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ABSTRACT / Conventional solid waste management planning 

usually focuses on economic optimization, in which the 

related environmental impacts or risks are rarely considered. 

The purpose of this paper is to illustrate the methodology of 

how optimization concepts and techniques can be applied to 

structure and solve risk management problems such that the 

impacts of air pollution, leachate, traffic congestion, and 

noise increments can be regulated in the long-term planning 

of metropolitan solid waste management systems. 

Management alternatives are sequentially evaluated by 

adding several environmental risk control constraints 

stepwise in an attempt to improve the management 

strategies and reduce the risk impacts in the long run. 

Statistics associated with those risk control mechanisms are 

presented as well. Siting, routing, and financial decision 

making in such solid waste management systems can also 

be achieved with respect to various resource limitations and 

disposal requirements. 

The risk problems facing society today have many 
characteristics that complicate the application of  formal 
analysis (Merkhofer 1987). The responsibility of  govern- 
ment is to place risk management  policy or regulation 
into perspective (Merkhofer 1987). Therefore,  the re- 
cent trend of  metropolitan environmental resources 
management  has been placed upon the development  
and evaluation of  sustainable management  strategies. 
Although many strategies of  sustainable development 
and management  for a metropolitan region have been 
discussed on various occasions, the array of  hazards or 
risks corresponding to municipal solid waste manage- 
ment is rarely considered and integrated with respect 
to the long-term environmental  impacts. It is recognized 
that someone in charge of  the public service program 
should have the responsibility, authority, and knowledge 
to deal with those environmental  risks reduction issues 
for solid waste management .  

The existence of  environmental  risk sources in a 
metropolitan solid waste management  system does not 
imply the problems cannot  be solved for affected or 
potentially affected parties, but  the situation of  manag- 
ing such a system with multiple risks is considerably 
more complex in practice. In reality, environmental  
risk management  is not  a "zero-tolerance issue" in a 
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sustainable metropolitan region. While the total elimi- 
nation of  environmental risks is impossible, the analyti- 
cal concern actually rests upon  the concept  of  the least 
environmental risk and cost to operate an efficient man- 
agement  system, or an optimal strategy to satisfy both 
environmental  and economic requirements in a man- 
agement  system. Hence, to identify the most useful ana- 
lytical approach, the analyst must clearly understand 
the decision problem from many aspects, including eco- 
nomic, physical, chemical, biological, financial, health, 
and even physiological impacts. Different decision alter- 
natives can be linked with various types of  issues ad- 
dressed in the evaluation process, such that a compara- 
tive risk assessment and management  approach must 
be applied. One useful approach necessary for the devel- 
opment  of  such a conceptual long-term solid waste man- 
agement  framework for comparing decision-making al- 
ternatives is the use of  a mathematical p rogramming 
technique that may serve as a planning tool to simultane- 
ously reconcile the conflicts among  economic,  effi- 
ciency, equity, and environmental  goals. 

It can be seen that the current  status of  solid waste 
removal, treatment, and disposal practices may generate 
environmental  risks in many areas, including traffic con- 
gestion, noise increments, and air and groundwater  
quality impacts. While those environmental  risks simply 

/ cannot  be eliminated, economic/f inancial  justification 
for management  control alternatives of  environmental  
risks is needed.  Hence, the related management  factors 
in decision making may include economic principles, 
environmental  laws, rules, regulations, and other  institu- 
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tional or physical risk control settings. Overall, the insti- 
tutions and mechanisms that have evolved for environ- 
mental risk management  in a metropolitan solid waste 
management  system proposed in this paper are empha- 
sized by first distinguishing various types of risk prob- 
lems. The framework of  risk identification is then pre- 
pared in search o f  the final optimal solution, which is 
synthesized from a series of  sequential combinations 
with several risk assessment approaches in an optimiza- 
tion modeling process. After the proper  integration and 
analysis, the best control mechanism or alternative for 
risk sources that do present actual threats to human  life 
quality a n d / o r  the environment  can finally be selected. 
In addition, for the purposes o f  demonstration, the 
development of  systems, methods,  and programs to 
achieve the strategic objective of  maximum risk reduc- 
tion at minimum feasible cost using a mixed integer 
programming (MIP) model is also described in this 
studv for a typical solid waste management  system in 
the city of  Kaohsiung, Taiwan. 

Methodology 

The overall steps for the implementat ion of  such a 
proposed methodology are first to determine the risk 
sources and related impacts so as to fulfill the primary 
functions of  an environmental  risk identification. Sev- 
eral uniform methods for the measurement  and repre- 
sentation of  each type of  environmental  risk are then 
built up and integrated into the mathematical program- 
ming model to aid in the generat ion of  optimal solid 
waste management  alternatives. The  optimal feasible 
strategies for dealing with assessment and long-term 
management  of  environmental risks can finallv be dem- 
onstrated for those controlling entities that must satisfy 
both the environmental and economic  requirements 
and reduce risks with technological and managerial 
capabilities. Such a quantitative and systematic ap- 
proach may produce a result that allows for comparative 
analysis of  risk management  performance and contri- 
butes to overall credibility of  the environmental  risk 
management  program in a metropoli tan r e , o n .  

Risk Identification and Assessment 

As Corello and Merkhofer (1993) described, risk as- 
sessment is a systematic process for describing and quan- 
tifying the risks associated with hazardous substances, 
processes, actions, or events. In principle, an inventory 
of  environmental risks can be recognized and character- 
ized from six aspects (Wilson 1991): (1) the type of  
environmental risk; (2) the quantity and extent of  the 
risk sources; (3) the identity o f  the control mechanisms 

governing the level of  risk; (4) the current  and future 
condition of  the control mechanisms; (5) the identifica- 
tion of  the transport mechanisms that might operate to 
move the risk from its present position to a position 
where environmental  damage can occur; and (6) the 
quantification of  the likely damage to the targets of  the 
environmental  risk. However, two problems exist in the 
process of  system analysis. First, with respect to the quan- 
titative impacts, more complex issues arise when dealing 
with the adequate expression of  those environmen- 
tal risks in the modeling process. Second, since environ- 
mental risk is substantially influenced by public per- 
ceptions, the potential costs of  the environmental  risk 
liability and the corresponding benefits are not  eas- 
ily defined. However, if a problem cannot  be de- 
scribed with a reasonable degree of  accuracy, it 
cannot  be brought  under  control and managed.  A com- 
promise approach should be applied in the analytical 
procedure.  

