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ABSTRACT 

The combustion temperature control for the potential 
emissions of trace organic compounds during incinera
tion and the possible decrease of heating values by waste 
recycling have created a mutually influenced infrastruc
ture in the current integrated solid waste management sys
tem. This paper illustrates the problem of the compatibility 
between waste recycling and incineration by a nonlinear 
goal programming model. The optimal strategies of vari
ous planning scenarios and related economic impacts on 
waste management agencies can then be evaluated. The 
new management disciplines to be mastered by this model 
exists for both public and private sectors. From engineer
ing and management perspectives, it shows that such link
age is feasible and essential to facilitate the decision mak
ers for achieving the goals of economic efficiency and en
vironmental protection simultaneously in a multipurpose 
solid waste management system. 

INTRODUCTION 

The proposed 25% waste reduction requirement prior to 
incineration by the U.S. Environmental Protection Agency 
(EPA) has created a great impact on solid waste manage
ment (US EPA, 1989, and MDEP, 1989). But the promul
gation (40 CFR Parts 51, 52, and 60) for the Good Com
bustion Practice (GCP) related to the combustion temper
ature requirement for controlling potential emissions of 
trace organic compounds and the energy recovery by elec
tric power generation also become the major focus in as
sessing new incineration projects. However, these issues 
have resulted in a mutually influenced infrastructure be-
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cause of the possible negative impacts on the combus
tion temperature by waste recycling. In addition, the in
herent complexity of refuse composition and the stability 
of secondary material market may cause more uncertain
ties in various types of solid waste management system. 
To contemplate the scope of such dilemmas, as exist in 
many countries, the effort of pursuing an integrated opti
mal planning becomes critical. The most significant ques
tions include: How well is the compatibility of recycling 
and incineration? and What are the subsequent economic 
impacts for private or public sectors if they are operating 
waste collection businesses and incineration facilities si
multaneously or separately? 

This analysis develops the optimal strategies for a re
gional solid waste management system by a nonlinear goal 
programming (GP) model. System benefits, recycling tar
gets, and required combustion temperatures are considered 
as the major goals to be achieved simultaneously. Nonlin
ear characteristics occur from the interaction of the degree 
of recycling and the impact on heating value after recy
cling. The practical implementation is assessed by a case 
study of the solid waste management system in Tainan 
City, Taiwan. Further evaluation of reasonable tipping fees 
and subsidy can also be established according to vari
ous private/public management scenarios. GINO software 
package serves as a solver in this analysis. 

BACKGROUND INFORMATION 

It has been noted that the central focus of the de
bate on the municipal solid waste (MSW) incineration 
has shifted from its apparent management advantages to 



the unresolved risk issues and the impacts of material re
covery (Environment Canada-NITEP, 1985; Hasselriis, 
1988; Allan, 1989 and MDEP, 1989 et at.). Especially 
the emissions of a full range of polychlorinated dibenzo
p-dioxins (PCDDs) and dibenzofurans (PCDFs) have be
come the most controversial issue in siting and build
ing new municipal incinerators. Various famous testing 
programs, such as the National Incineration Testing and 
Evaluation Program (NITEP) in Canada, were instituted 
to find out how much they could be reduced by optimiz
ing combustion condition, and by add-on control technol
ogy (NITEP, 1985). Miller ( 1989) explained that PCDDs 
isomers can be completely destroyed at a temperature of 
950°C, a residence time of 1.0 sec, and an oxygen concen
tration no greater than 7%. Many other researchers (Clark, 
1988; Schindler, 1989; et at.) also presented similar con
clusions. Hence, the control of dioxin and furan formation 
is generally considered to require flame temperature ex
ceeding 982°C (I 800°F) for residence time in excess of 1 
sec, and minimum excess air level must exceed 50-60% 
in the proposed Good Combustion Practice (GCP) criteria 
(Clark, 1988, and Schindler, 1989). Due to the interde
pendent relationship between combustion temperature and 
gas residence time, the German criteria requires slightly 
lower flame temperature and longer gas residence time. 
The minimum flame temperature in German criteria is 
850°C for at least 2 sec of gas residence time which has 
been adopted as the design standard in the European Eco
nomic Community (EEC standards). In addition, energy 
recovery by burning the trash has been emphasized since 
the energy crisis, although incineration only contributes a 
minor fraction of total energy production in many indus
trialized countries. 

