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By the beginning of the 1990s, the Portuguese Centro Region
was suffering from extremely serious solid-waste-sector prob-
lems. The Portuguese Centro Region Coordination Agency
asked me to prepare a document identifying the main issues
involved in finding a solution to the existing problems and to
propose a master plan for intervention. My proposal defined a
network of sanitary landfills and transfer stations covering the
whole region (23,700 square km; 1,714,000 inhabitants). The
proposal was the basis for the discussions held at the regional
council and for the solution that is currently being imple-
mented. To define the network, I developed a mixed-integer
optimization model combining elements of a p-median model
and a capacitated-facility-location model with transshipments.

From 1974 to 1993, the Centro Region
of Portugal (Figure 1), like the rest of

the country, experienced extensive politi-
cal, economic, and social change. Major in-
creases in urban activity and urban popu-
lation accompanied this change.
In 1970, Portugal was still very much a

rural society. At that time, more than 30

percent of the working population was
employed in the agricultural sector, and
the only two cities with more than 100,000
inhabitants, Lisbon and Oporto, generated
significant amounts of municipal solid
waste (MSW). But even in those cities, the
quantities of MSW produced were far less
than the quantities associated with the cit-
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Figure 1: The Centro Region occupies 23,700
square km of land, is located between the At-
lantic Ocean and the Spanish border, and is
divided into 78 municipalities. The 1991 cen-
sus reported the region’s total population at
1,714,000 inhabitants, who were evenly scat-
tered across the area. The population of the
largest municipality, consisting of the city of
Coimbra and surrounding areas, was only
140,000 inhabitants.

ies of developed countries.
Two decades later in 1991, the year of

the latest census, the percentage of work-
ers in the agricultural sector had de-
creased to 10 percent, and generation of
MSW could, on the basis of available data
(rather inaccurate), be described as
follows:
(1) Average per capita MSW ranged from
0.80 kg per day in large municipalities
(more than 60,000 inhabitants) to 0.65 kg
per day in intermediate municipalities (be-
tween 30,000 and 60,000 inhabitants) and
to 0.50 kg per day in small municipalities
(Figure 2).
(2) Growth rates equaled 1.75 percent per
year, on average, in large, intermediate,

and small municipalities.
During the ’80s, authorities at the cen-

tral and the local level began to realize
that there was a solid waste problem, and
by the beginning of the ’90s, it was clear
that this problem was serious almost ev-
erywhere in the country.
Initially the authorities’ efforts were

mainly devoted to creating modern fleets
to collect MSW. In 1991, 90 percent of
households were already covered by col-
lection services. Several municipalities
were collecting glass, paper, and other re-
cyclables separately.
Municipalities paid much less attention

to MSW disposal. Typically, they disposed
of MSW at open-air dumps, which burned
the waste from time to time. This is widely
recognized to be the worst possible dis-
posal technique.
Many municipalities were apparently

conscious that they needed another kind
of solution as indicated by local initiatives,
which were often guided by sellers of
MSW equipment. These initiatives usually
required financial means far beyond mu-
nicipality capacities.
The municipalities soon understood that

they would never be able to gather those
means and turned to the government,
more precisely to the regional coordina-
tion agencies, for assistance.
Those agencies, which administer gov-

ernment money to promote regional de-
velopment, were then faced with a compli-
cated situation. They were put under
pressure to solve the disposal problem by
the municipalities, the media, and envi-
ronmentalists, without having a clear,
global view of what to do and when to do
it.
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Figure 2: The largest centers of the Centro Region are located along the main Portuguese roads,
IP1 (Lisbon-Oporto) and IP5 (Aveiro-Vilar Formoso). The latter passes north of Serra da Estrela,
the Portugal’s highest mountain (2,000 m), an outstanding natural park that should not be
crossed by MSW collection vehicles and transfer trucks. Small municipalities classified as
highly ranked were selected by the administration to receive important beneficial public facili-
ties.