The  environmental  risk sources and their distribu- 
tion constitute a complex framework in a solid waste 
management  system. Of  particular concern  in the devel- 
opment  of  a long-term management  strategy are the 
direct and indirect environmental  impacts of  traffic con- 
gestion and noise due to garbage shipping, and air and 
groundwater  pollution associated with incineration and 
landfilting alternatives. The risk assessment methodol-  
ogy for these environmental  risks are approached  
through the development of  an independent  submodel  
related to each type of  environmental  impact in this 
analysis. Subjective j udgmen t  of  the analysts could be 
focused on the selection of  the measurement  of  risk in 
quantitative terms, such as exposure level, impact index, 
assimilative capacity, service quality, etc., in the formula- 
tion of  those submodels. Overall, the violations o f  envi- 
ronmental  tolerance levels on air quality and noise con- 
trol are regulated by environmental  law, while the 
limitations of  impacts on groundwater  and traffic con- 
gestion are identified by expert consensus with a se- 
lected engineering index and road service level, respec- 
tively. Constraints linked with those submodels for 
characterizing the degree of  risk are used in the optimi- 
zation process to describe and quantify the impacts of  
each type of  risk associated with various waste distribu- 
tion alternatives. Five criteria are characterized in the 
model ing process, including logical soundness, com- 
pleteness, accuracy, practicality, and acceptability in 
those constraint formulations. 

Risk assessment of  leachate impact  is the most diffi- 
cult task in this quantitative analysis. Since it is related 
to probability of  failure, dynamic prediction of  leachate 
is necessary in both quantity and quality aspects, as well 
as its adverse effects on human  life or  the natural envi- 



Risk Analysis for Waste Management 67 

ronment.  Specifically, the evaluation of  all environmen- 
tal impacts in a conventional solid waste management  
model could result in an argument  of  the difference 
between perceived and actual risks in the mind of  public 
as well as the units used for economic and environmen- 
tal considerations, because the actual cost borne  by the 
prevention of  such public perception of  the risk is very 
difficult to describe. Hence, no assignment of  dollar 
value of  these environmental  risks is made in this model- 
ing analysis. Only relative trade-offs among various alter- 
natives regarding environmental  risk management  pro- 
grams exist in the optimization process. 

The relative impacts of  these four categories of  envi- 
ronmental  risks in the final optimal solution can then 
be evaluated by sequential inclusion of  each type of  
environmental risk in the constraint set o f a  MIP model,  
but  the priority setting should refer to the public percep- 
tion of  risk in response to those primary concerns in the 
risk communicat ion process. In this analysis, a simple 
survey was made to identify such environmental priorit- 
ies. In general, technological advances may decrease or 
effectively control the air and leachate impacts, while 
the influences of  traffic congestion and noise incre- 
ments must be regulated systematically during the plan- 
ning process. This implies that the adjustment of  traffic 
congestion and noise should be emphasized first in the 
optimization process. As a result, the inclusion of  traffic 
congestion, noise control, air pollution, and leachate 
impact considerations in the conventional planning 
framework is sequentially established in an at tempt to 
improve the environmental  quality from a long-term 
perspective. 

Risk Management in the 
Optimization Framework 

A good management  plan for environmental  risk 
reduction and control turns out to the key to the success 
in modern  solid waste management  systems, but a com- 
parative risk evaluation of  decision-making approaches 
usually requires that alternative approaches first be iden- 
tified and differentiated. As shown in the literature, a 
variety, of  mathematical programming models have been 
applied for identifying solid waste management  alterna- 
tive approaches. Specifically, the MIP models, formu- 
lated for location/allocation analysis, have been widely 
applied for long-term economic optimization of  solid 
waste management  systems. Major contributions were 
established by Marks and others (1970), Helms and 
Clark (1974), Fuertes and others (1974), Walker and 
others (1974), Kfihner and Harrington (1975), Hasit 
and Warner (1981), Jenkins (1982), Gottinger (1986), 
Kirca and Erkip (1988), and Zhu and ReVelte (1990). 

Furthermore,  the fundamental  efforts in combining the 
environmental  impacts into a location/allocation 
model were also presented by Chang and others (1994, 
1995a,b), in which several simulation models were ap- 
plied for the illustration of  different types of  environ- 
mental risks. This analysis serves as a companion  study 
of  Chang's  work to present a new and broader  point  of  
view for solid waste management .  With respect to the 
environmental  risks in such systems, major areas of  sub- 
jective concern related to environmental  quality are 
identified above as traffic congestion, noise increments, 
air pollution, and leachate impact in a growing metro- 
politan region. Enxfironmental risk management  strate- 
gies are therefore generated by the sequential inclusion 
of  traffic congestion, noise control, air pollution, and 
leachate impact in the constraint set to regulate those 
four types of  environmental risks explicitly in a MIP 
model. Once the combination with those risk assess- 
ment  descriptions is established, the MIP model  would 
become explicitly a disciplined method for economic 
and environmental thinking through all management  
alternatives and eventually identify the corresponding 
optimal alternative approach with respect to the alloca- 
tion of  resources necessary to implement  the optimal 
alternative in a solid waste management  system. Detailed 
descriptions of how optimization concepts and tech- 
niques can be applied to structure and solve risk man- 
agement  problems regarding to the control  of  air pollu- 
tion, leachate impacts, traffic congestion, and noise 
increment  in the long-term planning of  Kaohsiung solid 
waste management  system in Taiwan are provided in 
the following sections. 

Optimization Structure 

The MIP model with the framework of  dynamic opti- 
mization is organized in this study for long-term solid 
waste management  system planning conditional on sev- 
eral types of  environmental concerns in the formula- 
tion. The inherent benefits and associated costs for pos- 
sible waste distribution and risk reduct ion alternatives 
are systematically evaluated. However, one major fea- 
ture in the environmental risk management  that is sub- 
stantively different from a regular managemen t  plan is 
that part of  the benefits or impacts are measured in units 
of  risk reduction instead o f  dollars. However, monetary 
units are still used to evaluate system costs and benefits 
for the o ther  objectives, but  the use of  incommensurable  
risk units simultaneously with the dollar value can only 
reflect the relative trade-off in a decision-making prob- 
lem. Nevertheless, this would allow the selection of  an 
optimal strategy for the reduction of  a specific environ- 
mental risk given the existing disposal demand,  eco- 
nomic situation, financial limitations, physical con- 
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straints, and  o the r  local condit ions.  In addit ion,  the 

ent i re  budget ing  task associated with envi ronmenta l  risk 
control  can also be optimally establ ished th roughou t  

the functional  combina t ion  between objective funct ion 
and  constraint  set. The  e lements  in the mode l ing  frame- 
work are de l inea ted  in the next  sections. 