However, recycling plastics and paper from the waste 
stream can significantly reduce the magnitude of heating 
value, and thereby decreases the combustion temperature 
in the furnace when not using auxiliary fuel. This situa
tion is phenomenal, especially in some developing coun
tries where the moisture content in the garbage is much 
higher but the percentage of combustibles is relatively 
lower, compared with the municipal waste in the indus
trial world. While the task of waste incineration and col
lection could be performed by private or public sectors in 
a management system, trade-offs among waste recycling, 
hauling distance, combustion temperature, and other eco
nomic factors exist in the optimization process. GP is an 
efficient tool for such optimization analysis rather than any 
single objective optimization technique. 

MODEL FORMULATION 

In regional solid waste management planning, an in
cinerator is usually assigned as the treatment facility for 
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several prespecified administrative districts by adequate 
system analysis (Chang and Wang, 1993). Due to the va
rieties of management alternatives in such a system, this 
model considers that either hauling vehicles or incinera
tors can be owned and/or operated by various management 
agencies. Different management alternatives can then be 
assessed by setting up the corresponding configuration in 
the model. Within such a service area, the waste gener
ation rate and composition, and related hauling distance 
are usually differently associated with each district. Paper 
and plastics are two major items in the waste stream that 
have resale values in the secondary material market and 
also may influence the combustion temperature directly. 
In addition, system benefits are characterized by the in
come from recycling, the tipping fee charged on the resi
dents, the subsidy from the municipality, and the income 
from selling electricity. The system costs primarily include 
the transportation costs of hauling waste and the operating 
costs for handling the incineration facility. From an inte
grated management perspective, the system goals consid
ered in this analysis thereby consist of: (a) system benefits 
should be greater than or at least equal to system costs for 
the private operators, while system benefits should be as 
close as possible to system costs for the public operators; 
(b) combustion temperature should be close to the required 
level in engineering design criteria, although being higher 
than the level is also acceptable; (c) paper and plastics 
should be recovered as close as possible to the prescribed 
recycling limits. Nonlinear characteristics may occur from 
the interaction of the degree of recycling and the impact 
on heating value after recycling. Only the recycling goal, 
which is bounded by the recyclable ratio and resident par
ticipation rate, is formulated as a one-sided goal. The GP 
model can be formulated as below: 

N 
+ P2(w23d3 - w!3dj) + L P3(ai + hi) 

;=1 

subject to: 

TBI - d! +di = Tel 

TB2 - d3 +dj = TC2 

PA; + ai = MAX PA; ViE] 

PL; + hi = MAX PL; ViE] 



N 
LG; $ CAP 
;;1 

PA;,PL;,G;,ai,bi ;?: 0 Vi 

dt x di = 0; d! x di = 0; at x ai = 0; bt x bi = 0 

Submodel Formulation 

Tj (OF) = 0.108 HHV + 3467K - 4.554 M + 0.59 (Ta 
- 77) - 287 (i.e., Tillman, 1989). HHV (kcaUkg) = 1587 
+ 7.63 p' + 13.66 R' (i.e., based on Taiwan solid waste). 
E (kWh/ton) = 0.2 HHV (kcal/kg) (i.e., based on Taiwan 
solid waste). 

N 
G� = L[T; - T; x R; X PL; - T; x P; x PAil 

;;1 

N 
G; = L[S; - S; x R; x PL; - S; x P; x PAil 

;;1 

M = [S;Wi - (Si x R; X PLi - Si X P; x PAi) Xf]/Gi 

p' = 100 x [ t. T; x P; x (1 - PA;)/G;] 

R' = 100 x [i Ti x R; x (1 - PL;)/G;] 
1;1 

P = 100 X [± S; x P; x (1- PA;)/G;] 
1=1 

R = 100 X [± Si X R; x (1 - PLi)/G;] 
1=1 
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TCI = [tG;x co] 

TC2 = [± Gi x CT;] 
1=1 

Deviational Variables in GP 

d1, dt: deviational variables of combustion tempera
ture. 

d2 , di: deviational variables of system benefits obtained 
from waste incineration. 

d3, d!: deviational variables of system benefits obtained 
from waste collection. 

ai, aj : deviational variables of paper recycling (%) in 
district i. 

hi, hj: deviational variables of plastics recycling (%) in 
district i. 

