the
a priort independence of cost and efféctlveness, the candidates must be

studied in two dimensions.

One procedure for studying the (a posteriori) relationship between cost
and effectiveness is to visually display this relationship. A convenient way
of accomplishing this is to plot each viable candidate system for a given
vessel as a point on a set of cartesian coordinates in which one of the axes }
(the vertical) represents the life-cycle cost (C) of the candidate and the other
axis (the horizontal) represents the overall effectiveness rating (RE) of the

candidate. Effectiveness ratings are numbers which are dimensionless and
| lie in the range of 0 to 100% and hence the effect;iveness scale can be so
labeled. Howevei, life-cycle costs are expressed in dollars and the range
varies from vessel to vessel, In order to express both the life-cycle cost

and the effectiveness ratings in the same units,' as required by one of the

*  In order to avoid bias, it is best that the cost and the effectiveness
analyses be performed independently of one another, preferably
by different individuals or groups of individuals.
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optimum candidates selection criteria (to be discussed later), it is necessary
to normalize the life-cycle costs so that they are dimensionless and lie in

the range of 0 to 100%. This can be readily done by expressing the life-cycle
cost of each viable candidate as a percentage of the highest such cost for

the given vessel. This procedure vields the relative, rather than the absolute,
life-cycle cost of each candidate (resulting in a value of 100% for the
candidate possessing the highest cost),- and the cost axis can be so labeled.

Such a plot of the cost versus effectiveness relationship of all viable
candidate systems for a given vessel is a useful analytic tool which can
sometimes be used to discern important properties of the candidates by
exanining the locations of individual as well as groups of candidates in

relation to one another. As shown below, there are "desirable" and

C

|
100Tr—-——-—-———-——-———— e ——— |
Poor Choice ? i
L
Low Effectiveness High Effectivenessl
Rating/High Cost Rating/High Cost |
v |

o Relative Life Cycle Cost (%)

? Ideal Choice
Low Effectiveness ' High Effectiveness
Rating/Low Cost Rating/Low Cost
=R

0 Effectiveness Rating (%) 100 E




*undesirable" regions in the cost vs. effectiveness plane, which can be
thought of as a “decision plahe". By encircling all the candidates which '
have a common characteristic (see below),e.g., incinerator, oil recisculation,
"~ reduced volume flush, etc,, it may be possibl‘e to obtain a visual indication

wl.ether or not the given concept is cost-effective,

A . . 4 A non-cost-effective conéept
100 o /
N
A cost-
effective
concept
Systems which
possess a com- 4/
mon characteristi .
0 >
0 ! Re

It is noted that such results imply that the characteristic which is
common to the groub of systems is the dominant factor and that any other .
dif‘;::,;;'ences between the s}stems in the group are unim portant, If this is
no'-:"’-%";e case, an attempt to ené:ircle éystems possessing a common charac-
teristic will result in a region which is spread out throughout the cost vs.
effectiveness plane and conclusions cannot be readily arrived at without
further énalysis to determine the factors (related to cost and/or effectiveness)

which result in such a spread,

136




—

The cost vs; effectlven;a‘s relationship for the candidate, WMS
configurations as a function of vessel are shown in Figure 23, Fbr ease
of reference, the table in the left hand portion of Figure 23 indicates the
WMS concept (but not the configuration), the holding capacity, the cost
(both in dollars a;xd relative) and the effectiveness rating for each candidate.
It is noted that WMS No.l, consisting of holding tanks for both black
(full volume flush) and gray water,is the most cost effective concept on all’
vessels: Howevef, as can be seen from the left hand portion of Figure 23,
this concept does not result in a full holding capacity on all vessels. It
is also noted that the least cost-effective concepts are reduced volume
flush in conjunction’ with an incirerator (WMS No. 10 on GALLATIN and
VIGOROUS, WMS$ No. 13 on FIREBUSH, WMS No. 18 or No. 13 on
PAMLICO and WHITE SAGE), or reduced volume flush in conjunction with
an evaporator (WMS No. 16 or No. 11 on POINT HERRON).

In order to arrive at conclusions that will pertain to the entire fleet,
the cost vs. effectiveness relation was plotted by combining the data for all
vessels,as shown in Figure 24. In order to prepare this plot, the cost data
used is the per capita life-cycle cost, expressed as a percentage of the
maximum value for all vessels. It is noted from Figure 24 that the resuits
for the PAMLICO seem to be ia a class by themselves. This is due to the fact
that this vessel has a reduced volume (vacuum)collection system (whereas
ali other vessels hg've a cbnventional full volume flush collection system)
and an unusual mission profile characteristic {i.e., long holding time and
large utilization factor). Except for the PAMLICO, WMS No. 1 is seen to

be the most cost-effective candidate on a fleet wide basis.
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OPTIMUM CANDIDATE SELECTION CRITERIA

Since cost and effectiveness represent opposing aspects of a

candidate (quality vs. cost penalty) and since these two aspects are
a priori lndependent.of each other (and hence may result in unpredictable
combinations of cost and effectiveness), it is necessarf 'to establish a
systematic procedure for choosing an optimum system from among the

. available candidates. An optimum candidate selection criterion is é rule
which can be used consistently for rﬁaking this type of selection. Such a
rule sometimes results in trading off cost (penalvtyl) for effectiveness
(quality). Several such optimum candidate selection criteria are discussed

below.
Qutliers

Outliers are candidates whose cost vs. effectiveness relationship
is drastically different from .that of all the other candidates. Identification
of outliers is a quick and convenient method of determining the most and/or
the least cost effective candidates. Thus, in the cost vs. effectiveness,
relationship shown below, candidate A is an obvious optimum because it

has the highest effectiveness rating and the lowest cost of all available

candidates.
C A .
: Least cost effective candidate
100 +
B O
All Other . -
Candidates
Optimum (most cost
effective) candidate
A
0
5 _ {—® Rg
100
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In Figure 23, WMS No. 1 is such an obvious optimum. Candidate B above is
the least cost-effective choice since it has the highest cost and lowest
effectiveness rating of all available candidates. In Figure 23, depending

on vessel, WMS Nos. 10, 11, 13, 16 or 18 are such obvious least cost-
effective candidates.

Other less obvious types of outliers are shown below.

C " OE
100$_ Optimum
0 % Or
08 8 °
oG

Optimum?o H

‘ }—
0 100 E

A cost vs. effectiveness relationship represented by the group of candidates
A, B, C, D in which cost increases relatively slowly and the corresponding
effectiveness ratings increase substantially may result in the choice of the
most expensive (and most effective) candidate, since a high gain in
effectiveness is obtained for a small increase in cost, in such a situation,
one has to decide what constitutes a "large" increase in effectiveness ahd
nsmall" increase in cost. It is obvious that if all candidates have the same
cost but different effectiveness ratings, i.e., lie on a horizontal line, then

the optimum is the candidzte with the highest effectiveness rating.
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A cost vs. effectiveness relationship representeu by the' group
of candidates E, F, G, H in which cost decreases rapidlv and the
corresponding effectiveness ratings decrease relatively slowly may result
in the choice of the least effective ( and least costly) candidute, since
a substantial decrease in cost is achieved at a relativelv s:aall decrease in
effectiveness. Again, in such a situation, one has to decide what
constitutes a "substantial" decrease in cost and "small" decr.ase in
effectiveness. 1t is obvious that if all candidates have fhe same
effectiveness rating but different costs (i.e., lie on a verticzl tine), then

the optimum is the candidate with the lowest life-cycle cost.

Marginal Cost-Marginal Utﬁlty Principle

If the cost vs. effectiveness relationship does not fall within the
category of outliers{in which case the optimum choice is obvious), an
alternative procedure based on the economic prinéiple of Margiﬁal Cost-
Marginal Utility (or Marginal Value) may sometimes be used as the

optimum candidate selection criterion,

To use this selection procedure, a smooth curve is drawn through the

points representing the candidates. An example of such a curve is shown below:

A

100+
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In the curve shown above, points A, C, D, F and H represent
candidate systems* The selection of the optimum system (i.e., the most
cost effective system) is determined by considering some of the charac -
teristics of the above curve relating cost to effectiveness. It is noted
that between points b and g as cost increases, the corresponding effec-
tiveness rating also increases. Between points b and A, since an ircrease
in cost islaccompanied by a corresponding decrease in estectiveness rating,
this region will not contain the optimum choice, It is noted that the cost

" is minimum at point b. Similarly, in the region between points g and H,
since an increase in cost is also accompanied by a corresponding decrease
in effectiveness rating, this portion of the curve will not contain the
optimum candidate system. Also, note that the effectiveness rating
is highest at point g. The most cost effective system is therefore found
in the region between points b and g. The optimum choice is determined by
drawing a tangent to the curve at an angle of 45° with the abscissa, as
indicated by point e. This point corresponds to the most cost effective

system as determined by the principle of Marginal Cost - Marginal Utility. **

At this point, the rate of change of cost with respect to efiectiveness
rating, i.e., the slope of the curve, is equal to 1.0 because the tangent
line was drawn at an angle of 45° to the abscissa. This means that at
this point, a single unit of change in relative ccst produces a single unit
of change in effectiveness rating. This point is considered to be optimum‘
becéuse if the rate of change of ccst relative to effectiveness is greater
than 1.0, it indicates that a relatively large change in éxpendi_tures will
result in a relatively small gain in effectiveness rating. On the other hand,
if the rate of change of cost with respect to effectiveness rating is iess

than 1.0, it means that a relatively small change in cost produces

* It is noted that to obtain such a relationship, it may first be necessary
to eliminate outliers as discussed in the previous section.

** William F. Sharpe, The Economics of Computers , (N.Y. and London:
Columbia University Press, 1969), pages 13-19.
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a relatively large increase in effectiveness. This is an indication that
such a point is not the place to end the search because thevoptimum has not
yet been reached, Thus, when the rate of change is equal to 1.0, a change
fn cost is balanced by aﬁ equal change in effectivenss rating an'd is the

optimum choice.

In the above example, since there is no candidate corresponding
to point e, the optimum choice corresponds to the candidéte which is closest

to point e, namely, candidate D.

In order to utilize this approach, it is necessary that both cost and
effectiveness be expressed in the same units. This is agcomplished by
using the relative, instead of the absolute costs of the candidates, as

discussed in a previcus section.

