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Abstract. An innovative mathematicad programming decison support modd —
Life Cycle Activity Analysis (LCAA)— is presented, integrating condderations of
optima dlocations of resources and impacts upon the environment during the life
cycle of products. LCAA is based on the classca formulation of activity analysis
and on the life cycle assessment framework. The concept of linear activities is
extended to embrace mass and energy fluxes over the entire life cycle of products
including their environmental impacts. Specid attention is given to the presence of
loops in the product chains, such as those occurring when materiaS/products are
recovered (reused, recycled...). An agpplication brought from the Portuguese
bottled water industry is described. The modd features dternative activities for
production technologies and product recovery draegies and permits the joint
condderation of monetary costs and environmenta burdens. The results obtained
under five scenarios including digtinct disposd  drategies and  environmenta
congraints, are discussed.
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1. Introduction

The reaionship between fundamenta naturd systems on the one hand and
human, cultura, technologicd, and economic systems on the other is becoming
increesingly complex. Environmenta burdens often occur in conjunction with
flows of substances, materids and products through the economy. Severa methods
have been developed to study such physicd flows, eg. environmenta Life Cycle
Aseessment (LCA), Maerids Flows Andyds and Substance Flow Anayss
(MFA/SFA), Environmental Impact Assessment (EIA). The purpose of LCA is to
study the environmentd impacts of a product or a service from the “cradle’ to the
“grave’’. MFA is based on input/output andysis and is used to andyze the
materids throughput or the materids intensty of important sectors or large
functiond systems of the nationd economy, and therefore concentrates on bulk
mass flows. SFA is used to identify the causes of specific environmenta problems
in the economy and find posshilities for amending or preventing those problems,
Bouman et al. (2000). A ggnificant effort is currently being spent in engineering
and environmentd sciences to collect environmentd and life cycle data associated
with numerous processes and maerids and to make the LCA and MFA/SFA
cdculaions.

However vduable these methods generdly do not include the description of
economic  mechanisms  (dlocation, optimization, subgtitution) or costs and
bendfits, traditiond economic modds, on the other hand, have manly focused on
the generd notion of externdities and do not explicitly describe the flows and
tranformation of materids A new dat ad a comprehensve and
multidisciplinary  scientific  framework are required for understanding issues of
materias and environmenta flows. A holigtic view is certainly necessary.

In the pages to follow, we popose a new mathematica programming modd —
Life Cycle Activity Analysis (LCAA) —, which integrates enginesring,
environmenta and economica sciences, including operations research as LCAA
looks for optima solutions of multi-variable complex systems. Our work is
motivated by a desre to build bridges between engineering and environmentd
stiences on the one hand, and economics and operations research on the other.
LCAA integrates Life Cycle Assessment with Activity Andyss, a well-known
procedure in economics solving for optima levds of production and for the
optimal dlocation of resources.

Antecedents:

From the point of view of the economigt, our caculations draw on classcd
input-output anayss, see Leontief’'s own early work, Leontief (1970), and later
discussons such as Lave et al. (1995) and Hendrickson et al. (1998). Our work
formalizes these interconnections as applied to an ingtance of production with

" Note that the use of the term “life cycle’ in the environmental literature is quite different
from the concept of the life cycle of a product used in the business literature (=the cycle
from the market introduction to the obsolescence).



recycling and reutilization. Recovery introduces closed loops in the production
seguences, so that downstream outputs are returned as inputs upstream.

LCAA ties mahemaicd programming formulations of Activity Anayss to the
environmentad impacts of activities  Activity Andyss was developed by
Koopmans (1957). For this pioneering work, Koopmans received the 1975 Nobe
Prize in economics (shaed with |. Kantorovich). However, the origind
formulaion, Koopmans (1957), was not well suited for numerica solution, since it
assumed that there were as many commodities as activities, and thet the resulting
system of eguations had a non-sngular solution. A maor Sep was the
reformulation of activity andyds as a linear program, permitting any number of
activities and ay number of commodities, see Chanes and Cooper (1961).
Classicd activity analyss can be presented as a tool of patiad modding for the
representation of an industry or a sector of the economy, providing a modern
format of representation of the production chain, Thore (1991). Recent attempts to
adapt activity andyss to enginering and environmenta sciences have reverted to
smple matrix cdculdions see eg. Ayres (1995), and Heijungs (1997) and the
mathematica programming associdions were lot. A mgor purpose of our own
work is to reestablish these connections, providing standard linear (and nonlinear)
programming formats for the cdculation of environmenta impects, see Thore and
Freire (1999).

The classcd formulaion of activity andyds didinguishes three classes of
goods primary goods (naturd resources or maerias), intermediate goods and
find goods (outputs). We shdl here extend this wel-known activity format to
incdude one more category of goods. environmenta goods (actudly, more literdly,
environmental “bads’) such as emission of pollutants.

The enwironmenta outputs ae aggregated into a number of  environmenta
impact categories, such as globd waming, ozone depletion, etc. This gpproach
links up with the development of the LCA methodology, and its am is twofold.
Firgly, it interprets the environmenta burdens included in the output table in terms
of environmenta problems or hazards Secondly, it aggregates the data for
practicd reesons, particulaly for decison-meking. The idea of creging markets
for environmenta goods is 4ill in its infancy, and no market baancing conditions
can be formulaed for them. Insead, environmentd targets ae formulated
reflecting the stance of a policy-meker.