Input Variables in GP 

PI, P2, P3: priority of these three goals. 
w22' wi2: management weights corresponding to the 

goal of costlbenefit of collection agency. 
w23' wi3: management weights corresponding to the 

goal of costlbenefit of incineration agency. 
J: the set of administrative districts. 
CAP: design capacity of incinerator. 
TIP: tipping fees charged on the citizens (if any). 
MAXPLi, MAXPAi: maximum possible recycling 

rate of plastics and paper in district i respectively. 
MIN T: required minimum combustion temperature. 
N: the total number of the administrative districts in ser

vice area. 

Decision Variables in GP 

TB1 and TB2: system benefits obtained from operating 
collection team and incinerator respectively. 

TC1 and TC2: system costs by operating collection 
team and incinerator respectively. 

Gi: solid waste generation rate after recycling in district 
i (ton/day, on wet basis). 

PAi and PLi: paper and plastics actual recycling rate in 
district i respectively (on wet basis %). 

Tr actual combustion temperature after recycling. 

Decision Variables in Submodels 

G�: solid waste generation rate after recycling in district 
i (ton/day, on dry basis). 



M: moisture content of solid waste after recycling. 
HHV: high heating value of solid waste after recycling 

(kcaUkg or Btu/lb). 
p', R': paper and plastics content in solid waste after 

recycling respectively (on dry basis %). 
P, R: paper and plastics content in solid waste after re

cycling respectively (on wet basis %). 

Input Variables in Submodels 

K: equivalence ratio of combustion. 
Ta (OF): preheated temperature of auxiliary air in com

bustion (assume ambient air temperature is 77°F). 
P;, R;: paper and plastics content in solid waste before 

recycling in district i respectively (on dry basis %). 
Wi: the original water content in the solid waste in dis

trict i (on wet basis %). 
P E: price of electricity (NT$lkwh). 
E: conversion factor between heating value and unit 

power generated (kWh/ton). 
CTi: unit transportation cost from district i to incinera

tor (NT$/ton). 
CO: unit operation cost of incineration (NT$/ton). 
S U: government subsidy for the treatment of waste (per 

ton basis). 
Si: solid waste generation rate before recycling in dis

trict i (wet basis). 
Ti: solid waste generation rate before recycling in dis

trict i (dry basis). 
f: average water content of paper and plastics. 
PPL, PPA: prices of paper and plastics in the secondary 

material market respectively. 

Solution Techniques 

The priorities of these three goals considered in the 
model formulation can be assumed to be roughly com
parable to decision makers initially. However, it is noted 
that the goals making up the model are measured in dif
ferent units such that the aggregate deviational variables 
in the objective function is meaningless. In other words, 
when the targets associated with each goal have very dif
ferent numerical values (i.e., the order of magnitude), the 
solution provided by this model can be biased as more 
important (i.e., artificial extraweight) and is given to the 
goals with higher target values than those with lower ones. 
In this situation, the artificial extraweight which does not 
reflect the actual preference of the decision maker to these 
goals distorts the solution output inevitably. 

To overcome such problems which do not correspond to 
the initial non-preemptive condition, scaling (i.e., normal
ization) of each goal should be performed before solving 
for the satisfying solution. Hence, the right-hand-side val
ues, such as the target values of combustion temperature, 
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recycling ratio and the estimated total cost (decision vari
able), are selected as the scaling factors (Romero, 199 1, pp. 
38-39). Furthermore, the third term in the objective func
tion should be divided by 2 * N in order to avoid the inher
ent exaggeration of recycling weight unexpectedly. How
ever, a specific type of problem encountered in this anal
ysis, which has never been discussed in the literature, is 
that a deterministic goal programming may have mixed 
types of goals. This means some of the goals could not 
have a fixed target value and can only be expressed by the 
degree of satisfaction or aspiration while the others have 
predetermined target values. Overall, although the conven
tional scaling procedure intends to make the numerical val
ues of all deviational variables associated with different 
targets become of like magnitude in the objectives equal 
which makes the optimum solution unbiased, the issue of 
artificial extra weight still cannot be completely eliminated 
in such a specific type of problem. In this situation, rela
tively higher importance is still given to these imprecise 
goals without fixed target values than to those with fixed 
ones if the associated right -hand-side value of the imprecise 
goal constraint is higher than the others. This type of struc
ture, unlike general non-preemptive GP, cannot accept the 
reasonable trade-offs among these incommensurable devi
ational variables in the objective function after scaling. 