Ratio of Cost to Effectiveness Rating

Ancther optimum candidate selection procedure is based on a
ranking of candidates onthe basis‘ of the ratio of life-cycle cost to
effectiveness rating. An advantage of this selection procedure is that
‘it reduces the iwo dimensional problem into one dimension and results in
a ranking of the candidates which makes the choice of the optimum

candidate an obvious one, namely the one with the smallest ratio.i

Since effectivenss ratings are dimensionless, the ratio of cost to

effectiveness rating (C/Rp) has the dimensions of dollars ($). Tﬁus, this

ratio can be thought of as "cost" in terms of "effectiveness dollars". Since
the values of effectiveness lie between 0 and 100%, the value of this ratic,
when the effectivenss rating is expressed as a fraction rather than as }
percentage, will usually be greater than the cost in absolute dollars. [hus,
this ratio can be interpreted as the penalty in dollars ($) for a low effectiveness
rating. As an example, if two candidates have the same life-cycle cost but

the effectiveness rating of the first is half that of the second, the latter is

"worth", half as much in terms of effectiveness dollars. Similarly, if the
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life-cycle cost of one candidate is one half that of another one,but its o
effectiveness rating is also one half of the other one, then they are both T
"worth"” the same in terms of effectiveness dollars. Thus, this optimum

selection procedure results in an equal trade-off between cost and

effectiveness ratings.

_ basis of the outlier technique,

The results of applying this dptimum selection procedure to the viable
candidate wastewater management systems for each vessel are shown in
Flguré 25. In order to simplify the presentation and facilitate comparison
of results for each vessel, thg ratio of life-cycle cost to effectiveness
rating was.plotted as a percentage of the maximum value for each vessél.
The results inl Flgpre 25 confirm the conclusions regarding the most and

least cost effective systems for each vessel previously determined on the

In order to obtain resvits on a fleetwide basis rather than on an
individual vessel basié, a similar ranking was obtained by combining
the data for all vessels ba_séd on the ratio of the per capita life-cycle
cosf to effectiveness rating. The results of such a ranking are shown in
Figure 26, The ranking in Figure 26 is based oh expressing each ratio
as a percentage of the maximum value for all vessels. ‘The results in .
Figure 26 also confirm the previously noted observation that the PAMLICO is in
a class by itself due to its waste collection system which' is different

from that of the other vrssels and its unusual mission profile characteristics.
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REIATIVE RANKING OF VIABLE CANDIDATE SYSTEMS ON|EACH VESSEL BASED ON
. THE RATIO OF LIFE CYCLE COST (C) TO EFFECT ENESS RATING (R_)
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DISCUSSION

GOALS, POLICIES, GUIDELINES, AND ASSUMPTIONS

The results of this study depend not only on the objective (and
subjective) data and characteristics of the systems and vessels analyzed
but also on the goals, policies, guidelines, and assumptions used.
Hence, the overall as well as spedﬁc results should be interprated
accordlngly.' Although a detailed examination of the consequences of
all such objectives, policies, guidelines, and assumptions governing

this study will not be attempted here, two important 1ssues are discussed
below. '

Vessel Holding Time Requirements

The average and maximum holding time requirements for a vessel

constitute the most fmportant issues since they affect the following:
. The WMS configuration and equipment sizing.
. The viabilify of potential system/vessel configurations.
The life-cycle cost.
Vessel holding tirﬁe requirements are established on the basis of:
The deflnltllon of restricted waters.

The guidelines regarding the basis for setting the holding

capacity objective for each vessel.

The policy regarding the availability of pierside waste

receiving facilities.

The definition of restricted waters is a matter of law, thus limiting
the available options., However, an important concern in this regard is
the uncertainty of future changes in the definition of restricted waters
(as well as effluent standards). This law has been modified in the last

few years. The recent extension of territorial waters to 200 miles is an
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example of a cnange in the law which may have significant @sequences
on.the mission profiles of certain classes of vessels. In this Etudy.

restricted waters were defined as those within three miles from any

shoreline and all inland waters, co SRR

.For purposes of this study, the guideline regarding vessel holding

' capacity was that the candidate system must be capable of accommodating
the maximum holding time encountered in the vesséi mission profile data,
regardless of how infrequently such a holding time would be required.
For some vessels this policy has important implications for the WMS
equipment configuration requirements and viability due to large differénces
between this maximum and the other holding times. The‘ ratio of the
maximum holding time to the next smaller holding time for_some of the

vessels s as follows:
VIGOROUS - more than. 2to 1
FIRPL’BUSH - approximately Stol
PAMLICO - more than 2 to 1
POINT HERRON. - more than 4 to 1

Thus; for these vessels, if the guideline for holding capacity was
based on the objective of satisfying only P% rather than 100% of all
holding tim‘e requirements, this would profoundly affect the WMS equip-
ment requirements and sizing and; in some caseé. system/vessél com -
binations determined to be non-viable might be judged as'\ﬂable. However,
the consequence of such a decision is that WMS configuratlons would be
accepted which would, with a priori knowledge of the deuision maker,
result in either the violation of emission standards approximately (100-P)%
of the time or the vessel operations (i.e., mission profiles) would have tb
be modified to avoid this. |

Another important issue which affects vessel holding capacity (and

is related to the above discussion regarding the maximum holding time) is
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the U.S, Coaet Guard policy of providing plerside waste receiving facil-

ities only at the vessel's home port (and at yards). | Provision of shore

waste receiving facilitie ~well, would atfect vessel
misslon profile results and may eliminate the necessity for unusuaxly
large holding capacities.

Management of Black and Gray Wastewaters

A list of the systems which can accommodate the maximum holding'
time for black and gray waste waters on each vessel is presented in
Table 14, The systems which do not appear' in Table 14 are either non-
viable candidates or do not provide the full holding capacity for black
or gray wastewater, as the case may be.*

o

.
The following obseirvations-can be made from the results in

Table 14:

. The WHITE SAGE (133') is the only vessel for which all
candidate systems are capable of providing the full

holding capacity for both black and gray water.

. The objective of providing required gray water holding

capacity cannot be met on the following vessels:

.. GALLATIN (378')
VIGOROUS (210')
POINT HERRON (82')

j__ .

* The inclusion i{n this study of systems which do not provide 100% of
the required holding capacity fo. black and gray wastewaters resulted
from a Coast Guard guideline that, if the holding capacity is determined
by a tank and full capacity cannot be provided, such systems are not
to be eliminated from the study as non-viable candidates, Instead,
the maximum availabie tank capacity ‘s to be provided for black and
gray wastewaters, giving preference to the management of black water.
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. On the two other vessels on which'required gray water holding
capacity can be provided, namely FIREBUSH (180') and
PAMLICO (160'), this can be implemented only by systems
which employ flow through treatment (using the Grumman .
MSD) of the gray water stream (sometimes in combination with
the black water stream) in conjunction with either an ficin-

erator or a holding tank for the résultlng sludge.

It is noted that the above conclusions are based on the applicable
guidelines and assumptions for holding capacity goals, installation,
waste .generation, mission profiles, etc. Modification of one or more

of the above guidelines and assumptions may result in different con-

clusions.
ANALYSIS OF RESULTS

The various analyses which have been performed as part of this
study have generated numerous results and information at several levels
of detail. These results can be used to draw conclusions about a number

of questions and issues which may be of interest to a. decision maker.

The first,|and most important step in arriving at conclusions is the
formulation of specific guestions. The candidate systems analyzed con-
stitute a wide range of different concepts. As a result, caution should
be applied to avpid making comparisons between system concepts which

differ in more than one respect, in order to avoid confounding the issue

or questions beihg raised.

An exhaustive examination of all possible issues and questions
will not be attempted here. However, some of the results are discussed
below for the purpose of arriving at some conclusions, and as a means
of illustrating the techniques which can be used to answer specific
questions. A summary of the reasons why certain results may vary

—"from vessel to vdssel is also presented.
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Optimum Systems

The determination of the optimum, i.,e., most cost-effective, can-
- didate system for each vessel is one of the most 1mportant objectives of
this study. Froni the results in Figures 23 and 25 it would seem that this
issue is easily resolved since WMS No. 1 is the optimum candidate on
all vessels. Furthermore, WMS No. 1 appears to be the optimum not
only on the basis of the ratio of cost to effectiveness rating, but it

seems to be an obvious optimum since it is an outlier.

However, th.is, tssue is not that simple, The reason for this is
that, as indicated in Table 14, WMS No. 1 does not provide full holding
capacity fox" both black and gray wastewaters on all vessels, Conse-
quently, the questions regarding the optimum candidate for each vt—;-ssel
must be reformulated in terms of different holding time objectives,
Table 15 indicates which WMS viable candidate is the optimum on each
vessel as a function of ,holding time objective. The following observations

can be made from the results in Table 15:

. The WHITE SAGE is the only vessel on which WMS No. 1
is both the optimum and provides full holding capacity

for black and gray wastewaters.

No optimum candidate system (based on the candidate WMS .
concepts investigated as well as the guidelines and assumptions
governing this study) is available to meet the full holding .
capacity for black and gray wastewaters on three vessels,
namely GALLATIN, VIGOROUS, and FOINT HERRON. On

these vessels, optimum candidates for the more limited objec-
tive of providing full holding capacity for black water only

are WMS No.1 fc. .he GALLATIN, WMS No. 14 for the VIGOROUS

and WMS No. 9 or No. 14 for the POINT HERRON. On the latter two

vessels, WMS No. 1 is the optimum when the holding time ob-

jeci_.ves are further reduced by dropping the requirement for
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managing gray water and accepting less than 100% holding
capacity fer black water (40% for the VIGOROUS and 58%
for the POINT HERRON)."

. On the FIREBUSH and PAMLICO, WMS No. 5 is the optimum,
'under the objective of providing full holding capacity for
both black and gray wasfewaters. On these vessels, if the
requirement for managing gray wate;'. is dropped completely
(on the FIREBUSH) or limited (to 55% on PAMLICO), then
WMS No. lis the optimﬁm candidate.

It is emphasized that the' above conclusions are all subjeét to the

. guideline of setting the holding capacity goals for each vessel on the basis

~

B'f the maximum holding time, as well as the other guidelines govemrning
this study. Hence, when using the results in Table 15 to study the impli-
cations of modifying the guidelines and assumptions of the study, one
should not overlook the possibility that such changes may lead to dif-
ferent conclusions. This is so bec_:ause' such changes may affect the
installation, the viability, the costs, the effectiveness ratings, and

thérefore their relative magnitudes.