I performed a study for the Centro Re-
gion Coordination Agency (CCRC) with
the explicit purpose of clarifying the
decision-making context for the many par-
ties involved and producing a well-
supported solution to the existing MSW
problems. This solution would serve as a
starting point for future negotiations. I did
not address problems raised by hazard-
ous, dangerous solid waste like that gener-
ated by hospitals, for which the govern-
ment was already working out a separate,
specific solution.

Management Process
In formulating a solution to MSW man-

agement in a given area, it is crucial to
have a clear view of the management pro-
cess, that is, the sequence of stages occur-
ring between the moment waste is gener-
ated and the moment it is disposed of,
preferably in a sanitary landfill.
Several good textbooks deal with this

subject (for instance, Pfeffer [1992] and
Tchobanoglous, Theisen, and Vigil [1993]),
as well as some useful guides for decision
makers prepared by specialized organiza-
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tions (for instance, US EPA [1989] and
ADEME [1993]).
The main ideas contained in these refer-

ences may be synthesized as follows:
(1) The management process includes four
basic stages: generation, collection, reduc-
tion, and disposal.
(2) The most efficient actions to reduce
waste quantity and separate waste compo-
nents (for subsequent recovery and recy-
cling operations) are taken in the genera-
tion stage; however, after that, there will
always be a considerable amount of waste
to collect and to dispose of.
(3) The management process will not be
adequate unless the final destination of
waste is a sanitary landfill, built and oper-
ated according to the applicable rules.
(4) Between the collection and the dis-
posal stages, some MSW processing opera-
tions, such as separation, composting,
compaction (or densification), and inciner-
ation, may be employed to reduce the
space needed to store waste.
(5) To reduce storage space, incineration
and compaction are the most effective
operations, reducing waste to, respec-
tively, 10 and 25 percent of the initial vol-
ume. Composting is much less effective,
applying only to the organic portion,
which in the Centro Region amounts to
less than 40 percent of total waste, and
this percentage tends to decrease over
time. Separation is intended mainly to re-
trieve the metallic portion of MSW, and it
is normally used only with incineration or
composting. Once MSW is collected, it is
too late to separate glass, paper, card-
board, plastic, and textiles, because of the
contact contamination that arises during
collection.

(6) Although it is the most effective way
of reducing waste volume, incineration is
not an attractive solution from an eco-
nomic standpoint if widely accepted prin-
ciples of environmental safety are to be
observed, except perhaps under conditions
of severe shortage of space. Setup costs of
incinerators are very high compared to
those of sanitary landfills, and the differ-
ence is not compensated by smaller opera-
tions costs (even after deducting the possi-
ble benefits arising from steam and energy
production, and before adding the costs
for eliminating the hazardous materials it
generates, such as bottom and fly ashes).
(7) Compaction is not as effective as incin-
eration, but it has the advantage of requir-
ing relatively inexpensive equipment. It
becomes especially interesting when it is
accomplished close to generation sources,
because this decreases transport costs to
about 30 percent of the costs of transport-
ing uncompacted MSW. Municipalities can
perform the compaction operation in a
transfer station, a facility that takes waste
from small collection vehicles, strongly
compacts it, and then puts it into large-
capacity trucks, for delivery to distant des-
tinations. One such truck can carry 30 tons
of waste daily 100 km, making 200 km
round trips, allowing time for the neces-
sary loading and unloading operations.
The Solution Approach
The first step I took to solve the MSW

management problem in the Centro Re-
gion was to formulate a general frame-
work for intervention based on the follow-
ing main ideas:
(1) To rely on generation-stage measures
to reduce waste quantities before the col-
lection stage;
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(2) To use compaction operations in trans-
fer stations to reduce waste volume after
the collection stage;
(3) To reject separation, incineration, and
composting operations (in the case of com-
posting, the decision was based on unsat-
isfactory experiences in the past); and
(4) To define two levels of analysis, re-
gional and local, to simplify the decision
process.
At the regional level, I wanted to deter-

mine approximate locations and sizes for
sanitary landfills and transfer stations and
their catchment areas, taking into account
their capacity limits and the maximum ac-
ceptable length of daily trips for both col-
lection vehicles and transfer trucks.

My study brought some order
to a chaotic situation.