In this analysis, it should be noted that we have to deal 
with this sort of specific problem. Three incommensurable 
goals using temperature, recycling ratio, and the dollar 
sign as units are considered, but no target values related 
to benefit/cost have been determined in advance. The ex
pected achievement of benefit in the system is based on 
the preference of decision makers in the sense that the sat
isfaction of the degree of profit maximization in public 
agencies may not be equal to the aspiration of that in pri
vate agencies in this solid waste management system. Fur
ther, the extra weights are implicitly attached to the goal 
of benefit/cost, since the possible variations of scaled total 
benefit or cost are still expected to be very large while the 
possible changes of temperature or recycling ratio could 
be relatively trivial in the objective after scaling. Hence, 
such implicit preemptive priorities may generate the satis
fying solutions in favor of the goal of economic efficiency 
(i.e., benefit/cost) rather than the goal of environmental 
protection (i.e., recycling and combustion efficiency) in 
such a superficially nonpreemptive structure. But it is not 
clear yet how the severity of this problem is in practice 
since scaling procedure has already improved partial bias 
condition tremendously. Therefore, according to the so
lution output of nonpreemptive structure in the first run, 
several cases are prepared for the direct testing of pre
emptive GP in the second run in this analysis. Streamlined 
solution procedure is then used for solving these models. 
It is expected that the results obtained from the superfi
cially nonpreemptive model and truly preemptive model 



specifying the benefit/cost goal by first priority will have 
the obvious differences in this analysis. 

Besides, it is noted that because GP was not invented 
with the purpose of obtaining nondominated solutions, 
only satisfying solutions can be found. Hence, the solu
tions obtained via the deterministic nonpreemptive GP are 
not necessarily Pareto optimal solution (Romero, 1991, 
Chapter 2). If this is the case, an additional check of 
solution efficiency (i.e., noninferior solution) is needed 
to increase the soundness of the GP approach. A sim
ple test or procedure to check if the solution provided 
by a GP model satisfies the Paretian condition of effi
ciency or noninferiority has already been prepared in the 
literature (Romero, 1991). However, there is no such a 
problem of Paretian condition between fixed goals with 
predetermined target values and imprecise goals with 
only the degree of aspiration or satisfaction since such 
trade-offs are meaningless. Since this analytical frame
work has already inherently created the preemptive pri
ority for the goal of benefit/cost due to the imperfect the
oretical scaling procedure, the Paretian condition is only 
valid with the goals of recycling and combustion tem
perature. It is to be verified that the set of satisfying 
solutions related to each selected recycling profile and 
achieved combustion temperature in different management 
alternatives is unique and efficient because combustion 
temperature can no longer be improved once the recycling 
program has been selected in the final solution. 

Because of the theoretical limitation in scaling procedure 
(Romero, 1991), it is known that the trade-off between eco
nomic and environmental goals is not exact in this nonpre
emptive GP. The emphasis of this research is therefore 
placed upon illustrating a prototype screening methodology 
for solid waste management to facilitate the decision mak
ers working for profit maximization by optimization tech
niques with respect to environmental protection implicitly. 
Satisfying solutions from this nonpreemptive GP models 
associated with proposed management alternatives are 
reviewed for the final suggestion of this analysis. These 
related models can be solved by several optimization 
software packages, such as GINO, MINOS, GAMS, and 
so forth. The GINO software package is finally used as a 
solver. The hardware required is the IBM PC or a machine 
compatible with 486 CPU and microprocessor. 

Model Structures and Related Waste Management 
Alternatives 

In the above model formulation, various management 
alternatives can be expressed without difficulties because 
the cost/benefit terms corresponding to private and pub
lic sectors are defined separately in the objective and goal 
constraints. For instance, if the system is only operated by 
a single agency, the cost/benefit terms defined for different 
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sectors in the objective and goal constraints can be com
bined together. The inclusion of different deviational vari
ables are also related to the different types of management 
alternatives and even the intention of decision makers. For 
instance, it is necessary to include both deviational vari
ables-the slack and surplus one-in the objective when 
the decision maker intends to achieve an exact satisfac
tion of a goal (i.e., an exact achievement of the target). 
In this analysis, if the operating agency, either performing 
collection or the incineration task, is a public sector, the 
objective or achievement function associated with bene
fit/cost expressions should minimize the slack and surplus 
deviational variables at the same time. This means the to
tal benefit is expected to be equal to the total cost. On 
the other hand, if the operating agency is a private sec
tor, the goal of profit maximization can be established by 
the inclusion of only the slack deviational variable with a 
positive sign andlor the surplus deviational variable with a 
negative sign in the objective. If only a slack deviational 
variable with positive sign is considered while the goal 
constraint is formulated by a format of a two-sided goal, 
it is then guaranteed mathematically that the total benefit 
is optimized to reach the total cost as closely as possible 
while a total benefit is higher than the total cost would be 
desirable. Further, if the surplus deviational variable with 
a negative sign is also included in the objective, the total 
benefit is to be maximized by all means in the trade-off 
process. 