In order to follow the environmenta effects of a manufactured product over its
etire life we no longer condder consumption as a find and ultimate dHae.
Ingtead, the life cycle is traced to teke into account the possible subsequent
phase(s) after immediae consumption, including possble recovery (reuse,
recycling, energetic vaorization...).

Recent Work:

The integration of physicd modes with economic models has been attempted a
number of times see Perrings (1987), Leontief (1970), Ruth (1993), Bloemhof-
Ruward (1996), Hejungs (1997), Kanddars (1998), Giden (1999) and Duchin and
Steenge (1999). However, none of these atempts has been completdly satisfying.
Each modd serves its own purposes, having its own strong points as well as its
limitations, as discussed in Bouman et al. (2000). The most appropricte modd to
be usad in one environmenta problem does not adways work in another. In any



caxe, the integration of physicd models with economic modds is an at 4ill in its
infancy. Hopefully, integrated models will one day provide answers to important
environmental  policy questions. In the meanwhile, we have a long way to go,
merging results from many digtinct disciplines.

Recently, the concept of a "materid-product (M-P) chain' was suggested by
Opschoor (1994) and Kanddaars (1998). It is defined as a system of linked flows
of materids and products supporting the provison of a cetan service The
objective is an integraed modd-based andysds of resource and pollution problem
for policy-meking. An M-P chain is an economic dructure of connected materid-
product flows. The economic modding of M-P chans means combining eements
of phydca flow and economic dlocation. The andyss incdudes satic or dynamic
optimization, smulation and partid equilibrium analyss. See Kandelaars (1998).

Using the concept of an M-P chan, Kanddars and Van den Bergh (1996)
presented a datic optimization model for rain gutters. Their god was to explore
how policies or grategies applied to different stages of the materid-product chain
differ in their impacts. To measure these, they recorded indicators such as the use
of maerids and products, and the costs of meeting demand for a particular service.
However, the inputs of other primary resources and the emissons to the
environment and their environmenta impacts were not conddered. As a reault,
their “best” policy can only be understood in terms of recovery of materids or
waste sent to landfill.

Sengler et al. (1997) deveoped sophisticated operations research models for
two sdected planning problems (i) recycling of industriad byproducts and (i)
dismantling and recycling of products & the end of their lifetime. These modds
have been applied to red indudtrid problems. The dismantling and recycling
planning modd is based on linear activity andyds and is formulated using a mixed
integer lineer programming modd. The recyding management modd is based on a
multistage capacitated warehouse location problem and was goplied to the German
iron and sted industry. See dso Dyckhoff and Ahn (1998).

Azgpagic and Clift (1998, 1996) developed a system optimization agpproach to
fecilitate the identification and choice of the Best Practicable Environmenta
Option (BPEO) in improvement assessment. This multi-objective optimization
goproach generates a number of optima solutions, which show explicitly what can
be ganed and what logt by choosng eech dternative. According to the authors, the
main advantage of this method is that generating optimum solutions does not
require a priori aticulation of preferences so that the whole set of solutions can be
explored. The emphasis is then of the range of choices from a series of solutions,
rather than definition of preferences before andyzing al the trade-offs among
objectives. This methodology has been agpplied to a case study on boron products
to evduae the BPEO and possble improvements in the system, Azgpagic and
Clift (1999).

MATTER’ is a dynamic liner programming mode, originadly developed as a
tool for the anadyss of macroeconomic energy sysems (MARKAL). A joint
project of five Dutch inditutes, coordinated by the Energy Research Foundation
(ECN), extended it to maerids system andyss "from cradle to grave'. It conddts

* MATTER is an acronym for MATerias Technologies for greenhouse gas Emission
Reduction



of an integrated energy and materids system modd for Western Europe used for
the andyss of greenhouse gas (GHG) emisson reduction drategies, see Giden
(1999, 1998). The time span was divided into nine periods of equd length, from 40
to 80 years. The dynamic gpproach alowed the study of the relation between
materids consumption and product demand in one yer and waste rdesse in
subsequent years.

Bloemhof-Ruwaard et al. (1995) classfied the interactions between operations
research and environmentd management under the twin headings of "supply chan
modding’ and “"environmental chain modding’. The supply chain comprises the
extraction of raw materias, production, didribution, use of goods and waste
collection. In the environmental chain, emissons and waste are transported and
tranformed, resulting in water, air and soil pollution with damaging effects to the
environment. See dso Danid et al. (1997).

In concduson, LCAA integrates environmental and economic quedtions. To
demongtrate the potentid of LCAA and the atendant numericd caculations, we
report on an illustrative case study brought from the Portuguese industry of bottled
water, including results obtained with scenario andyss. The scenarios include
disinct disposd drategies and environmental condraints, reflecting issues raised
by the current problematic associated with the implementation of packaging and
packaging waste maenagement policies.

The pgper is organized in five sections, including this introduction. Section 2
provides the mathematicd background and gives an overdl view of the LCAA
methodology. Section 3 describes the man characterisics of the Portuguese
bottled water market and gives an account of the environmenta consderations of
current packaging management policies. Section 4 presents an gpplication of the
LCCA methodology, describing a detaled modd of the menufacture, reuse and
recycling of glass bottles used for mined waer in Portugd. A numerica
prototype is solved. Five scenarios including digtinct disposd srategies and
possble environmentd condraints set by policy makers ae proposed. The
scenario results are discussed with emphasis on the implications brought from the
dud congraints associated with the LCCA program. Section 5 offers some
concluding remarks.