At the local level, I wanted to determine
exact locations for both types of facilities,
taking into account their sizes and con-
straints dictated by the proximity of popu-
lated areas, transport infrastructures (nota-
bly airports), water sources, natural
reserves, and so forth.
I considered the local level to be outside

the scope of the study. This level of analy-
sis is very important, because unless the
authorities choose exact facility locations
carefully, not-in-my-back-yard pressures
can make it extremely difficult to imple-
ment any solutions. However, such deci-
sions can be made at a later stage. Screen-
ing techniques developed with GIS tools,
for instance, those described by Mendes
and Silva [1996] (reporting a Portuguese
application), Siddiqui, Everett, and Vieux
[1996], and Siderelis [1991], may be useful

at that stage.
The problems raised at the regional

level fit into locational analysis, a major,
fast-growing branch of OR that helps in
identifying optimal locations (and sizes)
for any kind of facilities.
Daskin [1995] and Love, Morris, and

Wesolowski [1987] give detailed accounts
of existing location models and solution
methods. Hansen et al. [1987] and ReVelle
and Laporte [1996] give concise overviews
of the field and synthetize recent
developments
Some models have been developed to

help in the location of obnoxious facilities,
like those for solid waste. Erkut and
Neuman [1989] and Erkut and Verter
[1996] survey the relevant literature
extensively.
The main feature of the solid-waste-

sector models is their multiobjective na-
ture. One would like to locate sanitary
landfills as far as possible from urban cen-
ters (maximum-distance objectives) and si-
multaneously as close as possible to pro-
ducers of MSW to minimize costs
(minimum-cost objectives).
I recognize that both kinds of objectives

are relevant, but at the regional level of
analysis, it is politically difficult to sustain
maximum distance objectives because they
lead to the concentration of sanitary land-
fills in areas (municipalities) with small
populations, precisely those that produce
very little waste. My view would be quite
different if proximity to MSW threatened
people’s life or health, as does proximity
to hazardous solid waste.
Based on these considerations, I postu-

lated a minimum-cost objective for the
problem and looked for a solution com-
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Figure 3: Constraints to be followed in locating sanitary landfills and transfer stations were es-
tablished to take into consideration aspects relating to the capacity of both sanitary landfills
and transfer stations and to the maximum daily trip length of collection vehicles and transfer
trucks.

patible with the region’s administrative
peculiarities, investment capabilities, and
available managerial skills. (To be precise,
I took into account only annual-equivalent
costs of transfer stations and waste trans-
port, because I assumed that sanitary
landfill costs were proportional to landfill
size above a given minimum capacity.)
The values I used for MSW generation

were those expected for 2014, based on
plausible growth rates for the population
and for per capita MSW generation and
assuming a significant increase in the re-
covery rates of glass and paper (25 percent
for both materials against the present val-
ues of 12.5 percent for glass and two per-
cent for paper). This increase is a regional
policy goal, and a public education pro-
gram is in place to promote it.
In achieving the objective of minimizing

costs, I took the following constraints into
account (Figure 3):
(1) Sanitary landfills have a minimum ca-
pacity of 70 tons per day to obtain scale

economies.
(2) Transfer trucks make daily trips of no
more than 100 km one way.
(3) Transfer stations have a maximum ca-
pacity of 70 tons per day to match a spe-
cific facility type, fully automated, and
suited to local needs.
(4) Collection vehicles make daily trips of
no more than 30 km one way.
(5) Sanitary landfills are to be located in
the high-ranked municipalities of the re-
gional urban hierarchy, those where, ac-
cording to the development strategy stated
in CCRC [1994], the main beneficial public
facilities will be sited.
(6) Collection vehicles and transfer trucks
must not cross the Serra da Estrela area, a
mountainous region and natural park
served only by narrow, winding roads.
(7) The Santa Comba Dão area should
have its own sanitary landfill to support a
local initiative already under way when I
began this study.
(8) The Figueiró dos Vinhos area, which
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was already being served by Coimbra’s
solid waste company (ERSUC), should use
either the Coimbra sanitary landfill (if, as
expected, it is to exist) or have its own
sanitary landfill.
The problem as I defined it combines

elements of a p-median problem with
what may be called a capacitated-facility-
location problem with transshipments. I
give the corresponding complex mixed-
integer optimization model in the
appendix.
The model has 9,764 variables, of which