Comparison of WMS Concepts

Of the 18 WMS concepts, seven include an incinerator which is
associated either with the black water stream or with hoth the black and
gray water streams (WMS Nos. 3, 7, 8, 10, 13, 15, and 18), Two of them
include an evaporator which Is associated with‘the reduced volume black
water stream (WMS Nos. 11 and 16). Some questions which may be of

interest to a decision maker, from a cost-effectiveness point of view,

are:

Are incinerators preferable to holding tanks?
Are evéporators preferable to holding tanks?

Are incinerators preferable to evaporators ?
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. 1s reduced volume collection preferable to reduced volume
macerator/transfer (M/T) pump collection?

. Is oil recirculation preferable to flow through treatment?

As was pointed out earlier, in making comparisons between can- |
didate WMS concepts it is lmportavnt to compare systems which are similar
in all except one respect, i.e., to investigate one variable at a time in
owder to avoid confounding the issue by other differenqes which may not
be relevant. This principle can be applied by making side-by-side
direct comparisons of the candidate WMS concepts on each vessel which
are similar in all respects, except for the substitution of a holding iank
for an incinerator or evaporator, an incinerator for an evaporator, vacuum

collection for pump collection, oil recirculation for flow through treatment, etc.

Such compénsons of WMS concepts are presented in Table 16.

The following inferences can be made from the results in this table.

. For all viable system/vessel combinations where such com-
parisons can be made. a holding tank is more effective and

less costly (therefore more cost-effective) than an incinerator.

. For all viable system/vessel combinations where such com-
parisors can be made, a holding tank is more effective and .

less costly than an evaporator,

. For all viable system/vessel combinations ‘where such com-
parisons can pe made, an evaporator is more effective and

lc_ess costly tﬁan an incinerator.

'qu all viable system/vessel combilnations ‘where such com-

parisons could be made, pump collection is more effective

than vacuum collection. However, no pattern is evident

with respect to life cycle cost and cost-effectiveness,

This indicates that other considerations which are vessel
dependent (i.e., WMS equipment confiquration differenc;es

- affecting acquisition cost, differences in vessel conditions
affecting installation, etc.) aré more important in determining

life-cycle cost than the difference between vacuum and pump
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collection., The reason for the higher overall effectiveness ratfngs
of pump collection vs vacuum collection can be determined by
examining the results of the effectiveness ratings for viable
system/vessel\ combinations presented in Table 13. These

results indicate that WMS concepts utilizing pump collection
consistently exhibit significantly higher ratings for the M/Es
"QOperability" and "Reliability" than the WMS concepts utilizing
vacuum collection. The higher Reliability ratings for pump
collection result from its greatér redundancy and lower complexity

than for vacuum collection which is centralized.

. For all viable system/vessel combinations where such comparisons
can be made, oil recirculationis less effective than flow through
treatment,with no pattern apparent for life-cycle cost or cost effec-
tiveness. This indicates that other vessel dependent considerations
are more important in determining lifecycle cost. Although thg
acquisition cost is lower for oil recirculation, the 100% utilization
factor for the treatment subsystem tends to neutralize this advantage,
The lower overall efféctlveness rating for oil recirculatioh results

from its consistently lower ratings for the M/Es "QOperakility" and

"Habitability" .

The above infererces regarding a holding tank vs an incinerator or
evaporator take on special significance when one takes into account the
holding capacities of the WMS concepts being compared. With the ex-
ception of WMS No. 9 on the VIGOROUS, all other pairs of WMS concepts
comparing a holding tank to an incinerator or evaporator provide full

holding capacity for black water (but not for gray water),

One can therefore conclude than an incinerator (besides being
less cost-effective) provides no advantage in black water holding capacity,
except for the VIGOROUS, on which WMS No. 10 (with incinerator) provides
100% of required black water holding capacity vs 48% for WMS No. 9
(with holding tank). Similarly, one can conclude that an evaporator
(besides being less cost-effective) provides no advantage in black water

holding capacity over a holdina tank. It is noted that even nn the
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VIGOROUS, the 48% black water holding capacity of WMS No. 1 (with
holding tank) could not be offset by WMS No. 11 (with evaporator) since
the latter is not a viable candidate. Thus, the improvement in holding
time which the evaporator might have ﬁrovided could not be taken advan- '
tage of on this vessel due to the i{nability to install this configuration.
Further examination of the WMS concepts being compared indicates also
that incinératorsor evaporators offer no advantage in gray water holding

capacity.

This lack of advantage in either black or gray water holding capacity
of incinerators or evaporators is especially significant in view of the
fact that the goals for holding capacity are based on the maximum holding
time for each vessel. Thus, the holding time requirements can therefore
be only overstated rather than understated. The implication of this is that
incinerators and evaporators are either not usable (due to the inability to

install the associated configuration) or, when usable, are not required.

In view of the above dis.cussion, the results indicating that evapor-
ators are more cost-effective than incinerators may be academic. The
advantages of incinerators over evaporators and holding tanks is the in-
definite holding times which they provide. Although this consideration is
one of the factors in the M/E "Performance, " the overwhelming majority
of cost as well as effectiveness ponsiderations tend to favor holding tanks

over incinerators and evaporators.

Ranges for Cost and Effectiveness

Ranges of cost and effectiveness values are of interest wﬁen comparing
candidates, since chis brings out differences which are inherent in the systems.
In addition, the analysis of extremes (minimum and maximum values) to
determmine the reasons why the highest and lowest values are associated with

certain candidates may provide useful insights into system properties.

Highest and lowest values for a number of cost effectiveness ratings
and other properties of viable system/vessel combinations are presented in
Table 17. Some observations about the range of values in Table 17 are

discussed below,
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a.

Cost Effectiveness

The cost effectiveness rank varies over a wide range (of rore
than 10 to 1) except for the PAMLICO, which has a vacuum
collection system and significantly different mission profile
characteristics. For all vessels, WMS No. 1 is the most |

cost effective candidate.

Life Cycle Costs

The life cycle cost, both on a vessel as well as on a per capita
basis, varies over a wide range, the low_es§ variation being for the
PAMLICO due to its specialized collection system and mission

" profile characteristics. The lowest life cycle cost is associated

with WMS No. 1 and the highest cost i{s associated with systems
which employ a specialized collection subsystem and an incinerator
(WMS Nos. 10, 13, 18) or evaporator (WMS No. 16) in conjunction
with a holding tank (WMS Nos. 10, 16) or a Grumrﬁan flow

through treatment system (WMS Nos. 13, 18). The reason for

the low life cycle cost of WMS No. 1 is its low capital cost

(since it requires little additional equipment and installation)

and iow recurring expenditures (ue to the simplicity of the .
system), Opposed to this is the compléx equipment required

for the other systems, resulting in expensive acquisition, in-

stallation, operation and maintenance.

Capital costs vary over a wide range, being lowest for WMS
No. 1 and highest for WMS Nos. 11, 13, 16, 18. The ex-
ception 1s the PAMLICO, in which case the lowest fixed cost
is for WMS No. 9 and the highest for WMS No. 7. The large
difference in capital costs between the candidates stems
largely from the type  f collection system aboard the vessel.
The original acquisition and installation costs for the existing

drain system are not accounted for, resulting in high costs for
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conversion. The balance of the difference 18 due to the higher
acquisition and installation costs.issociated with the more
complex systems (incinerators, evapoxﬁtors. waste treatment
equipment).

The above 18 confirmed by an examination of the individual

_ acquisition and installation cost elements in Table 17,

The acquisition cost for tanks is zero by definition (the entire
cost for tanks being included in the installation cost), result-

~ Ing in an acquisition cost of zero for WMS No. 1 on all vessels ex-

cept on the PAMLICO. On this vessel, zero acquisition cost
is associated with the existing drain system corregsponding to
WMS No. 9. Itis alrn noted that installation costs are hightly

vessel dependent due to dependence on conditions existing

on board the vessel.

Recuriing expenditures vary over a wide range being lowest for
WMS No. 1 and highest for WMS Nos. 10, 15 and 16. The low
values for WMS No. 1 are due to the simplicity of : ais system,

resulting in low operating costs (low labor and vessel resource

costs) ar.d low maintenance custs (low labor and parts costs).

The high costs of operating and maintaining the other candidates
results from their complexity (which increases maintenance ‘
costs) and the use of an incinerator or evaporator which resulcs
in higher operating costs Aue to higher labor and vessel re-
source costs). The above conzlusions regarding this variation
in recurring expenditures as a function of system complexity
can be confirm~d by examining the individual cost elements
(t.e., operation, preventive and corrective maintenan.e, and

overhaul) in Tanle 17.
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Effectiveness Ratings

In order to facilitate the interpretatioa of the results for effective-
ness ratings, it 1s necessary to -efer to the effectiveness model.
Specifically, reference should be made to the measures of effective-
ness (M/Es) and their associated weights (Table 12) and the fac-
tors/subfactors together with their associated weights (presented
in a discussion of the effectiveness model), as well as the in-
dividual effectiveness rating functions for each elementary
factor/subfactor (presented in Volume II). ' In general, ‘the

rating for each clementary factor/subfactor depends on either

the WMS concept alone (independent of the vessel), or on the
specific WMS configuration and eﬁiiipment sizing, in which

case such ratings are both‘ system and vessel dependent. The
above should be kept in mind when interpreting the effectiveness

rating results in Table 13.

The overall effectiveness rating is highest for WMS No. 1 and
lowest for WMS Nos. 10, 11 and 13 which consist of a vacuum
collection subsystem and either an incinerator or an evaporator
in conjuncti‘on with a holding tank or a Grumman treatment sys-
tem. The overall effectiveness ratings range from 87% (WMS
No. 1/GALIATIN) to 51% (WMS No. 13/WHITE SAGE).