2. Mathematical Analysis

The Life Cycde Activity Andyss modd uses an input-output format. The
following notation is employed:

Decision variables, to be deter mined:
X isacolumn vector of levels of production activities,
t isacolumn vector of levels of trangportation activities,
w isacolumn vector of supply levels of primary resources.
Parameters:
Ay is a matrix of input coefficients; each dement denotes the quantity of
inputs required to operate a production activity at unit level;



Ay is a matrix of input coefficients, eech éement denotes the quantity of
resources (eg. fud) required to operae a transportation activity at
unit leve;

Bpr is a matrix of output coefficients; each eement is the quantity of
outputs obtained when an activity is operated at unit level;

B, is a matrix of output coefficients, each eement denotes the quantity
of outputs (emissons of pollutants) emitted when a trangportation
activity is operated at unit level;

Cor is @ row vector of unit costs of operating the various production
activities, it is known and given (these are unit cods to be
reckoned above the use of inputs dready included in the Ay
matrix);

Cy is a row vector of unit costs of opeaing the various
trangportation activities, it is known and given (these are unit
costs to be reckoned above the use of inputs dready included in
the A, meatrix);

Crs IS arow vector of unit costs d primary resources, it is known and
given,

d isacolumn vector of find demand, it isknown and given;

g isacolumn vector of environmenta gods st by apolicy-meker.

Thelist of goodsis partitioned into four classes:
inputs of primary goods (P);
intermediate goods (I);
final goods (F) and
environmenta goods (E).

Correspondingly, matrices A, and By, become partitioned into: A, = (-A7, -A!,
0, -A%) and B, = (0, B, B, B"). Conventiondly, one enters the A-coefficient of
each input with a minus sign and the B-coefficient of each output with a plus sign.
This forma incdludes the posshility of having -AS, i.e snks of pollutants.
Examples of this could be incinerators (reducing dangerous residues by burning
them) or, according to the Kyoto protocol, planting new forests to capture CO,,
cdled biomass cabon sinks. Marices A, and By, however, are only partitioned
into Ay = (-A,") and B, = (B,F), since the list of goods used in the transportation
activities only include primary resources and environmentd emissons (no
intermediate or fina goods are cong dered).

The basc mahematical format of Life Cycle Activity Andyss can now be
written as the following linear program:

MmN Cpr . X+ Cyr . t+Crs. W D
subject to:

A x -AT t+w 3 0 ©

(- Ay +B'yr) . x = 0 ©)

By X 2 d @



('BEpr +AEpr) -X- BEtr .t 8 -9 (5)

X t, W 3 0 6

To assure that, for each intermediate commodity in each link, there is
consarvation of the quantities of goods being produced, transported and used in the
subsequent  activities, additiond equations have to be included. In short, one
equation is needed for baancing the quantity of each intermediate good leaving a
region and another equation should be added for baancing each intermediate good
entering aregion.

In addition, the x, t and w vectors may be bounded from above, to reflect the
presence of capacity congraints of production and transportation activities and on
the availability of primary resources. Capecity bounds can be aso included to
reflect current behaviora patterns or to impose environmenta policy options,

The objective is to minimize the sum of dl current unit costs and the costs of al
primary resources (equation 1). Congraint (2) establishes the baance between the
quantities of primary resources used by the activities and the amounts extracted
from the environment. Congraint (3) states market clearing for the intermediate
goods. Congraint (4) says that the demand must be sisfied. Congraint (5) states
that the environmenta impacts should be a most equa to the targets defined
(vector g).

Environmental Impact Assessment

We now turn to the full accounting of physica flows between processes and
between the processes and the environment. The BF and -AF matrices condtitute an
inventory table, summing up the outflows and subtracting the inflows of
environmentad commodities associated with economic  activity. The environmenta
goods can be flows of chemicd substances into the environment, or flows of
substances from others activities or the environment.

Fows of substances generated by economic activities do not necessarily present
environmental problems by their own. They are recognized as such only when they
pose problems to society. Thus, there is an intrindc vaue-bound aspect in the
definition of an environmenta problem, Hejungs (1997). To ded with this maiter,
one may edablish scientific reaionships between pollutants and a st of
environmental impact categories (such as the greenhouse efect, acidification or
the ozone layer depletion) and between resources extrection and depletion
problems. This approach is based on the definition of a set of environmenta
impacts categories. These are directly defined in terms of the kind of damage done
to the environment by pollutants in air, water or soil and by the depletion of
avalable naturd resources. The environmenta impact categories considered in our
reseerch are liged in Table 1. The phase of defining a ligt of environmentd impact
caegories is usudly designated in the LCA methodology as "classification”, Berg
et al. (1996).

Form the column vector E(i) as the sum of dl environmenta commodities
redeased into environment, which results from the multiplication of the unit
environmenta outputs by the levels of operation of al activities:



E(i) = (‘BEpr + AEpr ). X~ BEtr .t ™

The vector E(i) can easly be a lig of seved hundred specific emissions.
According to the “characterization” phase in the LCA methodology, these
emissons ae aggregated into a st of environmenta impact categories using the
fallowing formulation:

1G) = F(.0) - E@) (8)
where
() is a column vector of environmenta impact categories (eg. greenhouse
effect, measured in kilograms of CO, equivaents),
F(j,i)is a marix of caegory impact coefficients (such as the kilograms of
CO, equivdents generated by each kilogram of individud substance
released into the environment).