Objective Function 

The  objective function in this mode l  contains all 
re la ted  cos t -benef i t  expressions that are formula ted  for 
calculat ing the d iscounted cash flow of  all quant i f iable  
system benefits and costs over several specific t ime peri- 
ods. In the appl icat ion,  the real d iscounted factor is 
def ined  by the inflation rate and  the nominal  interest  
rate simultaneously to form a set of  realistic d i scounted  
factors in the p lann ing  horizon.  Hence ,  to achieve the 
minimizat ion of  ne t  system cost or  maximizat ion of  ne t  
system benefit ,  the cost e lements  in the objective func- 
tion consist of  initial cost and  long-term control  cost, 
such as total construct ion cost, total t ranspor ta t ion cost, 
total opera t ing  cost, total expansion cost, total recycling 
cost, and so on, while the benefits are descr ibed mainly 
based on the total resource recovery income at each 
t rea tment  or  disposal facility and  total household  recycl- 
ing income.  Possible items of  recoverable resources con- 
s idered  in this model  include paper ,  glass, metal,  plas- 
tics, steam, and electricity. However, indirect  benefi ts  
from resource recovery are not  incorpora ted  in this 
formulat ion because of  the inhe ren t  uncertaint ies  and  
possible incommensurab le  units involved in such ex- 
pressions. In the financial sense, investment decisions 
in a solid waste managemen t  system that  involve large 
capital  expendi tu re  in the long run can be viewed as a 
risk evaluation me thod  for de t e rmin ing  risk rate of  re- 
turn of  both  objective and subjective considerat ions.  

Constraint Set 

The  basic const ra int  set is composed  of  the mass 
balance,  capacity l imitation, opera t ing ,  financial,  site 

availability, and  condi t ional i ty  constraints  that pe r fo rm 
the essential task of  site selection, system opera t ion ,  and  
t ipping fee evaluation in an in tegra ted  system p lann ing  
framework. Those envi ronmenta l  risk constraints em- 

phasized in this model  consist of  the noise control ,  
traffic congest ion,  air  pol lu t ion  control ,  and leachate  
impact  constraints,  which are expec ted  to be influential  
in a risk-neutral p lann ing  scenario.  The  inclusion of  
the p roposed  envi ronmenta l  risk constraints make  this 
mode l  advisable in pursuing the goal of  mul t ipurpose  
envi ronmenta l  risk control.  

In the basic const ra int  set, mass balance constraints 
ensure that all solid waste genera ted  in each collect ion 
district should be sh ipped  to some o the r  t rea tment  or  

disposal componen t s  in the system. Fu r the rmore ,  the 
waste reduct ion  by household  recycling can also be 
taken into account  simultaneously in terms of  the partic- 
ipat ion rate of  residents, the recyclable ratio,  and  the 
compgsi t ion  of waste, but  the recycling potent ia ls  in the 
waste s t ream must be evaluated in advance. In addi t ion ,  

the mass balance constraint  must  ensure  that  the rate 
of  incoming  waste equals the rate of  ou tgo ing  waste 
plus the a m o u n t  deduc ted  in the t r ea tmen t  process for 
every t rea tment  and disposal facility. Any potent ia l  site 
available for transfer, t reatment ,  or  disposal  can be con- 
s idered in this dynamic framework. The  capacity limita- 
tion const ra in t  has to be a r ranged  for compl iance  with 

the t r ea tment  capacity p lanned  dur ing  const ruct ion  and 
expansion.  The  incoming waste s tream load  should  be 
less than,  or  equal to, the max imum allowable capacity 
and grea te r  than, or  equal to, the m i n i m u m  capacity at 
one  site. The  maximum allowable capacity associated 
with each site is l imited by the land area, while the 
mi n i mum capacity, is de t e rmined  by the m i n i mum 
equ ipmen t  size and its economy of  scale for all new 
facilities. Except  for the above considerat ions ,  the op- 
erat ing const ra in t  must be p r e p a r e d  in re la t ion to every 
existing facility to ensure that  the accumula ted  waste 
inflow at each site will be less than,  or  equal  to, the 
available capacity in each p lann ing  per iod.  Once  the 
above basic constraints are cons idered ,  the  in te r tempo-  
ral t rade-off  of  construct ion and la ter  expans ion  of  a 
facility can be established by the condi t ional i ty  con- 
straint, which requires that the init ialization of  a new 
site in a system can only occur  once in a mult istage 
p lann ing  project .  On the o the r  hand,  the site availability 
const ra in t  allows a subset of  the potent ia l  sites be flexibly 
exc luded  for social or  political reasons in a specific t ime 
per iod.  Hence ,  this constraint  can also allow the p l anne r  
to leave out  some of  the potent ia l  sites. For  the purpose  
of  f inancial  p lanning  and evaluation,  f inancial  con- 
straints provide informat ion regard ing  the f inancial  bal- 
ance and  possible user charges ( t ipping fees) for dump-  
ing garbage  and risk reduct ion.  The  evaluat ion o f  the 
possible impact  of  resource recycling can also be made  
th rough  variation of  prices in the secondary  materials  
marke t  in the financial constraint .  

In this study, sequential  inclusion of  env i ronmenta l  
risk considera t ions  is achieved th rough  the combina t ion  
of  traffic congest ion,  noise control ,  air  po l lu t ion  con- 
trol, and  leachate  impact  constraints,  a long with the 
above basic constraint  set. The  degree  of  traffic conges- 
tion is conventional ly classified at six d i f ferent  levels in 
Taiwan, each cor respond ing  to a rat io of  the actual 
traffic flow rate and  the original  des igned  flow rate. The  
allowable traffic flow is thus equal  to the mul t ip l ica t ion 
of  the selected service level and  the des igned  flow rate 
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at the main  ent rance  road  of  each facili W site, but  the 
condi t ion  of  background  traffic flow rate before  the 
inclusion of  the garbage truck stream must be investi- 
gated in advance. The  traffic impacts imposed by the 
opera t ion  of  a solid waste t reatment  facility can then 
be evaluated by convert ing the expected garbage truck 
stream into a consistent  uni t  (i.e., passenger  car unit; 
PCU) so as to compare  with the value of  allowable traffic 
flow rate subtracted by the background  traffic flow rate 
at each site. 

The  increased noise level from a solid waste manage-  
men t  system can be dis t inguished as the simple source 
of  noise (i.e., from t rea tment  and disposal facilities) 
and the line source of  noise (i.e., increased traffic flow 
by the garbage trucks). The  degree  of  noise control  
in a met ropol i tan  region is officially classified at four  
different  levels in Taiwan, in which the unit  used for 
the descr ipt ion of  the noise level is decibel.  In general ,  
dB(A) is used as the abbreviat ion of  decibel  combined  
with a specific weighted me thod  "A weight." Al though 
several formulas  tbr traffic noise impacts have been eval- 
uated in the mode l ing  process, the formula of  l.eq, as 
il lustrated by cumtdative distr ibution,  was chosen in this 
analysis. Only the noise impacts from the traffic flow 
and the background  noise level at each facility site are 
in tegra ted  in a representat ive constraint.  Hence,  formu- 
lation of  the noise control  constraint  by compar ing  the 
aggregate noise levels at a target ne ighbor ing  commu-  
nity close to a facility site with the acceptable noise level, 
based on the governmenta l  criteria or envi ronmenta l  
law, can be achieved. 