The ratings for the M/E "Adaptability for Shipboard Installation"”

vary from 95% (WMS No. 1/WHITE SAGE) to 54% (WMS Nos. 7 or 8/
PAMLICO). No pattem is apparent since these ratings are A =
highly dependent on the specific WMS equipment configuration

which differs from vessel to vessel even for the same WMS con-

cept, and on conditions aboard the vessel (as was the cas= for

installation cost estimates),
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The ratings for the M/E "Performance” vary from 76% (WMS
No. 3/GALLATIN) to 54% (WMS No. 11/PAMLICO) with no

pattern being apparent. The vessel dependent considerations

(factors/subfactors), resulting from differences in equipment
~configurations and sizing for the same WMS concept, include: '
the figures of merit (per capita weight, volume and energy
consumption).adequacy of holding times (for systems which -
utilize black and/or gray water holding tanks); the ability to
handle peaks (on systems employing influent surge tanks):

and the abilify to handle additional personnel. Since the
highest "Performance" rating for any system i{s 76%, this in-
dicates that none of the system/vessel combinations obtained
high ratinés for all or most of the considerations relevant to
this M/E.

‘The ratings for ';Operability" are highest for WMS No. 1 on
"all vessels and lowest for WMS Nos. 2, 3, 9 and 10. The
ratir:ys range from 91% (WMS No. 1/GALIATIN or VIGOROUS) to

46% (WMS No. 2/PAMLICO or WHITE SAGE). Considerations
which ar2 vessel dependent and which also account for the high

ratings for WMS No. 1 include the burden on operating personnel

(labdr, etc.), and nperational suppiles.

Ratings for "Personnel Safety" range from 95% to 60%. Systems
rated high are WMS Nos. 1, 6, 9 and 12 (which consist of
either a gaavity or a vacuum collection subsystem, hoiding .
tanks, and may include a Grumman treatmént system without

an incinerator). Systems rated low include WMS Nos. 7, 8,

15 and 16 (which include an incinerator or an evaporator).‘
Vessel dependent considerations include the proximity of WMS

equipment to working and berthing areas or to a fuel tank.
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Ratings for "Habitability" range from 75% for W\MS No. 1 on all
vessels to 36% for WMS No. 3 (Chrysler 1011 recirculation with an
incinerator), Vessel cependent considemtlong include the
proximity of WMS equipment to working and berthing areas.
The relatively low maximum rating of 75% indicates that none
of tiie WMS concepts received high ‘mﬂngs for ail or most of
the considerations relevant to this M/E. Although most of the
individual elementary factor/subfactor ratings are 1G0% for
WMS No. 1, it received a rating of 0 for odor prbduction* (due
to the holding tanks) which has a weight of 25%, resulting in
its overall rating of 75%. .

Ratings for the M/E “Reliability" range from 96% (WMS No. 1/
GAIIATIN) to 19% (WMS No. 13/WHITE SAGE). The highest rat-
ings are associated with WMS No. 1 and the lowest ratings are
associated with WMS Nos. 10, 11 and 13 which employ vacuum
collection with either an incinerator or an evaporator in conjunc-
tion with a holding tank or a Grumman treatment system. Vessel
dependent considerations are due to WMS equipment configuration
differences, include the number of equipment failures and con-

figuration redundancy.

Ratings for the M/E "Maintainability” range -_from 93% (WMS No. 1/
VIGOROUS or FIREBUSH) to 35% (WMS No. 11/FIREBUSH). The
highest ratings are associated with WMS No. 1 and lowest ratings
are associated with WMS Nos, 11, 12. and 16 which embIOy
reduced'volume collection and include either an evaporator or

a Grumman treatment system. Vessel dependent considerations,

*See ERFs in Volume II
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due to WMS equipment configuration differences, include labor re-
quirements (frequency and man-hours for FM, CM and overhau!),
spares stoqkaqe requirements, and differences in clearance
around the equipment (for maintenance) provided by each in-
stallation.

Figures of Merit

No pattem is apparént for the iralues of per capita weight and
volume. Both the highest and the lowest values are highly

vessel dependent. These results are due to the following:

. The discrete nature of WMS equipment capacities (which

sometlmg§ ‘re‘s.\ults in over-capacity relative to the crew size).

. Inclusion of systems which do net provide full holding
capacity {i.e., the black and gray water holding tank

capacities, in relation to the crew size, varies from vessel

to vessel),

. The inherent differences in the drain piping weights and

volumes in relation to the crew size from vessel to vessel.

. The inaccureacies in estimating the weight and volia.» of the

existing as well as installed drain piping.

The annual per capita energy consumption (in Kwhr) varies over
a very wide range from 1 (WMS No. 1/POINT HERRON) to 2,514
(WMS No. .'/PAMLICO). The lowest values are associated
with WMS 7. 1 and WMS No. 2 (Chrysler ofl rectrsulation in
conjunction with holding tanks). The highest values are
associated with WMS Nos. 10, 11 and 13, indicating that the

most energy intensive systems are those which have either an
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incinerator or an evaporator. It is also noted that the maximum
per capita energy consumption varies over a wide range (from
116 to 2,514) and it is vessel dependent. The reason for this
1s that the per capita energy consumption is highly dependent
on the WMS utflization factor, Comparison of the utilization
féctors associated with each vessel and the maximum per capita
energy consumption indicates strcng correlation between them,

as shovm in the tabulation below,

WMS ,

Utilization Maximum Annual
Vessel Factor Per Capita Energy

(%) Consumption

Value Kwh) | WMS Ng,

PAMLICO (160') 31.0 2,514 13
FIREBUSH (180') 14.1 947 13
WHITE SAGE (133') 11.1 847 13
GALLATIN (378') 11.0 679 11
VIGOROUS (210') 5.6 411 10
POINT HERRON (82') 1.8 116 11

The reason for the strong dependencg of the maximum per capita
energy consumption on the WMS utilization factor is that most
of the enérgy consumption is due to the waste Treatment/
Disposal subsystem, whose operation is dependent on the
vessel mission profiles. It is noted from the above table that
although tﬁe maximum per capita ehergy consumption is highly
dependent on the WMS utilization factor, it does not seem to be
proportional. This is due to the fact that the most energy inten-
sive system, WMS Nq. 13 (Vacuum colléction, a Z.mman
treatment system for gray water, and an incinerztor for the
black water and gray water sludge), is not a viable candidate
on all vessels. Thus, on the three vessels (f‘IREBUSH, PAMLICO,
WHITE SAGE) on which WMS No. 13 is"a viable candidate, the
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maximum per capita energy cdnsumptlon and WMS utilization
factor are approximately proportional. The greatest discrenancy
occurs between the GALLATIN and the WHITE SAGE which have
almost identical WMS utilization factors (11% vs 11.1%) but

their maximum per capita energy consumptions are conslcierably '
different (679 vs 847), since these maximum values are associated
with different system conce'pts (WMS No. 10 vs., WMS No. 13).

Variations in Results Across Vessels

It has been noted in the previous discussions that certain results

do not always follow a well defined battem from vessel to vessel ¢ven

when comparing similar WMS concepts. - Some of the reasons for this

seeming lack of consistency have been given in the discussion for

specific results. When well defined patterns of results are

discemed, it indicates that the characteristic relevant to this pattern

is sufficiently dominant to overcome the influence of those considerations

which tend to cause a lack of consistency.

in result

A jvmmary of the considerations which result in a lack of uniformity

across vessels follows.

Ti:e elimination of certain WMS concepts on different vessels
tends to distort all results (cost, effectiveness ratings and .
optimum system selections based on ranking) which are based

on nomalization (i.e., division of results by the largest number),

Differences in performance requirements due to vessel mission
profiles (i.e., the maximum holding time requirement) results in
WMS configuration'requirements for similar WMS concepts on
difierent vessels which are disproportionate in relatisu to the
crew sizes. This results in "distortions" not only in acquisition
and installation costs but preventive maintenance costs, overhaul

costs and effectiveness ratings for elementary factors/subfactors.
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Differences in WMS utilization factors due to vessel mission
profiles would result in ditferent operating and maintenance
costs as well as in effectiveness ratings of related elemgntary

factors/subfactors, even if any other differences did not exist.

The discrete capacities of MSD subsystems/equipments some-

- times results in mismatches batween installed capacity and crew

size. This results in distortions in acquiSiﬁon and installation
costs In relation to the crew size. Similarly, the same WMS
configuration on vessels which have different crew sizes (which
can result from the discrete capacities) would result in different
operating and maintenance costs as well as in effectiveness
ratings of related elementary factors/subfactors, even if any

other differences diu not exist.

Differences in both the physical conditions as well as in the
presence of some waste treatment equipment (holding tanks,
non-standard drain system, special fixtures, etc.) result in
"distortions" in installaticn and acquisition costs as well as
installation related effectiveness ratings even if any other

differences did not exist.

The inclusion of WMS configurations which do not fulfill the
full holding capacity for black and/or gray wastewater tends:
to distort both the installation cost as well as effectiveness
ratings for elementary factors/subfactors relevant to installation

and to holding capacity.

EFFECTIVENESS ASSESSMENTS

In comparison to the life-cycie cost analysis, the effectiveness
assessment methodology developed and uéed in this study may seem
somewhat esoteric and perhaps controversial. The reason for this may

. very well be due to the differences in the units of measurement which

each of these two analyses use and the associated underiying concepts.
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The life-cycle cost analysis deals with money, a universal unit
and a concept which is familiar to everyone and is part of everyone's
daily experience. By contrast, effectiveness deals with quality. But,
quality immediately implies two things, namely, subjectivity and a
stardard (I.e., requirement, objective, ¢onstra1nt), against which the

quality is to be measured.

However, there is no such thing as a universal standard of quality,
since quality is a function of goals and requirements and these, in
turn, depend on the specific set of candidate systems, processes,
approaches, etc. being analyzed and compared. As a result, there is

no universal measure and associated unit for quality.

The effectiveness assessment methodology used in this study is
intended to provide a means for quantifying quality and taking all
relevarit considerations into account, ’The effectiveness ratings are
the units of quality. The following paragraphs discuss some of the
aspects and issues associated with the effectiveness assessment

methodology. The nature, use and interpretation of effectiveness ratings

are also discussed.

Subjective Judgement, Repeatability and Valldity of Results

Subjective judgements* of the analyst play 2 prominent role in the
development of effectiveness rating functions (ERFs) as well as the effective-
ness model structure and the associated welghts. Thus, such subjective
judgements become an integral part of the resulting ER’s and are therefore
reflected in the effectiveness ratings of candidate system/vessel combina-

tions for the elementary factors/subfactors (and subsequently the M/E ratings
and the overall effectiveness ratings).