104 are zero-one variables, and 9,933 con-
straints. These figures result from having
78 centers, 18 possible sites for sanitary-
landfill locations, and 86 possible sites for
transfer-station locations: three in Coimbra
and three in Leiria; three in each of four
centers, Aveiro, Castelo Branco, Ovar, and
Viseu; and one in each of the 72 remaining
centers.
At first, I supposed that it would be im-

possible to handle such a model with a
general exact method, at least on a PC, the
computer equipment I used for this study.
I thus began by developing a greedy heu-
ristic for that purpose, with a transship-
ment problem with capacity constraints to
solve in each iteration. I obtained the ini-
tial results I presented to CCRC with this
heuristic.
However, the combined effect of hard-

ware and software evolution (the arrival
of 133 MHz Pentiums and XPRESS-MP,
Version 8) allowed me to solve the model
to exact optimality with an acceptable
computing effort.
Proposed Solution
I solved the model successively, increas-

ing the number of sanitary landfills from

five to 10 to evaluate the concomitant de-
crease in transfer-station and waste-
transport costs (Figure 4). I set the mini-
mum number of sanitary landfills at five
to ensure an even distribution of waste
discharge in the region. A smaller number
would require some sanitary landfill or
landfills to receive waste produced in ar-
eas perceived as remote. This would be
unaceptable to the populations living near
these facilities. I considered the maximum
number, 10, to be the largest compatible
with existing MSW managerial skills.
Moreover, above this number, waste
would have to be carried from the main
urban centers to areas with small popula-
tions to satisfy the minimum capacity con-
straints. Or else some sanitary landfills
would have to operate at uneconomic
scales.
After analyzing the results in detail, the

president of CCRC decided to propose the
eight-landfills solution to the regional
council, an institution consisting of repre-
sentatives from all the municipalities of
the region (Figure 5 and Table 1).
This solution pointed to sanitary land-

fills with capacities ranging from 283 (Av-

Figure 4: As the number of facilities increases,
the costs for transfer and transport decreases.
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Figure 5: The proposed solution would assign 47 municipalities to sanitary landfills, while 31
municipalities would be assigned to transfer stations. The only situation of double assignment
would occur with Anadia, a municipality that would be served mainly by the Águeda transfer
station and by the Coimbra sanitary landfill.

eiro) to 70 tons per day (Santa Comba
Dão), and eight transfer stations, process-
ing quantities of waste ranging from 70
(Águeda) to 14 tons per day (Figueiró dos
Vinhos).
Three of the transfer stations, Águeda,

Ovar, and Pombal, were not strictly neces-
sary, in that, even in their absence, the
maximum-trip-length constraints would
not be violated. This means that the corre-
sponding investment could be delayed, al-
lowing the authorities to concentrate their
initial expenditures on urgent sanitary
landfills.
Recent Developments
The president of CCRC presented the

proposed solution to the regional council
shortly after the European Union ap-
proved the II Quadro Communitário de
Apoio (Second European Union Aid
Framework), which allotted money to the
environmental area, particularly to invest-
ments for handling solid waste.
That presentation was the first step in a

long negotiation process through which
the municipalities slowly converged on
the solution adopted in the Strategic Mu-
nicipal Solid Waste Plan published by the
Portuguese government (Ministério do
Ambiente [1996]).
The solution I proposed and the solu-

tion adopted (Figure 6) differ, but the dif-
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Sanitary Landfills Transfer Stations

Location Size (ton/day) Location Size (ton/day)

Aveiro 303 Águeda 70
Castelo Branco 87 Figueiró dos Vinhos 14
Coimbra 235 Guarda 49
Covilhã 144 Pinhel 21
Figueira da Foz 96 Sertã 28
Leiria 218 Mangualde 69
Santa Comba Dão 70 Ovar 54
Viseu 200 Pombal 47
Total 1,353 Total 352