It is considered that if an incineration facility is oper
ated by a private sector, the local municipality should sub
sidize such an operation, and the residents' tipping fee 
charged may support financially all or part of such a sub
sidy in a system. If the system components - incineration 
and collection equipment -are operated by a single pub
lic agency, the consideration of such a subsidy could be ex
cluded in the model. In this situation, to compensate the 
government expenditure for solid waste management, the 
tipping fee can be defined as a decision variable in the 
initial model formulation. In the case of having an incin
erator run by a private sector only, both the tipping fee 
and the subsidy can be defined as decision variables in 
the model and the management policy of privatization can 
then be evaluated. If the system is operated by a single pri
vate agency, a reasonable or minimum subsidy might be 
an important message to a decision maker. For this pur
pose, it can be calculated easily through the inclusion of 
a subsidy as a decision variable in the model. Overall, 
whether the tipping fees and/or subsidies should be defined 
as decision variables actually depends on the management 
alternatives, strategies and policies selected by the deci
sion maker in advance. It is believed that different degrees 
of tradeoffs among different goals exist in various man
agement alternatives, although we have perceived that the 
goal of benefit/cost may have a higher weight potentially. 



CASE STUDY 

Application Background 

Tainan City, located in the southern part of Taiwan, is a 
city in which the administrative area is divided into seven 
districts. Each district owns one waste collection team 
which is currently operated by the Bureau of Environmen
tal Protection of City Government. But privatization of the 
business of garbage collection is anticipated in the future. 
Only one incinerator, which is planned to be operated by 
a private sector (i.e., the turnkey bidder), is sited in this 
city and the construction is now in progress. However, var
ious waste recycling programs have been conducted for 
several years, and the ROC EPA will subsidize the City 
Government continuously for promoting such activities. 
On the other hand, the potential hazard of trace organic 
emissions from incineration also results in much concern 
for the public. The current and future management plan
ning alternatives can be fully coordinated, expressed and 
evaluated by the aforementioned analytical framework of 
the GP model. 

The background information of waste generation and 
composition in Tainan City is collected (Chang, 1993). 
Figure 1 illustrates the geographical location and the con
figuration of solid waste management system in Tainan 
City. The required minimum combustion temperature used 
in this analysis is 982°C (1800°F). The average value of 
unit transportation costs is obtained and adjusted for each 
district according to the hauling distance from the district 
to the incinerator. Due to the consideration of equity in 
the efforts of recycling, the maximum recycling ratios of 
paper and plastics attainable in the goal constraints are de
fined by the same numerical values (i.e., 50% for plastics 
and 70% for paper) for all districts. 

In the submodel for estimating the combustion tempera
ture, the equivalence ratio is assumed by 1 : 1.8 (i.e., 80% 
excess air), and there is no preheating consideration. As 
reported by the government agency, the current tipping fee 
is 840NT$/ton which only constitutes 40% of the total ex
pense for solid waste management, and the average oper
ating cost for handling an incinerator is 1000 NT$ per ton 
waste. One notices that both heating value and water con
tent would be changed after recycling. 0.32 is thus chosen 
as the average water content of paper and plastics for the 
subsequent evaluation of the resultant water content and 
combustion temperature after recycling. Based on the mar
ket investigation of secondary material, 1.2 NT$/kg and 2 
NT$/kg are selected as the prices of paper and plastics 
respectively. Besides, the selling price of electricity is 1.5 
NT$/kWh. Hence, the trade-off relationship exists because 
plastic is regarded as a valuable item in both waste com
bustion and recycling by having higher heating value and 
price simultaneously. However, the final recycling profile 
should also be dependent upon several more factors in the 
optimization process, including waste generation and com-
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Legend 
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incinera�or site 

-- city bOWldary of Tainan 

-- administrative boundary 

FIG. 1 THE GEOGRAPHICAL LOCATION 
AND CONFIGURATION OF SOLID WASTE 
MANAGEMENT SYSTEM IN TAINAN CITY 

position, heating value and water content after recycling, 
the level of subsidy for operating an incinerator, the price 
of selling electricity, and the required hauling distance. 