In Taiwan, the Air Pollutants Emission Standards  
for Municipal  Inc inera tors  limits the entission rates of  
pollutants  from incinerators ,  while the National  Ambi- 
ent  Air Quality Standards  controls  the ambien t  po l lu tan t  
concent ra t ion  in the su r round ing  environment .  How- 
ever, once compl iance  with the Air Pollutants Emission 
Standards  for Municipal  Incinerators  has been  deter-  
mined,  compl iance  with National  Ambient  Air Quality 
Standards must  be demons t ra ted .  Hence,  this analysis 
regulates the ambien t  air quality, l imitations to evaluate 
the marginal  air pol lu t ion  impact  by the inclusion of  
the new incinerators.  A modif ied  Gaussian diffusion 
model  for long-term p lann ing  is selected to de t e rmine  
the value of  the transfer coefficient co r respond ing  to 
the p r e d e t e r m i n e d  most  sensitive receptor  in the sur- 
round ing  area  of  a new incinerator .  The  p roposed  trans- 
fer coefficient is descr ibed as a function in terms of  wind 
speed,  dis tance between emi t te r  and receptor ,  effective 
stack height ,  diffusion coefficient in air, and  half-life 
and decay rate for pollutant .  The  mult ipl icat ion of  flue 
gas flow rate, emission factor, and  transfer coefficient  
in the const ra int  therefore  assures that the more  solid 

waste hand led  at an inc inera t ion  site, the grea te r  the 
amount  of  air pol lut ion in a region.  This may also yield 
the maximum allowable emission rate for a specific in- 
cinerator,  given the maximum,  annual  average, ground-  
level, ambien t  concentra t ions  at a specific receptor .  The 
pollutants  considered in this analysis are total sus- 
pended  solid (TSP) and sulfur d ioxide  (SO~) since the 
impacts of  these two pol lutants  become critical in the 
Kaohsiung metropol i tan  region.  Othe r  pol lutants  can 
also be inc luded  in different  scenarios. 

In a solid waste m a na ge m e n t  system, combust ion  ash 
and raw garbage are the two major  inflows to sanitary 
landfills, yet they produce  dif ferent  impacts due  to dif- 
ferent  leachate  characteristics. Residue ash contains  a 
more  concen t ra ted  mix of  metals per  uni t  weight,  a by- 
produc t  of  h igh- tempera ture  combust ion,  while the raw 
garbage produces  high organics-containing leachate  in 
landfills. In this analysis, the lead impact  is selected 
for the comparat ive risk assessment. The  difficulties in 
formulat ing such a const ra int  with h igher  pa rame te r  
uncertaint ies  and the lack o f  a comprehens ive  impact  
index make this constraint  only advisable for risk assess- 
ment.  In search of  several re la ted  impact  indices in the 
l i terature,  a specific impact  index  (i.e., the BNR index) 
is finally selected as the representat ive index  (Short  
1986). BNR is the abbreviat ion of  "base numer ica l  rat- 
ing," which is an analytical index for measur ing  pollut- 
ant  pene t ra t ion  ability in an unsatura ted zone. This 
index is a function of  pol lu tant  concent ra t ion  after as- 
similation in the unsaturated zone unde r  a cer ta in  geo- 
chemical  e m i r o n m e n t .  Thus, the intrinsic mean ing  of  
the risk score associated with BNR is de f ined  as an 
impact  index derived for di f ferent  pol lutants  p corre- 
sponding  to each ty, pe of  incoming  waste s t ream at a 
specific t ime per iod in a des ignated  landfill .  Adding  
such an index here  would reflect the associated risk 
genera ted  by the metal impact  of  the ash s t ream and 
the organics impact  of  the raw garbage s t ream in the 
system. It is thus noted that  the waste stream dis t r ibut ion 

can be a l te red  in the opt imizat ion process by such an 
addi t ional  impact  considera t ion in the cons t ra in t  set. 
The  model  formulat ion is i l lustrated in the next  section 
and the major  variables are def ined  in A p p e n d i x  1. 

MIP Model Formulation 

The objective function is fo rmula ted  for calculat ing 
the d iscounted  cash flow of  all quant if iable  system bene- 
fits and costs over time. Discounted factors are equiva- 
lent  to an economic  ad jus tment  and provide the net  
system value for decision making.  Hence,  the real dis- 
counted  factor is def ined simultaneously by the inflation 
rate (f) and  the nominal  interest  rate (r), which is de- 
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noted as 131 {=[(1 + f ) / ( 1  + r)]'-'}. The expression of  
the objective function is: 

T 

Minimize Z 131(Q - BI) 
t=l 

The cost componen t  (Q) consists of: 

total transportation cost = Z [C7)ISjkl] 

(j,k)EIj~k 

total construction cost = Z [ CC,~DC, I + Fk, Ykl] 
~qy~i 

~ ~/yl u k~-~ ) (j,k)e/I 

total expansion cost = Z [ C,E~IVFXPk,] 
kEqy~u~'? 

total recycling cost = Z TI~ICR~I 
iER 

Tbe only two benefit components (B i) considered 
here are: 

total resource recovery income at the facilities 

: - -  Z 2 Z 
iER kE(MUk4U]4) (j.k)El 1 

total household recycling income 

8~VIUK 1 ) )ER 

In the expression, set subtraction is represented by 
the notation o f  a backslash ('x). The total transportation 
costs are expressed as linearly proport ional  to unit waste 
loading. As usual, a fixed charge structure is employed 
in the formulation of  total construction cost. The aver- 
age operating cost is assumed to be a constant. The 
term of facilities expansion cost does not have a fixed 
charge; hence, only the variable cost is included. The 
possible recoverable resources (i.e., material and en- 
ergy) consist of  paper, glass, metal, plastics, steam, and 
electricity. However, part of  these recyclables cotfld be 
picked up directly at households or  other  places rather 
than in treatment plants. Thus, a separate term, corres- 
ponding to the income from household recycling, is for- 
mulated. Since recyclables may not  always have economic 
value in the secondary materials market; the plus /minus  
sign is therefore used in these benefit expressions. Next 
the constraints are discussed sequentially. 

Mass Balance Constraint 

Point source. All solid waste generated in the collec- 
tion district should be shipped to other  treatment or  
disposal components .  Furthermore,  the waste reduction 

by household recycling can be taken into account  in 
terms of  the participation rate of  residents, the recycla- 
ble ratio, and the composition of  waste. Recycling poten- 
tial must be evaluated in advance, and the impact  on 
system operations can be shown by including the follow- 
ing constraints. 

S,,, = G,(1 - eq,) Vi E (J] O K,), Vt E T' 
kE (p]1U K',K i ) 

OLit : Z OLiR V i E  (j~ U K~), Vt E T'  

0 -< cr <_ cci~ ........ V i  E (J, U K,), Vj E R, Vt E T' 

7"P~, 

/E (11 UKI I 

Vt E 7" 

System facility. For any system component ,  the rate 
of  incoming waste must equal the rate of  outgoing waste 
plus the amotmt  deducted in the t reatment  process. 