Table 1. Environmental impact categories and equivalent units used

Environmentd impact category Equivalent units
Greenhouse effect kg CO,
Ozone layer depletion kg CFC11
Acidification kg O,
Eutrophication kg PO,
Heavy metals kg Pb
Carcinogens kg B(aP
Winter smog kg SPM
Summer smog kg CoH,
Pesticides kg act.s

Equation (5) may then be written on the dternative form:
F(.i) . [('BEactv + AEactv)- X - BEtrns- )] * -g ©

where @' is a vector of gods defined directly in terms of environmenta impact
caegories:
g=FGi-.9 (10)

More advanced formulations are adso possble, treating the vector of individud
environmenta goads g as an unknown variable rather than a given parameter. This
means searching out an optima combination of individua gods (possbly trading
off one individud god agang another) while ill saisfying the aggregate gods

lad down on the impact categories. The programming formulation then is reations
(1)-(4), and adjoining

(-BSr +A%,) . x-BS.t+g 3 0 (1)
FG.) .9 £ 9 (12)
X twg 30 (13)

which isalinear program in the unknownsx, t, w and g.



In addition to the impact categories mentioned in Table 1, we shdl dso
consder (i) the quantity of glass (in tons) sent to landfills @enoted as weste glass),
and (ii) the total energy consumption (GJLHV).

3. The Portuguese Bottled Water Industry: Structure,
Reuse and Recycling of Bottles

The bottled water market can conveniently be divided into two sectors. "horeca"
(hotels, restaurants and cafes) and take-home (supermarkets, shops, etc) The
former represents places where the water is consumed on the premises. The later
includes gtores where the consumer takes the bottles home. The digtinction is made
in accordance with Portuguese packaging law 366-A/97. It is important because
different recovery targets are specified for each of these markets.

Bottled water is sold in units of 025 15 and 5 liters, made of glass, PVC
(polyvinyl chloride) or PET (polyethylene terephthalate). In our study, attention is
focused in the glass bottles done, as these are the only bottles being reused. In
addition, glass is the only maerid for which important recycing rates ae
achieved in Portugd. Collection of used glassis practiced over the entire country.

Water battling is caried in locations immediatdy adjacent to the springs. The
bottling company buys empty bottles from a glass mill or utilizes a cleaned used
bottle. The glass mill, in its turn, manufactures bottles from raw materids (the
man rav materid is dlicon sand) andlor from cullet (collected crushed glass).
Glass mills have collected cullet for recycing in Portugd since 1983, without
governmentd intervention: the main incentive is the reduction of production costs
(mainly energy costs) that occurs when the raw materias are replaced by cullet.

The digtribution of bottles from the springs to the market is typicaly handled by
the bottling company itsdlf, using road transport (25-ton and 10-ton trucks) and
regiond warehouses. The grest mgority of the springs are located in the northern
region of the country; most glass mills are located in the center. On average, a
truck hasto cover adistance of about 300km from the mill to the spring.

Figure 1 illustrates the digtribution of bottled water from springs to markets,
incduding the associaded average distances. Notice that a truck transporting
returnable bottles returns to the springs filled with empty bottles whereas a truck
transporting oneway bottles returns empty. Oneway bottles are eventudly
collected as regular trash (by the municipdities) and are sent to the landfills, or
they arerecycled as cullet glass and sent to the glass mills.

3

LHV stands for lower heating value, which should be distinguished from high heating
value (HHV). They represent two aternative ways of denoting the energy content of
fuels. The LHV assumes that all the HO resulting from the fuel combustion is in the
vapor phase.
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Figure 1. Flowchart illustrating the bottled water distribution from springs to markets

There are in Portugd about 20 independent companies marketing bottled water
under more than twenty-sx different brands. Ther annud sdes volume is about
600 millions liters (1997 data). The sx largest companies (nine brands) have a
market share of more than 80%.

Environmental Considerations for Packaging Management Policies
in the European Union

Packaging has motivated various digoutes between environmentdists  and
indusry. The short life cycle @asociged with packaging  motivates
environmentdists to clam that packaging should be reduced a the source to its
smdlest proportions and reuse should be promoted. Industry argues that hygiene,
protection, convenience, aso have ther rights and that the weight of one-way
packaging has been draméticaly reduced.

Responding to this dispute, European Commission proposed some Directives
with the objective of harmonized managing of packaging and its resulting waste,
while ensuring ahigh leve of environmenta qudity.

Pearce (1998) reviews the practicd implementation of environmenta policy
within the expanding jurisdiction of the European Union (EU). The author
primarily concentrates on the need for some form of environmentad appraisa
techniques to evauate regulatory initiatives by the European Commission (EC).

The EC packaging and packaging weste directive was findized in December
1994. In its find form, the directive may be summarized as follows. The objectives
ae

to reduce the overdl impact of packaging on the environment by reducing
packaging & source,

to diminae hamful materids in packaging wadte, maximze the recovery of
packaging wagte for re-use, recycling, compoging and energy recovery, and
minimize the quantity going to fina disposal (land-fill); and



11

to bring nationa policies on packaging and packeging weste closr together
to remove obstacles to trade and competition.

The directive covers dl types of packaging in the European Union — industrid,
commercid, office shop "or ay other levd". Within sx and hdf years of
adoption of the directive (five from implementation by nationd law), the man
recovery objectives are:

- 50-65% of packaging, by weight, must be recovered where recovery indudes

any activity which confers economic vaue on the wadte (i.e. recyding, re-
USe, energy recovery),

25-45% of packaging by weght must be recycled, with a minimum of 15%
of each materid (paper, duminum, sted, plagtics) being recycled.