Results and Discussions 

Table 1 illustrates the management alternatives tested in 
this analysis. Only one set of deviational variable (i.e., d"2 
and di) associated with the cost/benefit expressions in the 
objective and goal constraints is included in cases 3-8 be
cause the entire collection, the recycling and incineration 
system is operated by one public or private sector. The 
budget balance and privatization may become the major 
focus in the evaluation process if the tipping fee and sub
sidy are defined as decision variables in these cases. The 
situation in base case, case 1 and case 2 are prepared to 
simulate the current condition, while the testing of cases 
5-8 are organized for the better understanding of the fu
ture situation in Tainan City. Although case 1 is organized 
for the situation in which the incinerator is operated by the 
private sector while the collection duty is performed by the 
government agency, the minimum level of tipping fee and 



TABLE 1 TESTED MANAGEMENT 
ALTERNATIVES IN THIS ANALYSIS 

condition base case 1 case 2 case 3 case 4 case 5 case 6 
collection is operated · · 

by private sector 
incinerator is opera- · · · · 

ed by private sector 
system is operated · · 

by a sin£le company 
collection is operated · · · · · 

by public sector 
incinerator is opera- · · 

ed by public sector 
fixed subsidy for · · · 

incinerator(1500NT$lt) 
subsidy is defined 8S · · 

decision variable 
fixed tipping fee for · · · 

resident (840NT$lton) 
tipping fee is derlDed · · 

as decision variable 
+ d� included in · · · · 

the ob·ectives 
- d� included in · 

the objectives 
+ d2 included in · · · · · · · 

the objectives 
+ dl included in · · · 

e ob' ectives 
+ ds included in 

the ob 'ectives 
· · · 

case 7 caseS 
· · 

· · 

· · 

· · 

· 

· 

· · 

subsidy for keeping the system in operation economically 
can also be evaluated by the same framework in case 
the collection business is operated by another indepen
dent private sector. The management patterns described in 
cases 3 and 4 are exactly the same as the current situation 
in Taipei City, and therefore are also applied for Tainan 
City. 

The satisfying solutions for these nine cases in the non
preemptive GP model can be obtained from GINO out
put directly and are listed in Table 2. It is known that 
the goals of the required combustion temperature (982°C 
or 18000P) and recycling cannot be satisfied simulta
neously in most of the cases because recycling may gen
erate higher benefits, including direct income from sec
ondary material market and indirect saving from haul
ing and treatment. Several cases also show that system 
benefits are nonpositive unless the private sectors partic
ipate in both the collection and the incineration business 
in the sense that privatization is encouraged in such a sys
tem. In cases 3, 4, 5 and 6, the predetermined subsidy 
( l ,500NT$/ton) represents the major income in the bene
fit profile, while the income from power generation is the 
second most important source of total benefit for private 
sector operating an incinerator. This implies that contract 
price is sensitive to a private sector in the process of nego
tiation with local government. It is worthwhile to mention 
that the benefit can be specifically maximized as shown in 
case 8 due to the inclusion of "-dt in the objective when
ever subsidy is defined as a decision variable. Overall, the 
examination in Table 2 shows that the total recycling ratio 
of paper and plastics cannot reach the target values due to 
the negative impact on the heating value. However, differ-
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TABLE 2 SATISFYING SOLUTION OF CASE STUDY 
BASED ON VARIOUS MANAGEMENT ALTERNATIVES 

base case case 1 case 2 case 3 

combustion 962 977 981 982 
temperature(OC) (1763°F) (1790"F) (1799°F) (lSOO0F) 

recycling rate (%) PLi PAi PLi PAi PLi PAi PLi PAi 
East District 00 70 00 0 00 70 17.9 0 
South District 00 70 00 0 00 0 0 70 
West District 00 70 00 0 0 0 00 70 
North District 00 70 00 70 0 0 00 70 
An-Pin istrict 00 70 00 0 0 0 00 70 
An-Nan District 00 70 00 70 00 0 0 70 

entral District 00 70 0 70 aJ 0 00 70 

total recycling 32.3% 19.6% 14.9% 18.9% 
total recycling 70% 30.8% 19.8% 50.2% 
rate of]laper 
total recycling 50% 43.1% 36.7% 19.5% 
rate of plastics 
system benefits 
for collection 704,548 809,965 603,083 1,110,631 
(NT$ldayl 
system costs 
for collection 1,202,034 809,965 813,161 1,110,631 
(NT$lday) 
net system 
benefits for -497,486 0 -210,078 0 
collection 
(NT$lday) 
system benell ts 
for incineration 933,577 503,046 523,235 ----
(NT$lday) 
system costs 
for incineration 448,451 503,046 523,235 ----
(NT$lday) 
net benefits 
for incineration 485,126 0 0 ----