*It is noted that "subjective judgement" is somewhat of a redundancy since it
is questionable whether there is such a thing as "objective judgement",
Thus, 1if the judgement were purely objective, it would imply that the same
conclusion could be arrived at by lcgical deduction, in which case, it would
not be a judgement but rather a det~rmination and, in fact, could be per-
formed without human intervention - e.g., by a computer,
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This raises a potentially serious question regarding the meaning
and validity of the results. Thus, if the effectiveness ratings are dependent
on the partiqular analyst conducting the study, then it might be inferred
that if different decision makers conducted the analysis, différent results
might be obtained». i.e., the results are not necessarily repeatable across
different analysts. Such an a priori conclusion regarding the seeming lack
of “stability” of the results, may be alarming or disturbing and may proh’pt
questions as to the identity and source of the "real” or "true" ERFs. Itis
noted. that a similar issue can be raised regarding the structure of the
effectiveness model and the assoclated welights.’ |

The resolution of this apparent dilemma lies in the nature, definition,

and intent of an effectiveness analysis. It will be recalled that éffective-
ness was defined as inherently beinq subjective in nature and dependent
on the decision-maker, 1.e., effectiveness is what the decision-

\“\
maker says it is, or, effectiveness is in the eyes of the beholder.

Although this may seem like a circuitous and self-serving definition

of effectiveness, it is noted that it corresponds to the manner in which
decisions are made by individuals whether _in their personal lives or in
making consequential decisions based on highly technical information.

In fact, making a decision, by definition, implies the exercise of a sub-
jectivé and judgemental faculty, rather than & process of arriving at a
conclusion on the basis of some objective set of rules. .Thu.-'., for exarﬁpl_e,
it would not be meaningful ' to ask someoné to decide whether system A
weighs more than systerﬁ B. Rather, one can be askéd to determine whether
system A weighs more than systeni B. Oh the other hand, one cannot
determine, but rather one would have tQ @g& .whether one system aspect

: G s more important, better, nicer, worthler, preferred, etc., than another.

Another point to keep in mind in connection with the nature of the
above dailemma is that a numedcal quantity for effectiveness is not meaning-
ful in an absolute sense but only in a relative sense. Thus, regardless of
the specific numerical assignments that are made, as long as they are con-

sistent, differences among candidate system/vessel combinations can be
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brought out. This is the basic purpose of an effectiveness analysis. An
effectiveness anal\ysis is not in itself a decision-making process., In-
stead, effectiveneés analysis is a tool which thé decision-maker can

use to obta‘ln the information he needs in a systematié manner and organize

it in a conveni2nt form for use by him in the decision-making process.

Some Characteristics and Features of the Effectiveness Assessment Methodology

Thé effectlveness assessment methodology developed as part of this
study has been found to be applicable for quantifying the effectiveness of
candidate system/vessel combinations at several levels of detail. It thus
enables a decision-maker to compare candidates with respect to different
individual aspects of effectiveness as well as the overall effectiveness.
If used pmpefly. this methodology can serve as a useful analytic tool for
cost-effectiveness studies, trade-off studies, sensitivity analyses, etc.
Some of the relevant characteristlcs and features of this methodology are

as follows:

. It can accommodate all considerations of interest to the decision-

maker.

. It synthesizes technical and objectively détermlned quantitative
sys_tem/vessel data with qualitative system/vessel information -

and subjective judgements of the decision- maker.

. It is highly flexible with respect to the range and magnitude of the
pryo’blems it can accommodate. Thus, the analysis can be either
irery detailed and comprehensi&e which may be suitable for large-
scale systems, or it can be much $maller in scope and less
detailed as warranted by the ijéctives of the study and the
data available, |

It prevides rasults at several levels of detail, Effectiveness ratings

for- each candidate are provided on three levels as follows:
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.+ An overall effectiveness rating
.. A rating for each effectiveness measure

.. A rating for each elementary factor/subfactor

It provides a means of determining the effect of changes in data,

assumptions, subjective judgements, etc.

It has been found that application of the methodology tends to
clarify issues, may result in a fresh outlook and often new
| insights are gained, even by knowledgéable individuals who
are familiar with the problem. This is due to the following
agpects of the methodology:

.. Effectiveness is defined in tems of, and directly related
to, the objectives, requirements and constraints of the

problem.

.. Development of the structure of the effectiveness model
requires the detemmination of overall assessment criteria
followed by a §ysterhat1c and successive breakdown of
each overall criterion into constituent sub-criteria. This
process results in an in-depth examination of the problem.
Thus, issues which have either been overlooked or which

were vague and ill-defined are 1de‘ntif1ed and resolved..

.. The need to assign a weight to designate the relative
importance of each criterion encourages reflection on the

basic 1ssues pertaining to the objectives, requirements, etc.

.. Develcpment of effectiveness rating functions results in
consideration of the relevant requirements, consrtraints,
the type of data avallable, the level of detail of the analysis,
and identification of the judgements used in decidlhg what

is desirable as well as undesirable.
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Properties, Interpretation and Use of Effectiveness Ratings

Meaning of Effectiveness Ratings

Although the overall effectiveness rating of a candidate is a
number {n tha range-of 0 to 100%, it cannot be legitimately
interpreted as a probability. Instead, the rating should be
interpreted as a measure of the overall quality or "Worth" of
the candidate, detemmined as a weighted average of all con-
siderations, i.e., the extent to which the aggregate of all the
individual ¢riteria are satisfied, weighted by the importance
of each oné relative to the others. Also, overall effectiveness
ratings are to be used mainly for comparing candidate systems

rather than in an absclute sense.

Similarly, the ratings of candidates with respect to individual -

M/Es are not to he interpreted as probabilities. It is especially

important to keep this in mind when considering M/Es whose

atiributes or characteristics are usually given as probabilities.

Examples of such M/Es are "RELIABILITY" and "MAINTAINABILITY"

whose ratings for a given dandida_te system do not have the usually

- used interpretation of 'belng the probability that the system will

not fail for a given period of time (Reliability) or the probability
that the system will be restored within a given time interval
(Maintailnability). Instead, the ratings of candidates with
respect to these M/Es are to be used for comparing the Relia-
bility and Maintainability of the candidate systems. Furthermore,
these M/E ratings may be based either entirely on objectively
determined quantitative data. or partially on such data and
partially on qualitative system information and subjective
judgements. Hence, it is important to be aware of the dis-
tinction between the Reliability and Maintainability of a

candidate svstem, which are characteristics or attributes of
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the system, and the effectiveness _ratings of the system for the
M/Es “RELIABILITY" and "MAINTAINABILITY" which include sub-
jective judgements pertaining to such issues as what constitutes
minimum acceptable ariJ ideal levels as well as the "worth" of
intemediate levels of the values fo. these attributes. It is
noted that the Reliability or Maintainability of a candidate
system, i.e., the associated probability values, may serve

as an input (1.e., the attribute variable in the effectiveness
rating function) in rating the system for the M/Ls " RELIABILITY"
and "MAINTAINABILITY", but the rating may be based on other
inputs as well. If these probabilities are used as the attribute
variable and a linear relationship is used as the basis for the
effectiveness rating function (ERF), then the ratings for these
M/Es take on the values of the system Reliability and Maintain-
ability characteristics.

The Effect of Weights and Levels of Subordination on Ratings

Varlations in overall effectiveness rating (RE) across cgndidate
systems are generally of smaller magnitude than variations in
ratings with respect to any one M/E for different systems. '
Also, a variation in the value for overall effectiveness rating
of a system is nuch more significant than a variation of the
same magnitude in the system rating (Ri) with respect to any
one M/E alone. The reason for these two conclusions is that
the overall system effectiveness rating is obtained as a sum

of the wri¢ 1ted system ratings with respect to the M/Es. Since

“the weighis are all in the range of 0 fo 100% (and their sum is

100%), they tend to smooth out (and sometimes swamp ) the
variations in M/E ratings. Thus, a very large variation in any
one M/E rating must occur in order to have any significant

effect on the overall effectiveness rating (if everything else is

held constant). And, in order to produce a large upward (downward)
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variation in the overall effectiveness rating, extremely large
upward (downward) variations in the ratings with respect to
several M/Es must occur simultaneously {if no other varia-

tions occur),

The above conclusions can be simply illustrated with some
numerical examples., Thus, a 10% change in a system rating
with respect to an M,/E which has a weight of 10% will result
_inonly a 1% change in the overall effectiveness rating for
that system. Simila:ly, even for an M/E which has a weight
¢ 25%, a 10% change in the system rating with respect to
this M/E will result in only a 2.5% change in the. overall

effectiveness rating for this system,

Since each M/E which is represented in the effectiveness model

is generally weighted in such « way that it alone does not dominate
the overall effect@veness rating, it is necessary to exercise some
caution in using the overall effectiveness rating values for making
decisions. This indicates the 1mporténce of examining the in-
dividual M/E ratings of a candidate in addition to its overall

effectiveness rating.

Similar conclusions can be drawn with respect to 'the effect of
factor weights on the corresponding M/E rating and the effect of
subfactor weights on the corresponding factor ratings. In addi-
tion, this effect is multiplicative when more than one level is
considered. It is h'oted that this i{s not an unexpected result
and it is consistent with the fact that, generally, as the number
of considerations determining the outcome of a decision is in-
creased, the influence of any one consideration on the decision
must, of necessity, decrease. Thus, the overall effectiveness

rating is less sensitive to variations in factor ratings than it is
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to similar variations in M/E ratings, etc. On the other hand, it
should be kept in mind that the overall effectiveness of a system
is déﬁned in terms of the aggregate of all crltgrla*rather than in
terms of ahy one criterion, and the weight assignments for relative
lmporiance imply the manner in which the decision-maker is willing

to trade -off one criterion (consideration) for another one,

¢. Use of Effectiveness Ratings

Effectiveness ratings reflect the characteristics and features of
the effectiveness assessment méthodology discussed earlier
and hence the resulting effectiveness ratings should be inter-
preted aécordingly. Following are some guidelines for the use
and interpretation of the overall .effectiveness ratings as well

as the ratings for each M/E.