These targets are rdaxed for Greece, Irdand and Portugd who mugt dtan at
least 25% recovery by the five-year deadline, or achieve the targets for the rest of
EU by 2005.

The directive is dear in indicaing thet reuse and recyding are "preferable in
terms of environmental impact” to other forms of recovery and to disposal. This
hints a the so-cdled "wese hierarchy” which has gained credence in European
policy disoussons on waste management. The hierarchy, from the best to word, is
source reduction, re-use, recycling, composting, energy recovery, and landfill.

An application brought from the bottled water Portuguese domestic market
meaking use of the LCCA methodology is presented in the next section.

4. Model Formulation and Numerical Solution

The LCCA programming forma presented in Section 2 is agpplied to provide a
sample modd of the manufecture, reuse and recycling of gless bottles used for
minerd water in Portugd.

A smplified flow chart is presented in Figure 2. The figure illustrates both the
vertical dimenson of the industry — the production chain from the glass mills to
consumption and landfills, including the recovery of glass bottles (reusng and
recyding) — and the spatid dimenson. No regiond breskdown of production is
shown, but the overdl market is broken down into the two sectors “horecd’
(hotels, restaurants and cafes, see Section 2) and the take-home market. Reading
the diagram from left to right, the following regions are recognized in the logistics
flow:

Region #A: Glass mills (maenufacturing glass bottles from rav materids and
from cullet glass),

Region #B: Battling plants (filling and cleaning new and returnable glass

bottles),

Region #C: Warehouses,

Region#D: "Horecd' market,

Region #E: Take-home market

Region #F: Cullet collection plants,
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Region #G: Returnable bottles plants,
Region #H: Empty bottles collected and disposed of aswaste in landfill.

Region B

Region F
. Cullet collection
(;eglon.ﬁ Region D o= -
asmmis 1 “Horeca” ! :—>

Region G

Region H

waste collection
oo N

N 1 Landfill

} 1
. N 100 |/
A\ |

Figure 2. Flowchart illustrating the logistics of the production and distribution of
mineral water in glass bottles

The arows show the direction of the logistics flow. Note the loops feeding flow
back from regions #F (cullet) and #G (used bottles) to regions #A and #B (stippled
linesin the diagram). Stocks of materids are not featured in the example.

Ten production activiies were considered. Notice that some activities ae
carried out a more than one node — see activity #7, for example.

- Activity #1: Making glass from raw materids,

Activity #2: Making glassfrom glass cullt,

Activity #3: Manufacturing empty bottles (from bulk glass),
Activity #4: Cleaning and filling bottles,

Activity #5: Cleaning and filling returned glass bottles,
Activity #6: Ditribution (and warehousing) of bottles,
Activity #7: Consumption of mineral water,

Activity #8: Collection and filtration of glass cullet,
Activity #9: Collection of returnable bottles,

Activity #10: Landfill digposition of glass,

As discussed before, the LCAA mode diginguishes four dasss of
commodities primary goods P, intermediate goods |, final goods F, ad
environmental goods E  Primary goods include resources, materids and energy.
Resources are inflows directly from the environment. Materids are drawvn from the
technosphere.  They represent economic activities that teke place outsde the
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present modd. Energy is a resource extracted from the environment. The primary
goods conddered in this study arelisted in Table 2.

Table 2. Primary goods and units used

Name units description

Resour ces

dolomite [ton] raw materia for manufacture of glass
feldspar [ton] raw material for manufacture of glass
limestone [ton] raw material for manufacture of glass
sand [ton] raw materia for manufacture of glass
soda [ton] raw material for manufacture of glass
sundries [ton] sundries for manufacture of glass
water [ton] process water (cleaning)

min_water [ton] mineral water in bulk

Materials

glue [ton] material for labeling bottles

NaOH [ton] material for washing the bottles
paper [ton] paper for labeling

HCI [ton] material for washing the bottles
Energy

diesdl_b [GJ] diesel fuel (44 MJkg, 0.86kg/l)

elect [MWh] [ electricity (IMWh = 3.6GJ)
elect_wout | [G]] electricity without emissions
heat_gas [GJ] natural gas

heat_oil [G]] thick-fue oil

unspecif [GJ] unspecified energy

Intermediate goods are outputs that serve as inputs into subsequent activities,
see Table 3. Notice that a bottle of minerd water in the hands of the consumer is
consdered as an intermediate good, raher than a find good. Instead, the find
good in our system isthe consumption service ddivered by the distributed product.

Table 3. Intermediate goods and units used

Name units description

cullet [ton] glass cullet (after collection)

glass [ton] melted glass for bottles production
reused [kunit] | reused bottles (after transportation)
newhbt [kunit] | new bottle 25ml (weight: 0.154kg)
fill [kunit] | filled bottle (before distribution)
fill_d [kunit] | filled bottle (after distribution)
used_ht [kunit] | used bottle (after consumption)

The trangportation of intermediate goods is represented in Figure 2 by links
(arrows) connecting several of the regions. Trangportation activities use energy as
inputs and generate environmental “bads’, such as emissons of pollutants, which
ae aggregeted into  environmentd impact categories as  exhibited in Table 1.
Numericdl vaues of these coefficients were cdculated based on the digtances
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between the regions and on environmentd and technologicd 1-O data (per km)
specific for each type of transport used in the corresponding links.