(NT$ldayl 
net system 
benefits -12,360 0 -210,078 0 
(NT$lday) 

tipping fee (NT$/t) ---- 1141 ---- 1,161 

subsic:l,}> (NT$/t) ---- 395 386 ----

TABLE 2 SATISFYING SOLUTION OF 
CASE STUDY BASED ON VARIOUS 

MANAGEMENT ALTERNATIVES (CONTINUED) 

case 4 case 5 case 6 case 7 case 8 

combustion 978 962 994 962 977 

temperature(OC) (1792°F) (1763°F) (1821"F) (1763"F) (1791"F) 
recycling rate (%) PLi PAi PLi PAi PLi PAi PLi PAi PLi PAi 

East District 00 0 00 70 0 0 00 70 00 70 
�uth District 00 0 00 70 00 0 00 70 00 70 
West District 0 0 00 70 0 0 00 70 00 70 
North District 0 70 00 70 0 0 00 70 00 70 
An-Pin District 0 0 00 70 00 0 00 70 00 70 
An-Nan District 00 70 00 70 0 0 00 70 00 0 

entral District 00 70 00 70 0 42.2 00 70 00 70 

total r"".)'Clin-'L 19% 32.3% 4.3% 32.3% 21.1% 
total recycling 30.8% 70% 12.5% 70% 45.8% 
rate of paper 
total recycling 40.9% 50% 3.9% 50% 32.9% 
rate ofjliastics 
system benefi ts 934,924 1,144,598 1,248,611 977,810 6.8x1022 

(NT$lday) 
system costs 1,118,254 977,810 1,235,277 977,810 1,055,713 
(NT$lday) 

net system 
benefits -183,330 166,788 13,334 0 very large 
(NT$lton) 
subsidy -.-. ---- ---- 1,128 1.4><1017 

(NT$lton) 



TABLE 3 SATISFYING SOLUTION BY VARYING 
THE WEIGHT ASSOCIATED WITH REQUIRED 

COMBUSTION TEMPERATURE IN THE BASE CASE 
weight of the goal 

of temperature 15 100 210 :m 
achieved 
combustion 982 982 998 998 
temperature(°C) (1799°F) (1799°F) (1829"F) (l829"F) 

recycling rate (%) PLj PAj PLj PAj PLj PAj PLj PAj 
East District 0 70 0 26.4 0 2.4 0 2.4 
South District 50 70 0 70 0 1.2 0 1.2 
West District 5.9 0 50 70 0 0 0 0 
North District 0 70 50 70 0 1.8 0 1.8 
An-Pin District 50 0 50 70 0 0 0 0 
An-Nan Distric 0 70 0 70 0 2.3 0 2.3 

entral District 0 70 50 70 0 2.3 0 2.3 
total recyelin/! 20.9% 20.1% 0.5% 0.5% 
total recycling 
rate of Daoer 63.2% 57.6% 1.8% 1.8% 
total recycling 
rate of plastics 12.9% 16.0% 0% 0% 
system benefi ts 
for collection 613,041 611,821 496,143 496,143 
(NT$ldav) 
system costs 
for collection 1,326,055 1,348,224 1,571,601 1,571,601 
(NT$lday) 
net system 
benefits for -713,014 -736,403 -1,075,458 -1,075,458 
collection 
(NT$lday) 
system benefi ts 
for incineration 1,055,225 1,061,677 1,255,239 1,255,239 
(NT$lday) 
system costs 
for incineration 497,467 500,741 585,354 585,354 

(NT$lday) 
net benefits 
for incineration 557,757 560,936 669,885 669,885 
(NT$ldav) 
net system 
benefits -155,257 -175,465 -405,873 -405,873 
(NT$lday) 

ent weight distribution among various incommensurable 
goals are existing empirically_ The economic value of re
cyclables in the secondary material market and potential 
saving from hauling and treatment do drive the system into 
a full recycling scenario, as shown in the base case, case 5 
and case 7. This causes the base case minimizes the debt 
and the case 5 maximizes its profit. 