. The effectiveness assessment methodology does not in
itself constitute an automated decision process which
eliminates the need for a decision-maker. Instead, the
effectiveness assessment methodology is a tool to be
used by the decision-maker as an aid in analyzing and
evaluating the candidates. As a result, the effectiveness
ratings should not be thought of as automatic indicators
of fhe effectiveness of the candidates independently of
the decision-maker so that necessity for any further con-
sidémtiqns is eliminated. Instead, since effectiveness
ratings represent the quantitative result of the synthesis
of objective and subjective system information, assumptions,
require‘ments and the subjective judgements of the decision-
maker, they should be used as a basis for making compari-
sons, t,rade'-offs » analyzing the effects of changes in data

and/or assumptions, etc.

* This is analogous to the legal principle of reaching a verdict on the basis
of the "preponderance of evidence”.
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Effectiveness ratings should not be used as the basis for
determining the viability of potential candidates. Such a
determi{nation must be made prior to the effectiveness
analysis as part of a preliminary analysis on the basis
of gross considerations (i.e., minimum requirements),

to eli:ninate non-viable candidates. As indicated in the
discussion on the effect of weights on ratings, the
effectiveness ratings are not adequate for providing the
type of gross dtfferences between candidates which are

required for a preliminary analysis.

The effectiveness ratings are most meaningful when used
and interpreied in the context of the effectiveness model.
Hence, the more familiar one is with the effectiveness

model, the more meaningful are the ratings.

Although the overall effectiveness ratings of a candidate
are the most important and most often used indizator-
(figure of merit) of the effectiveness assessment, the
individual M/E ratings for the candidate should also be
examined and the reasons for either poor or high ratings
should be understood. These M/E ratings may sometimes
provide a rationale for a decision which overrides thevim-
portance of éither a low or a high overall effectiveness

rating.

The overall effectiveness rating of a candidate is a quanti-
tative indication of its overall quality and hence is a
convenient figure of merit which can be vsed as a basis
for comparing and/or ranking the candidates being con-

sidered.
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Although the effectiveness ratings are most meaningful in

a relative sense when comparing candidates against one
another, rather than in an absolute sense, the rating for

'a candidate may be used as a rough indication of how well
or how poorly the candidate is likely to fulfil]l the estab-
lished goals and requirements. Thus, an overall Ieffective-
ness rating of 100% means complete satisfaction of all
stated goals and requirements. Hence, if the overall
effectiveness ratings for all candidates are low, and
especially if the variation among them is small, it may

be the basis for a decision that none of the available
candidates are acceptable since the objectives and re-
quirements are not likely to be met by either one of them,
Prior to forming such a conclusion, one should first re-
examine the effectiveness model u;éd to asceftain that it
is a reasonable conclusion. The extent to which effectivé-
ness ratings can be used in an absolute 'sense rather than
in a relative sense depends largely on the nature of the
elementary factor/subfactor effectiveness rating functipns
(ERFs) used. Specifically, the important consiceration in
this regard is whether the rating is based on comparison

of the attribute data to an ébsolute value or it is based on
comparing all other candidates to the candidate having the
largest (or smallest) value of the attribute variable, i.e.,
a rating based on scaling. ERFs based on comparison with
an absolute value yteld an effectiveness model which lends
itself more readily for using effectivzness ratings as a basis
of direct comparison of candidates with objectives and re-
quirements, than do ERFs which are based on scaling
procedures. On the other hand, it is usually more difficult

to formulate ERFs based on comparison with an absolute
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value, since it generally is not obvious or c¢asy to find a

basis for establishing the level of such an absolute value,

The interpretation of effectiveness ratings should be guided

by the following considerations:

.. An elementary factor/subfactor rating of zero for any
candidate does not imply that the candidate, as a
whole, is unaccéptable. Instead, this should be
lﬁterpreted as meaning that a particular aspect of the
candidate (among many others being considered) which
is represented by the given ERF is not acceptable, This
point is best illustrated by an ERF which has two dis-
crete values only, namely, 0 and 100, and which

usually arises from a yes or no question.

.. Overall effectiveness ratings as well as individual M/E
ratings shouid be interpreted in the context of a weighted
average of multiple considerations. Hence, as was
‘pointed out in the ciiscussion on the effect of weights
and levels of subordination on ratings, no one con-

sideration can generally dominate these ratings.

.. Since the loverall effectiveness rating (or even individual
M/E raﬂngs) will generally not be sufficiently sensitive
to variations in ratings for individual considerations
(1.e., criteria) which are of special interest to a decision-
maker, it is necessary to make special provisions for ‘
drawing attention to such individual considerations. » }
An effective way of accomplishing this is the technique
of "flagging" the criterla of interest by listing the

effectiveness ratings for them in a prominent position
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when presénting the results of the analysis. 1In the
candidate system/vessel combinations analyzed as
part of thisz study, the holding capacity of each
system for black and gray wastewater was thus
flagged by listing the ratings for these two criterda
in tables showing the results of the analysis.
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CONCLUSIONS

Management of Gray Water

. The objective of managing gray water cannot be fully realized
with any of the candidate systems analyzed, and within the
guidelines of this study, on the following vessels:

.+ GALLATIN (378')
.. VIGOROUS (2 10°)
.. POINT HERRON (82')

. | A flow -through treatment system (Grumman) is required in 6rder

to provide full gray water holding capacity on the following
vessels:

.. FIREBUSH (180')
.. PAMLICO (160')

Full black and gray water holding capacity can be prévided with
use of holding tanks and conventional full volume flush gravity

drains (WMS No. 1) on the WHITE SAGE (133').

Optimum Systems

. The optimum (most cost-effective) candidate system on each

vessel as a function of holding capacity objectives is as follows:

Less Than Full Capacity | Full Capacity For ] Full Capacity For

Ve s’ sel For Black & Gray Water | Black Water Only |Black & Gray Water
GALLATIN (378°) ' - 1 " None
VIGOROUS (210') 1 14  None
FIREBUSH (180") ; o 5
PAMLICO (160") | ] 1 5
WHITE SAGE (133") | ; ; 1
POINT HERRON (82') 1 1 9014 None
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The overall life-cycle éosts (as well as the individual cost elements)
of the candidate systems varied over a large range on each vessel.
These variations are greater than those for the overall effectiveness

ratings.

Incinerators, Evaporators and Holding Tanks

Holding tanks are more cost-effective than either incinerators or

evaporaters.,

. Evaporators are more cost-effective than incinerators.,

In all viable candidate system/vessel combinations, except for
WMS No. 9 on the VIGOROUS (210'), a holding tank can be
substituted for an incinerator or evaporator without sacrificing '

full holding capacity for black water.

Vacuum Collection Versus Pump Collection

Comparison of WMS concepts based on reduced volume flush collection

which are similar except for the use of vacuum collection versus macerator/

transfer (M/T) pump collection leads to the following conclusions:

- There are no consistent patterns for life-cycle cost or for

cost-effectiveness., This indicates that other considerations,
namely differences in WMS equipment configurations and dif-

ferences in vessel characteristics, are more important.

Pump collection is more effective than vacuum collection.

Vessel Mission Profile Characteristics

~ The holding time goal for a vessel is an important system design

parameter which has a strong influence on determining candidate

. WMS equipment configuration and the feasibility (as well as the

cost) of installation. Analysis of vessel holding times leads to

the following conclusions:
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.. On some vessels, the maximum holding time is much larger
than all other holding times. The ratio of the maximum
holding time to the next smaller holding time on these

vesse'ls is as follows:

- VIGOROUS (210') - more than 2 to 1
- FIREBUSH (180') - approximately 5 to 1
- PAMLICO (160') - more than 2 to 1
- POINT HERRON (82') - more than § to 1

.. The maximum holding time for most vessels is due to
the unavailability of waste receiving facilities at non-home

ports or operation within inland waters.

. The WMS utilization factor is an impbrtant parameter in determining
WMS operating and maintenance costs. This vessel mission
profile characteristic varied over a wide range, from 1.8 % for the
POINT HERRON (82') to 31% f- - the PAMLICO (160'). -

The Cost Effectiveness Analysis Methodolcay

The cost effectiveness analysis methodology developed and applied
as pért of this study is a powerful and versatile analytic tool, useful
for making decisions in the context of comparing competing candidates.
The numbe;s which result from the quantification of life-cycle cost
and effectiveness can be manipulated to reveal important properties
of the candidates, determine the presence or absence of trends and
the reasons for them, examine issues of interest to the decision
maker, make inferences and arrive at conclusions. This methodology
can successfully interact with the various supporting studies used to
develop the necessary data (e.g., MSD analysis, WMS installation
analysis). It does this by providing structure and direction to these
studies and then accebts the results of these analyses and integrates
them with the other considerations which form the context of the

problem.




Some of the salient properties of the effectiveness assessment

methodology are:

Effectiveness is directly related and tailored to the goals
requirements, and other issues forming the context relevant

to the candidates being analyzed. All considerations of

interest can be addressed and accommcdated.

It successfully integrates quantitative objective data,
dualltative objective and subjective data, and less tangible
information such as goals, requirements, constraints,
policies, guidelines, éssmnptlons. and the subjective

judgements of the decision-maker.

It can handle, in a practical way, tne larg'“é‘amgunts of data

which must be accommodated in order to examine the numerous

considerations involved in selecting an optimum candidate.

It provides results (effectiveness ratings) at three different
levels of detail. These are useful in interpretirg the guantita-
tive results in terms of system features and characteristics

in the context of the original goals and assumptions.

Some of the salient properties of the life-"cycle cost model

are:

It accommodates the large amount of data required and addresses
the numerous dependencies and assumptions which affect the

life-cycle cost of candidate wastewater management systems

- {vessel characteristics, subsystem/e’q:f:'jment reliability

and maintainability, discount rate, etc.j.

Costs are provided at several different levels of detail. These

are useful in studying system properties and making inferences.




It provides operating and maintenance characteristics which
are of interest in themselves, in addition to their economic
implications (man-hour requirements, vessel resource

requirements, logistic requirements, etc.).