Z Sj,,(I- R,) = Z S,j ,  V k E M .  V tE  T' 
(j.k)EI I ik.~E(, 

Capacity Limitation Constraint 

The treatment capacity, p lanned during the proce- 
dure of  construction and expansion should be less than, 
or  equal to, the maximum allowable capacity and 
greater than, or  equal to, the min imum capacity on 
one site. 

New facility. In the following expression, the binary 
integer variable is combined with the upper  or  lower 
bound  of  capacity such that the site selection can be 
performed by the binary choice of  its value "one or 
zero," which corresponds to the "inclusion or exclusion" 
of  design capacities in the constraint and related cos t -  
benefit terms in the objective function. The period o f  
facility initialization is denoted by the symbol y, that can 
avoid distortion of  the later expansion schedule. 

T T 

Z DC~ >-- MI% Z Yk>. 'v'k E Or~) 
y=l ~=1 

T 

DCk, + Z NEXP~, <- 3,L4XkY~ 
/=y+l 

! 

Z NEXP~. = TEXPk, 
y=2 

Vk E (/~), Vy E (1, T -  i) 

Vk e (J~), Vz e T' 
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ota facimy. 

T 

DCk + ~ 7"FXPk, -< MAX~ 

t =  I 

vk  �9 ( KXK,) 

Operating Constraint 

The accumula ted  waste inflow at each site should  be 
less than, or  equal  to, the available capacity in each 
p lanning  per iod.  

New facility. 

7"IJV~" (2 ) (DC, y + Z NEXPk' ') >- ~ S,,, 
~= I t= y+ I ( j .k lE  I I 

V k ~  Uy,), Vt' e T' 

Old facility. 

7"IME DQ + TEXP~, >- Z &,. 

= (j, k l E I  I 

Vk E (KkK~), Vt' E T' 

Conditionality Constraint 

The condi t iona l  constraint  ensures that the initializa- 
tion of  a new site in a system can only occur  once in a 
multistage p lann ing  project .  

7 

~, h , -  < ~ v k ~  qY,) 
t =  1 

Site Availability Constraint 

This const ra in t  can also allow the p lanner  to leave 
out  some of  the potent ia l  sites. 

Z Yk'--< N' V t � 9  T' 
~eqy 0 

Financial Constraint 

The key po in t  in the formulat ion is the use of  an 
inequali ty ra ther  than an equality, constraint.  If the 

equality constraint  holds,  the solution will show that  
there  will never be profits in opera t ing  these facilities 
in each per iod ,  and the accumulated  income will be 

used up through the bui ld ing of  extra t r ea tmen t  capac- 
ity which is of  no use in that  period.  

C, < - B,+ TIP,( Z Gi,) 
\ iE { Ki k~[ I ) 

V t ~  T'  

Traffic Congestion Constraint 

The degree  of  traffic congest ion is conventional ly 
classified at six different  levels, each co r re spond ing  

to a condi t ion of  the traffic flow rate relative to the ori- 
ginal designed flow rate. Hence ,  SLq, represents  the 
selected service level of  traffic flow at d i f ferent  faci- 
lity sites. The  allowable traffic flow is thus equal to 
the mult ipl icat ion of  the selected service level and 
the designed flow rate at the main en t rance  road  (C,j,) 
is the average value of  background  traffic flowrate 
before the inclusion of  the garbage truck stream. It 
is known that the unit  used to express "C0, and  ~j, 
is the passenger  car unit  (PCU). Hence,  the traffic im- 
pacts created bv the opera t ion  of  solid waste t rea tment  
can be expressed by convert ing the garbage  truck 
stream, as def ined in the parentheses  below, into a con- 
sistent unit  (i.e., PCU) by mult iplying a convers ion fac- 
tor, CLI. 

cu I Z 
L i E ( ] I U K  I t . lE l  

_ _  

Vie (J~J, U Kq~,), Vt e T' 

Noise Control Constraint 

The major  sources of noise in a typical solid waste 
m a n a g e m e n t  svstem can be classified as the  simple 
source of  noise (i.e., from t rea tment  and  disposal  facili- 

ties) and  the line source of  noise (i.e., increased  traffic 
flow by the garbage trucks). The  former  can be proper ly  
cont ro l led  by engineer ing  technology,  but  the  lat ter  has 

to be regula ted  in the opt imizat ion process. Al though 
the level of  noise, its characteristics, and  the cri teria 
used to assess the noise impact  differ from one  environ- 
men t  to another ,  the me thod  of  doing  so is similar. In 

general ,  the equivalent noise level (L~q) is the most 
prevalent  approach  used for the evaluation of  traffic 
noise impacts.  Ila Taiwan, the degree  of  noise control  

in a met ropol i t an  region is classified at four  different  
levels, and  the unit used for  the descr ip t ion  o f  noise 
level is dB(A).  An empir ical  model  for noise  impact  



72 N.-B. Chang and S. F. Wang 

assessment is independently developed by the authors, 
as illustrated below: 

NL = cl + c.., In F -  D and 

F= CU Sij, + P i + Ei, 

L iE /1 L/Kll./EL 

in which F is the noise impact created by the garbage 
truck fleet at the main entrance road of  each treatment 
and disposal facility; q and q are regression coefficients; 
and D is the spatial decay constant, an empirical number  
based on the local situation. The  aggregate noise levels, 
at the most sensible neighboring community, a round 
the facility site, can then be calculated and compared 
with the acceptable noise level (NL) in the environmen- 
tal regulations. Background noise level (NB) should be 
taken into account. Temporal  variations of  noise are 
considered and evaluated through the integration of  
the noise impacts from those additional sources of  waste 
shipping plus the background level around the desig- 
nated community in each independent  noise control 
area. Therefore,  the whole constraint formulation is: 

L W 
<- NI . , -  NBj Vj, V t E T'  

Air Pollution Control Constraint 

In Taiwan, air pollution from municipal incinerators 
is regulated under  the Air Pollutants Emission Standards 
for Municipal Incinerators and National Ambient Air 
Quality Standards. While the maximum allowable emis- 
sion rates for criteria pollutants are handled in the for- 
mer  standards, the maximum concentrations (i.e., parts 
per million or micrograms per cubic meter) of  certain 
pollutants in the surrounding environment  are speci- 
fied in the latter. Hence, this analysis considers ambient 
air quality limitations for several pollutants at a set of  
prespecified sensitive area in Kaohsiung City. The con- 
straints formulation are described below: 

f [ E E ( Sjj'FGR ENt'A*") <- Sp, - B,,t,, 

L 
Va, Vp ~ P, Vt E T' 