The optimization of the logigtics flow features a series of dternatives activities,
for example The manufacturing of a bottle can be based on raw materids or on
glass cullet. A bottle to be filled can be a freshly made or a cleaned used bottle. A
used bottle can be recyded back to the bottle manufacturer, it can be returned back
to the bottlefiller for reuse, or it can be disposed of in the landfill.

Assuming that al firms minimize costs and thet al markets clear, the modd is
solved for dl the unknowns. the levels of operation of dl production and
transportation activities, and the supplies of al primary goods.

Further assumptions:

Our cdculations are intended to highlight the recovery of glass and bottles and
smplify other aspects, namely the regiond dimenson of the production and
digribution. Only a dngle manufacturer of glass bottles, one locaion of the
springs and one type of bottles (0.25 liter) are therefore considered. The average
digances between glass mills, warehouses, collection plants and markets can be
found in Appendix 1 (Table 7).

Detaled numerica data were obtained from Portuguese companies bottling and
digributing spring weter under severd brand names The data have been adjusted
0 that it reflects typicd rather than actud operations. Similarly, data concerning
the glass bottles production were adapted from current industrial operations of a
man Portuguese manufacturer of glass bottles, being representative of operaion
that has not changed sgnificantly in the preceding years. To preserve commercid
confidentiality economic costs are not presented.

The environmentd emissons daa, both from industrid processes and from the
trangportetion  activities, were in some cases supplemented with data  from
international databases.

Consumer demand for the find product (consumption of bottled water) was
fixed at current levelsin 1997. See below:

Tota demand in “horecd’ market: 60000 thousand bottles per year
Tota demand in the take-home market: 20000 thousand bottles per year.

As discussed in Section 31, the current packaging and peckaging waste
management policies do not explicitly propose gods (@) in terms of environmentd
impacts categories. Ingtead, policy targets are formulated in terms of recovery
objectives, such us minimum percentages of reuse, recycding or totd materid
recovery. Neverthdess, this modd cdculates the vector of environmenta impact
categories, 1(j):

1G)= F(.i) - [('BEactv + AEactv)- X - BEtrns- t)] (14)
gppearing on the left hand Sdein relation (14).

" These data characterize typical processes and were taken from commercial databases
available in the software SimaPro4.0, developed by Pré-Consultants (1998).
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4.1. Environmental Scenarios

The settings of the environmenta scenarios to be solved by the modd are outlined

bdow. Fve dtenaive scenarios were conddered, specifying behaviora patterns,

the current situation (1997 data) and different strategiesfor recovery.
Scenario 1. This is a reference case, to which the following scenarios will be
compared. No environmentd redrictions are imposed. The only redtrictions
featured are those necessary to assure the market clearing of intermediate and
find goods, to asure bdance between trangportaion leveds and
corresponding levels of operation of activities.
Scenario 2: The percentage of used bottles avalable to be refilled was
limited to a maximum of 30% (24 000 thousend bottles). This scenario
reflects the fact that not al the used bottles will be avalable to be refilled.
Peoples behavior limits the quantity of used bottles available, snce
consumers need to return the bottles before they can be refilled.
Scenario 3: The minimum percentage of bottles sent to landfill in both
markets (collection of waste hattles to landfill) was set to 20% of the total of
bottles distributed, which represent gpproximately 2 464 tons of glass. This
scenario recognizes the fact that a percentage of bottles will dways end up in
landfill aswagte.
Scenario 4 describes the current dtuation (1997 daa), in terms of the
percentage of bottles being recyded and reused. The following congraints
were included reflecting current recovery ratios In the "horeca' market,
45% of all bottles are returned. In the take-home market, only 30% of the
bottles are returned. In addition, 30% of the bottles are manufactured using
cullet. We cdled this procedure "cdibration”. No additiond environmenta
policy instruments were imposed.
Scenario 5. The following policy directives were assumed: In the “ horeca”
market, all the bottles must be returned to be refilled, i.e. no bottles in this
market are dlowed to be sent for recycling or disposed of as wadte in
landfill. In the take-home market, at least 10% of all the bottles must be
returned for refilling. Furthermore, reflecting current behaviora petterns, (i)
at least 50% of the take-home bottles are disposed of aswaste in the landfills
and (ii) no more that 10% of the bottles are returned to be refilled. This
latter assumption together with the policy directive for the take-home market
setstheratio of refilling to 10%.

4.2. Numerical results

The LCAA programming modd was coded in the GAMS (generd dgebraic
modding system) software, see Brooke et al. (1998) for details. The mathematical
program includes 54 equaions and the coefficent matrix features 304 nonzero
eements.

Fird, results from Scenario 1 are reported. They will serve as a benchmark for
the other scenarios. It represents a kind of utopia for the bottling market, since it
assumes that dl the used bottles are equaly available to be refilled, recycled or
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disposed of as waste. Thus, industry can choose the recovery options that best
fulfill their needs. However, in the actud society, peoples behavior limits the
quantity of bottles available to be refilled and recycled. Consumers need to return
the bottles before they can be refilled. They need to deposit them in the collectors
before the glass can be recycdled.