The computations required, when executed manually, are
tedloqs, time consuming, subject to error and must be
verformed by an individual familiar with the candidate systems,
vessels and the underlying assumptions. It is therefore
impractical to reevaluate the life-cycle cost manually due to
changes in configuration, data, parameters, assumptions, etc. _
Automation of the life-cycle cost model is necessary in order to
provide a flexible and generalized life-cycle cost analysis 4
methcdology . |
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"RECOMMENDATIONS

Candidate Systems

Objectives, Policies and Programs

A system employing existing conventional full volume flush

gravity drains in conjunction with black and gray water holding

- tanks (i.e., WMS No. 1) should be specified for vessels on

which this WMS con.cept provides full holding capacity for both
black and gray wastewaters. The WHITE SAGE (133') is a
candidate for this system concept. In addition, if the Coast
Guard policy with respect to gray water management and/or’
maximum hoiding tfme is modified (see ensuing paragraphs),
the use of this WMS concept should be considered for other

vessels as well,

A holding tank should be specified in place of an incinerator or

evaporator in vystem/vessel combinations where this is’ relevant,

Unless significant breakthroughs in the physical, operational and
economic characteristics of incinerators occur, their use should
not be considered. A possibile exception might be in those cases '
where their advantage of providing an indefinite holding time

becomes ar overriding consideration.

The use of evaporators should not be considered.

In view of the consequences| (economic, system configuration/

_equipment sizing, and feasibility of installation) of long and

atyplcal holding times for some vessels, possibilities for

eliminating some of the condiitions which give rise to them should

be investigated. Two possibilities are as follows:




.. Reexamine the policy of not providing waste receiving
facilities at vessel's non-home ports. The possibility of
making such pumpout facilities available both at Coast Guard

and other ports of interest should be considered.

.. The guideline of dsing the maximum holding time as the
basis for determining tvhe holding capécity objectives for
é,vessel should be reexamined. As a consequence of this,
it will either be necessary to modify vessel operational profiles

or emission standards will be violated, albeit infrequently.

In view of the difficulty of and/or the recduction in cost-effective-
ness resulting from the requirement of managing gray water, the

following should be considered;

.. Eliminate the objective of managing gray water, at least

on some vessels,

Consider the possibility of reducing the hydraulic load due

to gray water. This might be best done in conjunction with the
black water hydraulic load management {perhaps based on reuse
concepts) as an integrated waste reduction program for

hotel wastes on board U.S, Coast Guard vessels.

In view of the cost-effectiveness 6f holding tanks, effective
aﬁd efficient tank aeration procedures should he devised and
implemented to eliminate negative habitability and safety effects
of holding tanks. ' ' ' '

The effect of the newly established 200-mile limit for territorial
waters on the results and conclusions of this study shbuld be
evaluated. Such an evaluation shouid proceed from an examination
of how and to what extent the mission profiles of vessels which

are affected by the new limit would be modified, The consequences

of modified mission profile characteristics could then be investigated.
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. The results and conclusions of this study should be reviewed
in the light of the recent Coast Guard survey and analysis 'of
wastewaters aboard the vescels included in this study. Such an
evaluation should compare the experimentally established waste
generation' rates Mth those assumed for the purposes of this study
to determine the effect of candidate WMS configurations and

equipment sizing.

The Cost-Effectiveness Analysis Methodology

. Application of the cost effectiveness analysis methodology
developed as part of this study should be considered for other
problems. Due to the ‘generality of the underlying concepts and
the flexibility with resbeé:t to the scope of prbblem and data
availability of both the life-cycle cost and the effectiveness
modeling approaches, this methodology can be applied to
problems of the same, smaller, or larger scope than that of
selecting WMS candidates for vessels. Its application to
wastewater management systems should not be viewed as a“
limitation but rather as a demonstration. This methodology is
applicable to any problem in the context of studying competing
candidates and seierting an optimum. In addition, either the
life-cycle cost analysis model alone or the effectiveness
assessment methodology alone can sometimes be used to

advantage in some situations.

. The life-cycle cost model should be automated in order to moke
available a ilexible and at the same time, practical life~cycle
cost analysis methodolocjy. Such automation is essential in
order to facilitate reevaluation of results dué to: changes in
data, system configurafion, assumptioné and guidelines;

application to other systems; and to facilitate sensitivity

analyses.
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DEFINITIONS AND ABBREVIATIONS

The definitions an;l abbreviations of certain terms used in conjunction
with this study are given below. '

ABBREVIATIONS

ERF Effectiveness rating function
M/E - Measure of effectiveness
MSD - Marine sanitary device

WMS - Wastewater management system (for black and gray

wastewaters)

DEFINITIONS

Attribute

A quantitative or qualitative characteristic of the candidate systems/
subsystems/equipments and/or vessels which is used as the basis for

assigning an effectiveness rating to elementary factors/subfactors. Attri-

bute is also used in connection with the following:

. Attribute Data

The quantitative or qualitative "values" of specific attributes

or attribute variables for the candidate system/vessel com-
binations.

Attribute Variable

A variable which is used for quantifying an attribute of candidate
system/vessel combinations. Attribute variables are often
functions which relate attribute data at the system/subsystem/
equipment/vessel level to a numerical or qualitative "value”
which is used in conjunction with effectiveness rating functions

to obtain an effectiveness rating for elementary factors/subfactors.
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Black Water

R

-~

Wastewaters which includes seWage. 1.e..\the output from commodes

and urinals, and garbage grinder slurry.
Bravo Status
The time allowed for a vessel to get underway.

Charlie Status

The vessel is tied up for maintenance, usually at its own home port.

Effectiveness

The overall quality of a candidate determined on the basis of how
weil the candidate fulfills speciﬁed'obj'ecdve, requirements and constraints.
Effectiveness can be quantified and ﬂme resulﬁng number is the effectiveness
rating of the candidate which is a quantitative measure of the degree to
which the candidate has satisfied the aggregate of all established individual

criteria and their relative importance.

Effectiveness Rating Function (ERF)

A rule which relates one or more qualitative or quantitative system/
' subsystem/equipment / vessel chara'cteristics, (attributes) to an effectiveness

rating for an elementary factor or subfactor.

Elementary Factor/Subfactor

A factor or subfactor which has no' subordinate subfactors and which
can be readily related to a single attribute (or a function of one or more

attributes) of the candidate system/vessel combinations being analyzed.

Factors

The set of criteria which are implied by a M/E. Factors are char-
acterized (for any candidate system/vessel combination) numerically by
two quantities, namely, a rating (which measures how well the candidate
satisfies the criterion) and a weight (which indicates how important
this factor is in relation to the other factors of the same M/E).
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Gray Water

‘Wastewaters which include: the output from galley drains (sinks, kettles,
dishwashef excluding the garbage grinder); turbid waters from lavoratories,
showers and laundry;dralnage from air conditioners, drinking fountains
and interior deck drains including those in head spaces.

Holding Times

The continuous time intervals curing which a vessel is in restricted
waters and/or in any non-home port, other than a yard. The maximum
Holding Time fpr a given vessel is the lengest holding time encountered
during the time period over which data was taken., Durlhg holding time
intervals, wastewaters may not be discharged overboard and therefore have

to undergo Treatment/D‘iéposal by the vessel WMS (i.e., it must operate in
the primary mode).

~

Level of Subordination

The indenture of a given factor or subfactor in the hierarchical
siructure of the effectiveness model. A numbering scheme used to uniquely

identify each factor/subfactor with each M/E indicates the level of sub-
ordination.

Measures of Effectiveness (M/E)

The set of highest level criteria used as the basis for aséessing the
overall effectiveness of candidate system/vessel cdmbinations . M/Es
are characterized ‘for any candidate system/vessel combination) numerically
by two quantitiei-xjj‘v amely, a rating (which measures how well the candidaie
satisfies the critenion) and a w_eight (which indicates how important this
M/E is in relation to the others).

Outimum Candidate

The most cost-effective candidate based on a specified optimum can-
didate selection criterion,
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Rating

A quantity which measures the degree to which a candidate satisfies
either a single criterion or the aggregate of a set of criteria and their relative
importance. A rating is given as a percentage in the range of 0 to 100%

. using the convention that the higher the rating the greater the degree accept-

ability or quality of the candidate ahd vice versa. Ratings are used in
conjunction with the following: '

. Overail effectiireness
. M/Es
. Factors
Subfactors
. Elementary factors/subfactors
Refurbishment

Unscheduled vessel repairs which cannot be made at a vessel's home

port and hence are made at a yard.

Scheduled Yard Availability

Time set aside for vessel maintenance and overhaul at a yard.

Sortie

The various vessel movements, i.e., the transits in and out of
restricted waters, arrivals at and departures from ports, etc. associated
with the normal operations of a vessel. For purposes of this study, a
sortie is initiated when a vessel leaves its own home port or a yard
(i.e., when it is disconnected from a shore waste receiving fécility) and
ends when the vessel arrives at its own home port or at a yard (i.e., when

it is conrected to a shore waste receiving facility).
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Sufactors

The set of criteria which are implied by a factor or another higher
level subfactor. Subfactors are characterized (for any given candidate
system/vessel combination) numerically by two quantities, namely a
rating (which measures how well the candidate satisfies the criterion) and
a weight (which indicates how important this subfactor is in relation to
the other subfactors at the same level of subordination under the correé-
ponding factor/subfactor).

Times Beyond Restricted Waters

The continucus time lntérvals during which a vessel is beyond
restricted waters. When a vessel is beyord restrictéd waters, it may
discharge wastewaters overboard (i.e., the WMS may operate in the over-
board discharge mode).