A,. is the transport and transformation factor that is 
dependent  on the stability, wind speed, distance be- 
tween emitter and receptor, effective stack height, diffu- 

sion coefficient in air, and half-life and decay rate of  
pollutant p (Wang and others, 1979). f '  is a conversion 
factor regarding the time scale difference between the 
units of  emission factor (FN~) and National Ambient  
Air Quality Standard (Sp,). FGR is the flue gas product ion 
ratio, based on burning one ton of  solid waste in the 
incinerator. The multiplication of  FGR, ENp, and A,, 
assures that the more solid waste handled at an incinera- 
tion site, the greater the amount  o f  air pollution in a 
region. The left-hand side constraint formulation may 
yield maximum ground-level ambient  concentrat ions 
at a set of  receptors surrounding the municipal waste 
combustors for air pollution assessment. The variable 
B,p, in the right-hand side of  the constraint serves as an 
input variable to show the background concentrat ion 
of  air pollutant p at the location o f  a specific receptor  
a. To determine the value of  Ak,, the long-term diffusion 
equation for a decay pollutant (nonconservative pollut- 
ant) at ground level and at the centerline of  the plume 
may be arranged as (Wang and others 1979): 

C(x) = 2q exp exp ( -k t )  = qA,. 
,1T ~ C 2  x 2 -  " 

in which C(x) is the aggregate ambient  air pollutant 
concentrat ion (l~g/m :~ or ppm);  u is the average wind 
speed; H, is the effective height of  plume release corre- 
sponding to the wind speed u; k(t -I) is the first o rder  
reaction rate (=0  if the pollutant is conserved); t is 
reaction time; q is emission rate o f  particular air pollut- 
ant from the stack of  incinerators; C=' is the isotropic 
diffusion coefficient; and n is the stability parameter.  

Leachate Impact Constraint 

The BNR index is a function of  pollutant concentra-  
tion after assimilation in the unsaturated zone under  a 
certain geochemical  environment.  Thus, BNl~,pt is de- 
fined as the impact index derived for different pollut- 
ants p corresponding to each t)~pe of  waste stream distri- 
bution in a specific time period. Adding such an index 
here would reflect the associated risk generated by the 
metal impact of  the ash stream and by the organics 
impact of  the raw garbage stream in the system. It is 
worthwhile to observe that the waste stream distribution 
could be altered in the optimization process by such 
an additional impact consideration. Therefore,  in the 
constraint formulation, these BNR indices, multiplied 
by corresponding waste stream in the network, consti- 
tute the total impact at landfill over the project life. The  
right-hand side value of  LIMIT, represents the limited 
tolerance o f  all pollutants from leachate considered at 
landfill site k in the planning horizon in case the leaking 
event occurs. Because there is no professional consensus 
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on the impact  l imitat ion (LIMITk), this value could  be 
de t e rmined  by the simulations. 

E E E (BNl~kt"Sik') <- LIMI'I'k Vk E (K~ Uj~) 
f ([.k)El[ [~ 

The  BNR index,  as formula ted  in the above const ra in t  
formulat ion,  is derived from a general  t ransport  equa- 
tion (i.e., a differential  material  balance equat ion) ,  de- 
scribing the concent ra t ion  of  the pol lutant  as a function 
of  both dep th  in the soil and time (Short  1986). Tha t  is: 

3C,, 3~ 5 ~, pOC,, p.,C,, p 
3---[ = D,,--~ - V,, Oat - -~ Ix,C, 

where V, is the constant  speed of  flow throngh the soil; 
C,, is the concent ra t ion  of  pol lutant  in leachate th rough  
the soil; C, is the concent ra t ion  of  pol lutant  in the soil 
phase; /9,, is the dispersion coefficient; Ix,, is the first- 
o rde r  degrada t ion  constant  in the aqueous phase; IX, is 
the first-order degrada t ion  constant  in the soil phase; 
x is the vertical dep th  from the bot tom of  the landfill  
site; p is the bulk density of  soil; and 0 is the volumetr ic  
water conten t  of  the soil. 

Based on the assumption of  the equality between Ix, 
and p.,, Short  (1986) computed  an estimate o f  X, the 
depth  the chemical  will pene t ra te  below a landfill  at 
concentra t ion in excess o f  the detect ion limit G,t: 

The BNR is def ined  in terms o f  the depth  of  pene t ra t ion  
X dur ing the assimilation process such that when X 
equals the depth  of  unsa tura ted  zone Z, the BNR equals 
100. Thus for each pol lu tant  p considered in the corre- 
sponding  waste stream from place j to k at t ime pe r iod  
t, it yields: 

\ --Z! RZ In c,,,. 

in which Cm. is the analytical detect ion limit for the 
pollutant;  C~ is the steady state concentra t ion of  pollut- 
ant  p in the leachate;  R is the re tardat ion factor; 7]/,., is 

half  reaction t ime of  pol lu tant  p, and IX is the f irst-order 
degradat ion  constant  of  pol lutant  p in the unsatu- 
rated zone. 

Case Study 

A significant improvement  is ant icipated by basing 
the reduct ion of  risk for a given real-world solid waste 
managemen t  system in which the strategic m a n a g e m e n t  
plan would actually be associated with the numer ica l  
response act ion of  the inclusion of  major envi ronmenta l  

Figure 1. The geographical location of the solid waste man- 
agement system in Kaohsiung City. 

risks. A case study in Kaohsiung City is thus p repa red  
as a numerica l  illustration to demons t ra te  the effective- 
ness of  managing  environmenta l  risks in a met ropol i t an  
solid waste management  system. 

System Environment of Kaohsiung City 

Kaohsiung Cib', located beside Kaohsiung harbor ,  is 
the largest city in the southern  par t  of  Taiwan. The  
geographica l  location and its solid waste m a n a g e m e n t  
system configurat ion are shown in Figure 1. Twelve gar- 

bage collection teams are in charge of  the clean-up work 
in the I1 administrative districts. Only the Sanming  
district has two collection teams, and  the service area 
is separa ted  east to west divisions. The  only existing 
landfill  is the Shichinpu landfill,  located at the nor the rn  
bounda ry  of  Kaohsiung. The  t ranspor ta t ion  to Chichin 
mainly relies on an u n d e r g r o u n d  tunnel  across the bot- 
tom of  the harbor  connec t ing  with the downtown area 
o f  Kaohsiung City. Th ree  candida te  si tes---Fuhdingjin,  
Nantzu,  and  T a l i n p u - - a r e  p l anned  for future  resource 

recovery plants. Three  possible sites for two new transfer 
stations. (Tsoying and Chienchen)  and  one new landfill  

(Tapindin)  were selected in the pre l iminary screening,  
but  uncertaint ies  still exist in the p r o c u r e m e n t  of  the 
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Table 1. Simulation scenarios 

Base Case 1 Case 2 Case 3 Case 4 Case 5 

Traffic congestion V " V 
Noise control g g 
Air quality V V 
Leachate impact V V 
Total cost 3.98 5.45 4.12 4.16 4.43 5.81 

(1992-93 billions NT$) 

~V represents the inclusion of this evaluation option. 