Table 1: The proposed solution would allocate the 1,353 tons of MSW produced daily in the
region to eight sanitary landfills, 26 percent of which would pass through one of the eight
transfer stations to be built.

ferences are less important than they
might seem. For example, for the western
part of the region, the solution adopted
contains only two systems, Alta Estremad-
ura and Litoral Centro. These two systems
were created by government acts 116/96
(August 6) and 166/96 (September 5), re-
spectively, and are currently under imple-
mentation with a financial contribution
from the European Union. Their operation
has been committed to two companies,
VALORLIS and ERSUC, for a period of 25
years. My proposal indicated four systems
instead of two. But the difference lies
mainly in the meaning given to the word
system. In the solution adopted, it applies
to the area a managerial unit manages,
while in my proposed solution it applies
to the area a sanitary landfill covers. In
both solutions, there are four sanitary
landfills at the same locations.
With respect to the other six systems,

defined for areas where MSW problems
are less important, the only fundamental
decision the authorities made so far con-
cerns the location of a sanitary landfill at

Covilhã, a site specified in my proposed
solution. The other systems will also have
sanitary landfills, but their locations have
not yet been decided.
Several aspects of the solution adopted

in the Strategic Municipal Solid Waste
Plan are open to change. According to the
latest reports, changes are likely to bring
that solution closer to my proposed solu-
tion. For instance, the set formed by the
Viseu and Planalto Beirão systems in the
solution adopted may become very similar
to the Viseu and Santa Comba Dão sys-
tems of my study. And the Beira Serra
system, which emerged from a peculiar
context of municipal solidarity, will proba-
bly be dropped because of its uneconomic
scale.
Even if this were not the case, the basic

merit of the OR solution would remain: as
the president of CCRC (now a director at
ERSUC) recognizes, my study brought
some order to a chaotic situation, with a
credible, rational solution upon which
municipalities are building their own, very
similar, solutions.
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Figure 6: The solution I proposed (above) and
the reference solution adopted in the Munici-
pal Solid Waste Strategic Plan published by
the Portuguese Government in October 1996
(below) are different, but not as different as
they may appear. For instance, the four sys-
tems planned for the western part of the re-
gion have been transformed into two systems,
but the two systems will contain four sanitary
landfills, located where the proposed solution
suggested they should be.
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APPENDIX
I formulated the regional waste manage-
ment problem as follows:

Min C � c •d •w� � tu 1jk jk
j�J k�K

� c •d •v� � tu 2jl jl
j�J l�L

� c •d •x (1)� � tc 3kl kl
k�K l�L

� c •y� f k
k�K

subject to

w � v � q , ∀ j � J (2)� jk � jl j
k�K l�L

w � x , ∀ k � K (3)� jk � kl
j�J l�L

w � q •y , ∀ j � J, k � K (4)jk j k

v � q •z , ∀ j � J, l � L (5)jl j l

x � q•z , ∀ k � K, l � L (6)kl l

z � p (7)� l
l�L

w � S , ∀ k � K (8)� jk 1max
j�J

v � x � S •z , ∀ l � L (9)� jl � kl 2min l
j�J k�K

z � 1 (10)S.C.Dão

z � y � 1 (11)F.Vinhos F.Vinhos

x � 0 (12)F.Vinhos,Sertã

x � 0 (13)F.Vinhos,Pombal

w , v , x � 0, ∀ j � J, k � K, l � Ljk jl kl

y ,z � {0, 1}, ∀ k � K, l � L,k l

where:
C: total annual-equivalent cost;
J: set of collection centers (j � 1,. . ., J);
K: set of sites for the location of transfer

stations (k � 1,. . ., K);
L: set of sites for the location of sanitary

landfills (l � 1,. . ., L);
wjk: quantity (tons) of waste generated at

center j and carried to a transfer station lo-
cated at site k;

vjl: quantity (tons) of waste generated at
center j and carried to a sanitary landfill
located at site l;

xkl: quantity (tons) of waste sent from a
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transfer station located at site k and car-
ried to a sanitary landfill located at site l;

yk � 1 if a transfer station is located at
site k, otherwise yk � 0;