A preemptive structure has to be tested with respect to 
the decision maker's preference in order to compare the 
results with those obtained from above. In a preemptive 
structure, two different level of goals can be clearly dis
tinguished. As mentioned above, the goal of costlbenefit 
can be regarded as the economic goal while the combus
tion temperature and recycling are the goals for environ
mental protection or conservation. The priority of com
bustion temperature and recycling should be arranged in 
the same level because they are interdependent. In other 
words, once the recycling program is selected in the sat
isfying solution, the combustion temperature achieved in 
this analytical framework has no chance to be further 
changed in this case study. In the situation encountered 
here, the goal of costlbenefit must become a redundant 
goal if we emphasize the other goal first since the total 
costlbenefit should be fixed once the recycling program 
has been determined by the higher priority. Therefore, the 
goal of costlbenefit is always arranged by the higher pri-

270 

TABLE 4 SATISFYING SOLUTION BY VARYING 
THE WEIGHT ASSOCIATED WITH REQUIRED 
COMBUSTION TEMPERATURE IN CASE 5 

weight of the goal 1000 1200 l:nl l500 1700 
of tem�ature 
combustion 962 982 962 981 962 

temperature(°C) (1763°F) (1781°F) (1763°F) (1797°F) (1763"F) 
recycling rate (%) PLj PAj PLj PAj PLj PAj PLj PAj PLj PAj 

East District 50 70 50 70 50 70 50 0 50 70 

South District 50 70 50 0 50 70 50 0 50 70 

West District 50 70 50 0 50 70 0 0 50 70 

North District 50 70 50 0 50 70 0 0 50 70 

An-Pin District 50 70 50 0 50 70 0 0 50 70 

An-Nan Distric 50 70 50 70 50 70 50 70 50 70 

Central District 50 70 50 70 50 70 50 70 50 70 

total re<:,}'clinL 32.3% 23.2% 32.3% 15.3% 32.3% 
total recycling 70% 37.3% 70% 17.5% 70% 
rate of paper 
total recycling 50% 50% 50% 40.9% 50% 
rate ofj>lastics 
system benefits 1,144,598 1,186,230 1,144,598 1,216,381 1,144,598 
(NT$ldayl 

system costs 977,810 1,066,916 977,810 1,146,909 1,066,916 
(NT$lday) 

net system 
benefits 166,788 119,314 166,788 69,472 166,788 
(NT$lton) 

ority and the achievement of the goals of temperature and 
recycling are thus subsequently determined subsequently. 
It is verified that such preemptive setting does generate 
the same satisfying solution as shown in Table 2 as ex
pected. But theoretical proof of this phenomenon is left 
to those mathematicians who are interested in the field of 
goal programming. 

Sensitivity Analysis 

Based on the satisfying solution as shown in Table 2, 
sensitivity analysis can be performed and shown by the 
following tables and diagrams. Table 3 shows various sat
isfying solutions by varying the weight associated with the 
required combustion temperature in the base case. It is ob
served that the more emphasis placed upon the combustion 
temperature, the less the material is allowed to be recycled 
in the management scenarios. In order to understand the 
impact of varying the relative weight of temperature goal 
on total recycling ratio in case 5, which might be con
sistent to the future management pattern in Tainan City, 
additional sensitivity analysis is performed and the results 
are listed in Table 3. However, they are quite different 
from the results as shown in Table 2. 

Overall, the actual impact from setting up an impre
cise goal in this model can be detected and evaluated by 
this sensitivity analysis while the system is assumed to be 
operated by a single agency as arranged in case 5. Fur
thermore, the Paretian condition for checking the solution 
efficiency is not necessary here because the unique solu
tion, as shown in Table 4, can never be improved once the 
trade-off between two major goals with equivalent weight 
is finished and the third one with relatively lower weight 
is omitted during the competing process_ 



CONCLUSIONS 

This analysis is significant because of the association 
between engineering considerations and management tar
gets within various types of solid waste management al
ternatives. The satisfying solution and subsequent sensi
tivity analysis account substantially for the interaction of 
combustion temperature and recycling goals in a regional 
solid waste management system. Finally, this case study 
is prepared for the illustration of this model and therefore 
should not be used as a final recommended plan for Tainan 
City. 
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