Table 2. Optimization results of case 5 

Incinerator Transfer stadon Landfill 

New sites included Nantzu Tsoying Tapindin 
Fudingjin Chienchin 
Talinpu 

Initialization period 2 2 2 
2 2 
2 

Design capacity (TPD) 300 122 30 
768 182 
3OO 

Total expansion capacity (TPD) 56 110 576 
0 0 
0 

Tipping fee (NT$/ton) 
period 1 944 
period 2 954 
period 3 0 
period 4 0 

Recycling (ton/period) 
period 1 1072967 
period 2 1196322 
period 3 1345927 
period 4 1507443 

land and the ag reemen t  of  local residents.  The  Schi- 
ch inpu  landfill  is expec ted  to be closed in 1995, but  it 
was expanded  due  to the lack of  o ther  disposal alterna- 
tives in the current  solid waste managemen t  system. 

Analytical Framework 

In this analysis, a hypothet ical  20-year project  with 
four t ime per iods  is conduc ted .  The  start-up year is 1993, 
when the system has only one landfill. The  Shichinpu 
landfill  is expected  to be e x p a n d e d  and cont inuously 
used until  the ear  2003 (i.e., the end  of  second time 
per iod) .  The  start-up date  of  opera t ion  of  the Tap ind in  
landfill is assumed to be at  the beg inn ing  of  the second 
t ime per iod.  The  Chichin  transfer station, which only 
serves the Chichin district,  is r egarded  as a po in t  source. 
Construct ion or  expans ion  of  any facility is to be com- 
p le ted  within the previous t ime period.  Hence,  the use 
of  any facility in the dynamic  opt imizat ion process repre-  

sents the start-up date of  its opera t ion ,  whenever  invest- 
ments  are incurred.  Therefore ,  the potent ia l  facility of  
transfer  stations and incinerators  can be cons idered  in 
the system opera t ion  after the beg inn ing  o f  the second 
time per iod.  The  candidate  sites for transfer stations 
are p r e p a r e d  for shipping raw garbage  only. 

Data Acquisition and Analysis 

In the objective function, the construct ion cost func- 
tions are derived based on a thorough  eng inee r ing  sur- 
vey in Taiwan. Facility expansion costs are assumed the 
same as the variable costs in these der ived const ruct ion 
cost functions.  Fur thermore ,  economic  and  physical fac- 
tors, such as the prices of  electricity and secondary  mate-  
rials, recycling cost, opera t ing  costs, t ranspor ta t ion  
costs, interest  rate, inflation rate, waste reduc t ion  ratio, 
conversion efficiency, and  so on, need  to be d e t e r m i n e d  
in advance. On  the o ther  hand,  a lot of  pa r ame te r  values 
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Figure 2. Optimal waste flow pattern in base case (unit: tons 
per day). 

Figure 3. Optimal waste flow pattern in case I (unit: tons 
per day). 

in the constraint  set also have to be dec ided  in advance. 
For  example,  the spatial and time variations in both 
waste genera t ion  and composi t ion have to be investi- 
gated and appl ied  in the mass balance constraints.  The  
max imum capacities of  incinerators,  transfer stations, 
and  landfills must  be dec ided  for the capacity l imitat ion 
constraint.  In the traffic congestion constraint ,  a selec- 
t ion of  traffic service level in advance is required.  How- 
ever, different  traffic service levels might  be selected 
for different  types of  case study. Investigations of  the 
background  traffic flow over t ime per iods  were also 
assumed. The  requ i red  noise control  level can be deter-  
mined  according to bo th  envi ronmenta l  law and govern- 
menta l  regulat ion and  used as the r ight-hand side values 
in the noise control  constraint.  In addi t ion,  p a r a m e t e r  

values related to meteorological ,  geochemical ,  and  geo- 
graphical  condi t ions  in both  air pol lu t ion  and leachate  

impact  control  constraints also need  to be p r e p a r e d  
before  per forming  the mode l ing  analysis. 

Results and Discussion 

The final managemen t  scenarios are classified into 
six cases, which co r respond  to the base case without  
consider ing any risk reduct ion  program,  each indepen-  
den t  considera t ion of  those four  types of  envi ronmenta l  
risks, and  the gross cons idera t ion  of  the whole spect rum 
of  environmenta l  risks. Table  1 explains the simulat ion 
scenarios, which shows the effort  of  the stepwise testing 
from case 2 to case 5 associated with their  risk control  
costs in the optimal risk cont ro l  action. Apparent ly ,  the 
control  cost for the max imum reduct ion  of  envi ronmen-  
tal risks in case 5 reaches the  highest  level. The  results 
of  case 5 for long-term p lann ing  within the 20-year plan- 
ning hor izon are therefore  listed in Table  2. It is evident  
that  all of  the candidate  sites are inc luded  in the final 

opt imal  solution in o rde r  to decentra l ize  the waste distri- 
but ion as well as result in the m i n i m u m  exten t  o f  corre- 
spond ing  environmenta l  impacts.  For  the purpose  of  
deta i led illustration, Figures 2 -7  show the opt imal  waste 



76 N.-B. Chang and S. F. Wang 

Figure 4, Optimal waste flow pattern in case 2 (unit: tons 
per day). 

Figure 5. Optimal waste flow pattern in case 3 (unit: tons 
per day). 

management  patterns corresponding to the base case 
and cases 2-5, as defined in Table 1. While only partial 
sites are included in the optimal solution in several 
cases, the degree of  control  of  environmental  impacts 
can therefore be calculated compared  to the relative 
performance in the base case. Therefore,  Figures 8-10 
explain the results of  comparative impacts for the envi- 
ronmental  risk control associated with traffic, noise, and 
air pollution impacts at three incineration sites, whereas 
Figure 11 illustrates the control of  leachate impact at 
landfill sites. It is observed that the depression of  traffic 
flow at the Nantz incineration site is optimized due to 
its higher background noise level, while the reduction of  
air quality, impact is achieved at the Talinpu incineration 
site because of  the relatively larger background concen- 
tration. A relative trade-off between lead and organics 
impacts exists, as indicated by Figure 11. The informa- 
tion of  the effectiveness of  each risk control action re- 
veals the intrinsic meaning  of  cost-benefit  analysis. 

Final Remarks 

Various types of  risk management  scenarios have 
already been compared  in terms of  their underlying 
environmental  impact rationales within the standard 
procedure  of  optimization modeling. A useful way of  
conceptualizing these comparisons is in the form of  
related figures and tables, as indicated above, that rela- 
tively express the potential application to different kinds 
of  risk problems. Although an evaluation of  the various 
approach categories in terms of  those four environmen- 
tal risk constraints may provide some idea of  how well 
each performs in practice from cost-benefit  and risk 
prevention perspectives, it does not  explicitly indicate 
which to choose. All management  decisions would result 
in a distribution o f  benefits and burdens. It is the respon- 
sibility of  the decision makers to select a final risk control  
program. In the decision-making process, a fundamen-  
tal criticism may arise from several aspects, including 
the impossibility of  finding a socially optimal decision 
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Figure 6. Optimal waste flow pattern in case 4 (unit: tons 
per day). 