Weight

A quantity which indicates the importance of 'each criterion in relation
to the others, at the same level of subordination ih the hierarchical structure
of the effectiveness model. A welight is §1ven as a percentage in the range
of 0 to 100%, using the convention that the higher the .weight the more ‘
important the criterion (in relation to the others at the same level) and
vice versa. Weights are assigned such that their sum is equal to 100 for
all criteria at the same (and every) level of subordination. Weights are

used in conjunction with the following:

. M/Es
Factors
Subfactors
. Elementary factors/subfactors
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2. Full Volume Flush Oil Recirculation and Gravity Collection/Chrysler
System with Sludge Holding Tank for Sewage/Holding Tank for Gray Water
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3. Full Volume Flush Oil Recirculation and Grévlty Collection/Chrysler,
" System with Incinerator for Sewage/Holding Tank for Gray Water
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Sa. JERED Reduced Volume Flush Vacuum Collection/Holding Tank for

Concentrated Black Water/Holding Tank for Gray Water
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*9b. JERED Reduced Volume Flush Vacuum Collection/Concentrated Black
Water Held in VCT/Holding Tank for Gray Water
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14, ‘GATx Reduced Volume Flush M/T Pump Collection/Holding Tank for
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16, GATX Reduced Volume Flush. M/T Pump Collection/GATX Evaporator for
Concentrated Black Water/Holding Tank for Gray Water
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17. GATX Reduced Volume Flush M/T Pump
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APPENDIX F

ESTIMATED ANNUAL WMS MAINTENANCE
CHARACTERISTICS AND COSTS BASED
ON PROJECTED WMS UTILIZATION
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APPENDIX G

PRESENT VALUE OF ESTIMATED LIFE-CYCLE

WMS OPERATING AND MAINTENANCE COSTS
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APPENDIX H

SENSITIVITY ANALYSIS OF LIFE-CYCLE COST




Derivation of Formulas for Sensitivity Analysis

The following definitions are used:

C - Overall WMS life cycle cost

A - WMS acquisition cost

I - WMS installation cost

OC/T - Annual operating cost of WMS (black water) Collection/
Transport subsystem based on continuous WMS operatinn

OT /D - Annual operating cost of WMS Treatment/Disposal
subsystem (black and gray) based on continuous WMS
operation

PM - Annual WMS preventive maintenance cost for (black water)

Collection/Transport subsystém and the Treatment/
Disposal subsystem (black and gray) based on continuous
WMS operation

CMc/p - Annual corrective maintenance cost of WMS (black water)
‘Collection/Transport subsystem based on continuous

WMS operation

CMT/D - Annual corrective maintenance cost of WMS Treatment/
Disposal subsystem (black and gray) based on continuous
WMS operation

OH - WMS overhaul cost (per overhaul)

U - WMS utilization facto: (for black and gray) Treatment/

Disposal subsystem for a given vessel

Pl = 6,144566 - Discount facter applicable to operating, preventive and

and corrective maintenance costs (based on a 10% effective

discount rate and a useful system life of 10 vears)




Pz = 2,925983 - Discount factor applicable to overhaul maintenance
costs (based on a 2-year overhaul cycle, a 10%
effective discount rate and a useful system life of

10 years),

A - - This symbol, appearing in front of any one of the above

symbols, designates a change in the quantity represented
by that symbol.

In terms of the above symbols, the overall life cycle cost (C) of
any candidate system on a given vessel is related to its various cest

elements by the expression
r v
C = A+I+F, fC/T+U@T/ID+CMC/T+ UGMT/[)+ pr«jwz [OH]

The sensitivity of the overall cost to a change (error) in any one of the
cost elements can be readily determined by introducing a change in that
cost element, keeping the other cost elements constant, and deriving the
expression for the resulting change in o;/erall cost. Thus, a change in

acquisition cost (AA) is related to the change in overall cost (AC) by the
expression '

C+AC=A+AA+ {Remainder of of previous expression}

C+4C= dA+A+ { | ' | )

_J

S AA= AC

The percentage change in acquisition cost is related to the change .

in overall cost by the ekpression

AA _100AC .
A (%) = A (1)

Bt A 1




The above\ expression can be used to determine the percentage change
in acqu‘isltion cos\f\Whlch will result in a given change in overall life cycle
cost. As an example, in order to determine the perceniage change in
acquisition cost that will result in a 10% change in WMS life-cycle cost,
10% of the life cycle cost (AC) and the acquisition cost {A) are substituted
in the ébqve expression and the result is the required percentage change

in acquisition cost.

Similarly, the percentage change in installation cost (Al) is related
to the change in overall cost by the expression

AI .. _ 100AC |
T 0 = = l (2)

The sensitivity of the overall cost to the annual operating cost of the

Collection/Transport subsystem (OC/T) is obtained from the relation
C+AC=I+A+F1 E)C/T+AOC/T +U(OT/D> +CMC/T + U@MT/D> +P}\a 4-[#2 [CH]

C+AC=I+A+E, E)C,T* U(OT/ID +CMC/T+U CMT/D>+Pha+F2 [or} +F1E3-0Cn]
. _J

\

e
F [Aoc | = Ac
e
Ac’c/T‘ F,
Herce,
8O, 1o0ac S
R ®) =35 ) (3)
crt - Conhy
H-4




Similarly, the following other relationships are obtained:

ACMC-(T (1) = —L004C @)
CM_ /. CM . (F;) '
and
ApMm _ l00Ac :
YA - F) (5)

The relationship between AOT /p 2nd AC is derived from the

expression

C+AC =1+A+5L0C/T+U@T/D+AOT/ID+CMC/T +U@MT/D)+PM}+F2{L_OH}

CHAC=1+A+E, E)Cn, +U@T/D>+ My UGMT/ED + PM] +E [on] +F) [U(AOT/D>]

— )
C
SAC=R [U (OT/D)]
_ Ac
AOpp = F, (U)
.A_(l'ILD (%) .= -—-LQO_A_Q___ (6)
O%p - OppE)U
Similarly,
ACMT/D (%) = —1004C 7
CMpp My, pFp) U




A change in WMS overhaul maintenance cost (AOH) is related to a

change in overall life cycle cost by the expression:

A
C+ C=A+I+F[C/T+U<T/ID+CMC/T+U CMTA>+PM-J+F OH+A'];\

C+AC = A+1+F [c/r (T/Q+CM +U CMT/D+PMJ+F Aoa]

& "l
c .
FZ[DOH]-= Ac
A
fon= ==
)
Therefore,
AOH . 00AC |
(%) = OH(Z) ®)

The sensitivity of thé overall cost to the WMS utilization factor

is derived from the relationship:

C+AC =I+A+F1 [OC/T + @+AID OT/D+CMC/T + @+A9CMT/D+PM]+F2 [ou:]
C+AC=I4A+E, [c/r+ U(Tla +C C/T+UGMT/D+PM]+F2[O!:]+F1[\AU()T/D+DMT/D‘]

A\ J
SRS I:(AU> (o +.CMT/D>]
Ac
fu =
£ (oT ot CMT /D)
AU 1004cC @)

U

U<FD(OT/D + CMT/D)

brd

rad
[

[¢)]




The sensitivity of the overall life-cycle cost to a change in present value
factors (li‘1 or Fz) can be investigated by following a procedure similar to
that for the cost elements and the utilization factor, The effect of a change
(AFI) in the present value factor (Fj) for WMS operating, preventive and cor-

rective maintenance costs is derived from the expression:

c+4C =A+I+@+AEDE)C/T +Iu@T/lD+CMC/'T + U@MT/D + PM] + F2 [Olﬂ
N Ut
C+AC * A1+, [OC/T+ U@@»f CH 0+ UGMHB+ pb{'l + FZHJ,ABIE)C/T«» U@/}+ CM,,p* Uﬁmraif Plﬂ
. V] . ,

-
—~"
C

Ac = API [OC)T + U COT/ID +CM i+ U@MT/ID+ Pl\/ﬂ

AF. = AC <
1 oc/T + U<OT/@ + CMC/T + U(CMT/D) + PM

AF, ‘ 100 Ac
T W= Fro T U (0. rCM. -+ U(C +PM] | (10)
1 1%+ Y Orp c/rt U(CMp p)+ PM]

It is noted that the expression 11;1 the denominatcr is the product of Fl and
the arinual cast of operation, preventive maintenance and corrective main-
tenance based on WMS3 utilization factor. This product is also equal to the
present value of the life cycle cost of operation, preventive maintenance and

corrective maintenance.

The sensitivity of the overall life-cycle cost to a change (APZ) in the

present value factor (Fz) for WMS overhaul is determined from the relation:

C+AC =A+1+E, E)C/T+U OT/Q+OMC/T+ U<CMT/9+ PTVJJ:-GZ +AF2>[OH:|
C+AC = A+1+E) EC/T+U@T/19+ CMC/T+U(?M”]9+ PM] +E) [E;}il + A, [E){'

— : -

e

cC
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S A = F, (OH)
_ Ac
AR, = SR
AR, ]
2 100AC
-}.—.2—- (%) = ;;—(6;1—) (11)

The expression in the denominator is the present value of the life-

cycle cost of WMS overhauls.

It is noted that the expressions in (10) and (11) can be used to determine
the sensitivity of the overall life-cycle cost to changes in the present value

factors F, and FZ. However, these present value factors, in turn, are based on

1
a number of assumptions and the above sensitivity relationships do not
directly indicate which assumption is the dominant one. The governing

assumptions for Fl are the following:

An effective discount rate of 10% which includes the combined

effects of inflation and interest rates. -
"A useful system life of 10 years.

The corresponaing assumptions for F2 are as follows:

An effective discount rate of 10%.
A useful system life of 10 years.

WMS overhaul intervals of two years.

The above result for the present value factor 1'-‘1 can be related to the

assumed effective discount rate (I' and the useful system life (1) by the

following relationship:

F.o= a+p" - 1
I1(+pn

Similarly, an expression for the prevent value factor F2 can be

developed in terms of I, n and the overhaul interval,

H-8




Table H-1

Summary of Formulas for Sensitiv'ity Analysis

Cost Element or Cost-Dependent Formula

Parameter Being Varted Formula ‘No.

Acquisition cost (A) %‘5 (%) = —1@1-\9-2 1

Installation cost (I) -%—I (%) = ILOIQ—C- 2

Annual operating cost of the (black AO

water) Collection/Transport subsystem —6—C—Q (%) = —M-A(—FQ—)— 3

based on continuous operation (OC/T) C/T C/T 1

Annual corrective maintenance cost of the ACMC/T IOOAC

(black water) Collection/Transport subsys- o (%) = ) 4

tem based on continuous operation (CMC/T) ‘c/T c/'r 1

Annual system preventive maintenance OPM (%) = 160 C

cost based on continuous operation (PM) PM 6) = PM (r-'l) >

Annual operating cost of the Treatmént/ A0

Disposal subsystem (black and gray) __1/D (%) = -—]‘-(-)-O—A;C— 6

based on continuous operation -(OT/D) 'OT,’D OT/D(II)U

Annual corrective maintenance cost of the ACM

Treatment/Disposal subsystem (black and T/D (%) = -i%-(-%— 7

gray) based on continuous operation (CML‘/D) CMT/D CMT D(Flr U

Svstem overhaul cost - per overhaul (OH) LOH (%) = L00AC 8

OH OH(FZ)

Utilization factor for the Treatment/ A_[_](o/‘ _ 100AC

Disposal subsystem - black and gray (U) [V U(F) (O ot cM /D) 3

Present value factor for

operation, preventive main’ znance and 10

corrective maintenance (Fl)

Present value factor for overhaul (FZ)

- 100AC
F,(OH)

[———y—

11
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