Sdected materid flows (messured in thousand units, Kunit, or tons) from the
direct solution and dud vadues (shadow costs of intermediate goods, Hkunit) are
exhibited in Fgure 3. Company-level financid information had to be protected
and thus the monetary unit ($) was multiplied by a certain factor. As it turns out,
al the used bottles (72 727 kunit) are returned to the bottlers to be refilled and,
consequently, no bottles are sent to be recycled or to be disposed of in landfill. In
addition, the bottlers purchase 10 951 thousand freshly manufactured bottles from
the glass mills every year. These bottles have been made from raw materials.

It should be noted that the total input of the filling industry adds up to 83 678
thousand bottles per year and the difference to the total demand (80 000 thousand),
represents the bottles that are broken dong the production and distribution chain
(4.6%). In addition, 9.1% of the digtributed bottles are broken in the reverse
logisic chain. The percentage of bottles brake in the entire life cycle sums up
13.7%. Alterndively, this inefficiency can be interpreted as the maximum number
of times (cycles) that in average a battle is refilled — 13.7% losses indicates that a
bottle does 7.3 cycles. It is assumed that al these broken bottles will end up as
waste digposed of in landfill (1686 tons of glass).

Looking a the dud solution, the shadow price of find consumption comes out
as 56.7% per thousand bottles and it is identicd in both markets (see figure 3). The
full-imputed price of a filled bottle (78.4%/kunit) can be cdculaed by adding the
shadow value of areused bottled (21.7$/kunit) to the consumption shedow price.

- Y
: i Cullet ; -
- H i 60000 kunit
..........!......._.. 3483 56.7% — St
{ Glassfrom ; Oton 0ton,_,.ﬁ Cullet : :
i cullet Take-home j-+=*-—=-"""""¢ collection
: K ! oton
A Y — 6000 kunit| 7
New Bottles e— Filling B S
new bottle - *
10951 kunits Filled_d 3 .
78.4% Used
Filled bottle bottle Returnable bottle |__
1686ton 76.4% Warehouse | | 2175 collection
]
107.7%/ton / Filled_d ;
| — 78.4% :
Filling s
Glass from returnable bottle .
raw materials A
e HORECA Prv....0ton! ¢ Waste giass
72727 kunit 20000 kunit : collection i
I 567$ LR R LR L L IR LLLIRIL]

Figure 3. Selected material flows and shadow costs for Scenario 1
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Some implications brought from the dud varidbles associated with the activities
ae relevant to understanding the optimization results. The duas will be referred to
as the shadow costs of manufacturing and transporting intermediate goods. In
paticular, andyzing why the optima solution does not include sending cullet back
to the glass mill is described below.

The cogt of one ton of glass produced with cullet (activity #2) cannot exceed its
shadow cost — i.e the shadow vaue of the intermediate good "glass' — as Stated
by the corresponding dud complementary dackness condition. "Glass' can be
produced either with raw materials (activity #1) or with cullet (activity #2). The
manufecture with raw materids includes two types of cost dements. the cost of
resources (rav materias, energy...) and the cost of operating the activity #1.
These cods are exogenous to the modd. Consider now the production of “glass'
usng collected cullet. There are four types of cost ements: (i) the shadow cost of
cullet, (i) the shadow cost of transporting’ cullet, (iii) the cost of resources and (iv)
the cost of operating activity #2. The model determines the first two, but the last
two are exogenous.

Manufacturing glass meking use of raw maeids sts the shadow vdue of
"glass' to be 107.7$ per ton. By complementary dackness, the production of glass
with cullet is not operated because the sum of dl costs exceeds thet value. The
remaning costs are transportation (85%), resources (37$) and operding the
activity (27%). The manufacture of glass with cullet were to be operated, its
shadow would have to equa 34.8%/ton.

Notice that the shadow vaue of a used battle is quite high: 21.7$ per thousand
bottles. Since an empty bottle weighs 0.154kg, we can cdculate what would be the
gpproximate vaue of cullet if some of those hottles were sent back to be recycled.
The reault is 140.9%/ton. Because this figure is higher than the "maximum” cogt of
cullet enabling its use (34.8%ton), the modd does not condder manufacturing
glasswith cullet.

Ultimatdly, the optima solution does not include manufacturing glass with
cullet because the shadow vaue of a used bottle is excessve. This follows from
the fact thet al used bottles are available to be refilled. Also, note that the activity
of collecting bottles for refilling is operated a a podtive level. Hence, the shadow
cost of a used bottle (21.7%kunit) is equa to the shadow vaue of a filled bottle
(76.4%/kunit) — either a freshly made bottle or a reused one — minus the costs of
cleaning/filling the used bottle and the costs of collecting and transporting it.

This reference scenaio (scenario 1) corresponds to a pefect world. The
subsequent more redistic scenarios introduce, step-by-step, shortcomings to this
“ided” dtuation, maeking alowance for consumer recovery atitudes, and for the
presence of possible environmenta policy congtraints.

The shadow costs of consumption for the five scenarios and the variation
rdativdy to the reference scenario, D(%), ae shown in Table 4. Energy
consumption and glass digposed of in landfills ae show in Table 5. The
environmentd impact levelsareligted in Table 6.