Figure 7. Optimal waste flow pattern in case 5 (unit: tons 
per day). 

rule, decompos i t ion  of  a large-scale svstem inhe ren t  
incompleteness  of  model l ing,  and  inability, to account  
for the indi rec t  cost-benefi t .  In particular,  long-tertn 
cos t -benef i t  analysis has been most subject to criticism 
concern ing  its dis t r ibut ional  equity and in tergenera-  
tional concerns.  In addi t ion,  susceptibility to manipula-  
tion of  the assessment procedure ,  modell ing,  and  analy- 
sis, as well as the possible misuse and mis in terpre ta t ion  
of  analytical results will result in distort ion or  bias of  
the final actions for envi ronmenta l  risk management .  

Conclusion 

This analysis provides guidance  to those par t ic ipat ing 
in comparat ive risk assessment projects for met ropol i t an  
solid waste m a n a g e m e n t  systems. The  comparat ive  risk 
framework and mechanics  have been  appl ied  in the city 
of  Kaohsiung, Taiwan. Because of  its b road  under ly ing  
scope to establish an analytical goal for solid waste man-  

Figure 8. The results of comparative impacts for environmen- 
tal risk at the site of Nantzu incinerator. 

agement ,  such a p rob lem canno t  be solved without  ad- 
dressing o the r  economic and  social issues except  those 
envi ronmenta l  concerns.  It is shown that  the  under ly ing 
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risk communica t ion  ~dth the public  to create  grea te r  
under s t and ing  of  the size of  a risk before  and  after  
control  actions. 

Figure 9. The results of comparative impacts for environmen- 
tal risk at the site of Fudingdin incinerator. 

Figure 10. The results of comparative impacts for environ- 
mental risk at the site of Talinpu incinerator. 

Appendix 1: Notation in the MIP Model 

Definition of Sets 

I set of  l inkages between system componen t s  in 
the t ranspor ta t ion network in each pe r iod  

It set of  incoming  waste stream at a specific site in 
each pe r iod  

/.., set of  ou tgoing  waste stream at a specific site in 
each pe r iod  

J set of  all new system componen t s  

(/~ U J~ U J, U J3 in each pe r iod  
J~ set of  allnew waste genera t ion  districts (po in t  

sources) in the system 
J, set of  all new waste transfer stations in the  system 

in each per iod  
J~ set of  all new waste t rea tment  plants in the sys- 

tem in each per iod  
J~ set of  all new waste landfills in the system in each 

per iod  
K set of  all old system componen t s  

(Kl U ~ U K~ U K~) in each pe r iod  
K~ set of  all old waste genera t ion  districts (po in t  

sources) in the system in each pe r iod  
K.., set of  all o ld  waste transfer stations in the system 

in each per iod  
h:~ set of  all o ld  waste t rea tment  plants  in the system 

in each per iod  
/~ set of  all o ld  waste landfills in the system in each 

pe r iod  
L set of  types of  trucks used for shipping waste in 

the system 
R set of  resources recovered at facilities and  

households  
T '  set of  t ime pe r iod  ({1 . . . . .  7"}) 
M set of  all in termedia te  facilities in each pe r iod  

Figure 11. The comparative result ofleachate impacts at land- 
fill site. 

driving forces in the MIP mode l  can automatically gen- 
erate the opt imal  strategy or  at least an acceptable alter- 
native for both  objectives o f  economic  and environmen-  
tal optimization.  T h e  ou tcomes  can also be used for 

Definition of Input Variable 

T the n u m b e r  of  total t ime per iods  in the  plan- 

ning horizon 
Gi, waste genera t ion  late  in munic ipa l  distr ict  i at 

t ime t 
C~,, uni t  t ransporta t ion cost a m o n g  system compo-  

nents  at t ime per iod  t 
COk, uni t  opera t ing  cost at facility k at time pe r iod  t 
CCkt variable construct ion cost at facility k at t ime 

pe r iod  t 
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F,, 

Zk, 

R~ 

MAX, 
MINk 
N, 

TIME 

r 

f 
II~j, 

Pikt 

OL qt.max 

CU 

Ci, 

V,i, 

SL,j, 

BNl~kp, 

LIMIT, 

Ak~ 

f '  

FGR 

&p, 

recycling cost of material i at time period t 

fixed cost for bui lding new facility at site k at 

time period t 

recovery factor of resource i per uni t  waste pro- 
cessed at facility k at time period t 

reduction ratio of aste destroyed by the pro- 

cessing at site k and time t 

the maximum allowable capacity at site k 

the m i n i m u m  required capacity at site k 

the specified n u m b e r  of available potential sites 

in a time period 

the length of time within one time period t 
(conversion factor) 

discount factor for time period t 
nominal  interest rate 

estimated inflation rate 

net income per uni t  weight of secondary mate- 

rial j by household recycling in district i and at 
time period t 

the price of each resource is recovered at site 
k at time period t 

maximum fraction of recyclables which can be 

recovered in the waste stream, G, 
the conversion factor between the garbage 
truck uni t  and passenger car uni t  

the maximum designed traffic capacity on the 

main ent rance  road at each facility at time pe- 
riod t 

the average background traffic flow on the 

main ent rance  road at each facility at time pe- 
riod t 

the allowable weight loading of different types 
of trucks 

required service level of main road connec t ing  

different system components  at time period t 
base numerical  rating of pollutant p in  the waste 

stream from j to k at time period t 
total tolerance of pol lutant  p in the incoming  

waste stream at landfill k 

the transport  and  transformation factor corres- 

pond ing  to the linkage between plant  k and 
receptor a 

a conversion factor regarding the time scale 

difference between the units of emission factor 

(FNp) and National Ambient  Air Quality Stan- 

dard (Sp,) 

the flue gas product ion ratio, based on bu rn ing  

one ton of solid waste in the incinerator  
the background concentrat ion of air pol lutant  

p at the location of a specific receptor a at the 
time period t 

spatial decay constant  at site j, based on the 
local situation 

NB, 

Slkl 

Y~, 

DG, 

NEXP~, 

7"F XPk, 

G,B, 

7YP, 

Ot ijt 

the acceptable noise level of site j in the envi- 

ronmenta l  regulations 
the background noise level at a specific site j 

Definition of Decision Variables 

optimal waste stream among system compo- 

nents  at time period t 

binary integer variable for the selection of 

facility at time period t 

design capacity of a new facility at site k at 
time period t 

expansion capacity at new site k at time t based 

on the initialization of facility operat ion at 
time period y 

total expansion capacity of a new or an old 
facility at site k at time t 

the total system costs and benefits respectively 

at time period t 

t ipping fee charged per uni t  a m o u n t  of waste 
at time period t 

total recycling fraction corresponding to 

waste inflow Gi, 
recycling fraction of material j corresponding 

to waste Git 
total amount  of household recycling at time 

period t 
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