zl � 1 if a sanitary landfill is located at
site l, otherwise zl � 0;

ctu: transport costs for uncompacted
waste;

ctc: transport costs for compacted waste;
d1jk � djk (distance between center j and

site k) if djk � 30 km, otherwise d1jk � �;
d2jl � djl (distance between center j and

site l) if djl � 30 km, otherwise d2jl � �;
d3kl � dkl (distance between center k and

l) if dkl � 100 km, otherwise d3kl � �;
cf: (fixed) cost of a transfer station;
qj: quantity of waste generated at center

j;
q: total quantity of waste generated in

the region;
p: maximum number of sanitary

landfills;
S1max: maximum capacity of a transfer

station;
S2min: minimum capacity of a sanitary

landfill.
In this mixed-integer-programming

model, function (1) expresses the objective
of minimizing total costs, assuming that
above the minimum capacity, sanitary
landfill costs are identical everywhere and
proportional to capacity. Transport costs,
defined separately for compacted and un-
compacted waste, include fuel and man-
power, as well as vehicle maintenance and
depreciation. In calculating costs, I used
Euclidian distances. The road network is
being fully renovated, and I thought this
would represent future transport condi-
tions quite well. Transfer station costs are
fixed, as they correspond to a specific type
of station, well suited to local needs.
Constraints (2) ensure that the waste

generated at each collection center will be
sent to either a sanitary landfill or a trans-
fer station, and constraints (3) guarantee
that all the waste sent to a transfer station

will be carried to a sanitary landfill.
Constraints (4) and (5) ensure that col-

lection centers will be linked to open sites
(disposing of either a sanitary landfill or a
transfer station); constraints (6) guarantee
that transfer stations will be linked to
open sanitary landfills.
Constraint (7) defines a maximum of p

for the number of sanitary landfills.
Constraints (8) ensure that maximum

capacity limits of transfer stations will be
observed, and constraints (9) guarantee
that minimum capacity limits of sanitary
landfills will be considered.
Constraint (10) ensures that, as required,

the Santa Comba Dão area will have its
own sanitary landfill. Constraint (11) guar-
antees that the Figueiró dos Vinhos area
will either have its own sanitary landfill or
a transfer station. In case there is a transfer
station at Figueiró dos Vinhos, constraints
(12) and (13) rule out shipments from this
station to Sertã or Pombal, forcing ship-
ments to Coimbra.
(Note: Data used to run the model can

be obtained from the author by writing to
antunes@dec.uc.pt.)
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Alberto Santos, Director, ERSUC, Resı́-
duos Sólidos do Centro, S.A., Coimbra,
Portugal, writes: “Though being presently
a director at ERSUC, the Centro Urban
Solid Waste Corporation, I was the presi-
dent of CCRC, the Portuguese Central Re-
gion Planning Agency, at the time António
Antunes prepared the study he reports in
his paper. The study is only one of the
outcomes of a research project developed
within the framework of a Cooperation
Agreement signed in 1994 by the rector of
the University of Coimbra and myself (in

representation of CCRC), and involving
both the solid waste sector and the water
supply sector.
“Both sectors were requiring important

decisions to be taken, and, particularly in
the solid waste sector, the decision-making
environment was quite confused, with iso-
lated, noncoordinated municipal initiatives
taking place all over the region.
“This was the main reason why we

needed the study, and its main merit was
to supply a firm basis on which to start
discussion between the many parties in-
volved (government, municipalities, non-
governmental organizations, etc.).
“All the fundamental aspects of

Antunes’ proposal have been retained,
but, of course, some adjustments were re-
quired, and other ones will surely be nec-
essary in the future. For instance, the
waste collected at the transfer station of
Avelar (near Figueiró dos Vinhos) will be
sent to a sanitary landfill in Figueira da
Foz, and not to Coimbra. This happens es-
pecially because the road linking Avelar
and Figueira da Foz is better than the one
connecting Avelar and Coimbra (which is
being slowly renovated).
“To conclude, I would say that the

Antunes’ study gave a significant contri-
bution to the solution of the serious solid
waste problems of the Central Region, and
is helping to promote a better environ-
ment in our country.”