° The shadow values of transporting intermediate goods are obtained from the

complementary slackness conditions for the corresponding dual variables.
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Table 4. Shadow costs of consumption

M arket scen. 1 scen. 2 scen. 3 scen. 4 scen. 5
D(%) - 30% 0% 42% 0%
take-home $/kunit 56.7 74.0 56.7 80.3 74.0
D(%) - 30% 0% 42% 30%

Scenario 2 illugtrates the fact that the availability of used bottles to be refilled
depends on the efficiency of collection, i.e. the percentage of bottles tha ae
reurned by consumers after being used. Limiting the amount of used bottles
avalable to be refilled to 30% results in the decrease of the shadow vdue of the
used bottle and, consequently, in using dl the remaining bottles (70%) as cullet in
the manufacture of glass. The shadow cogt of consumption increeses by 30% and
the energy consumption increeses by 37% (rddively to the reference scenanio).
Neverthdess, looking a Table 5 it can be seen that the totd amount of glass
disposed of in landfill resulting from the broken bottles dong the life cycle is
reduced by 42%. This is because the lossss in the collection chain of cullet are
considerably lower than in the colection and refilling of used bottles.
Consequently, there is a reduction in the amounts of primary resources consumed,
paticulaly those used in the manufacture of glass. However, there is an increase
in the consumption of diesd, which is due to the high transportation distances —
collection and trangporting of cullet to the glass mills and transporting freshly
manufactured bottles to the springs. The use of primary resources for dl the
scenarios is liged in Table 8 (Appendix 2). Looking a Table 6, one sees that there
is a generd increase in the impect levels which follows similar trends for dl the
environmental categories.

Table5. Glass disposed of aswaste in landfills, and energy consumption

scen. 1 scen. 2 scen. 3 scen. 4 scen. 5
waste glass [tons] 1686.5 981.9 3862.4 6224.4 2938.6

D(%) - -42% 129% | 269% 74%
energy [GJ] 131372 | 180331 | 153911 | 197597 | 153523
D(%) - 37% 17% 50% 17%

Scenario 3 illusrates the fact that a percentage of bottles will dways be
digposed of in landfills after being used. Requiring this vaue to be a least 20% of
the digtributed bottles (16000 thousand units) results in the increese of the
manufacture of bottles by 129%. No cullet is used in the manufacture of the
bottles. Just as in the reference scenario, this is die to the reativey high shadow
cost of the used bottle (109 $kunit). Consequently, the shadow vaue of
consumption is the same as in scenario 1. Looking & Table 5 it can be seen that
glass disposed of as waste increases by 129%. Due to mass conservation, and since
this is a "deady-date’ (datic, for economists) modd, the amount of glass disposed
of must be equa to the amount of bottles manufactured. Otherwise, there would be
a vidation of the firdg lav of Thermodynamics. See dso Tables 9 and 10
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(Appendix 2) lising the operating level of the production and trangportetion
activitiesfor al the scenarios

Energy consumption increeses by 17% and dl the impact leves incresse
rdatively to the reference scenario. However, the environmenta impact increases
do not follow very similar trends (between 16% to 89%).

Table 6. Environmental impact levels

Environmental Scen. 1 scen. 2 scen. 3 scen. 4 | scen.5
category

Greenh. effect [ton] | 8941.0 | 13769.5 | 11146.0 | 15432.6 | 11102.4
D(%) - 54% 25% 73% 24%
Acidification [ton] 99.0 156.3 120.5 165.5 121.6
D(%) - 58% 22% 67% 23%
Eutrophication [ton] 14.8 214 171 22.0 174
D(%) - 45% 16% 49% 18%
Winter smog [ton] 34.3 54.9 64.6 107.9 56.5
D(%) - 60% 89% 215% 65%
Summer smog [ton] 14.9 22.4 18.0 24.1 18.3
D(%) - 50% 21% 62% 23%

The calibration imposed under scenario 4 — by which the current recovery
ratios (1997 data) are smulaed — results in a more redigic scenario. Table 4
shows that the shadow cost of consumption in both markets increases by 42%. The
amount of glass disposed of as wagte is higher than in any of the previous
scenarios (+269%). This results from the current low percentage of bottles being
recycled and reused. Consequently, as can be seen in Table 8 (Appendix 2), this
scenario  exhibits the lowest consumption of process water — mainly used for
ceaning bottles before refilling. Looking & Tables 5 and 6 it can be seen that the
cdibration scenario exhibits the highest vaues of energy consumption and the
highest levels of environmenta impect for al the categories.

The disposd policies defined under scenario 5 result in a condderable
reduction of the glass disposed of and energy used. This reduction, due to the high
recovery targets imposed, amounts to 53% and 22%, respectivdy and
comparatively to the calibration scenario. Nonetheless, the totd amount of waste
and energy used are higher than in the reference scenario. Additiondly, there is
ds0 a reduction in the shadow vaues of consumption. Looking a Table 4 it can be
seen that this reduction is diginct for the both markets. The shadow cost of
consumption in the “horecd” market is identicd to the value caculated under the
reference scenario, but in the take-home market, this figure is 30% higher. This
difference reflects the different recovery targets imposed in the two markets.
Looking a Table 6 it can be seen that, comparativdy to the cdibration scenario,
there is a consderable reduction in al the environmenta impact levels Because
dl the impacts exhibit smilar trends — i.e, they are al mitigated comparetively to
the cdibration scenario — in this paticular example there is no need to use a
multicriteria andyss to assess the policy directives imposed in scenario 5. The
result would be the same, independently of the weighting factors used for the
environmental impect categories.



20

The bottled water market can cause less environmentd damage and use les
energy consumption in many different ways, such as more recycling and more
reuse of bottles. Distinct strategies can be used to obtain higher recovery ratios.

5. Concluding Remarks

The immediate purpose of this paper has been to demonsrate the feasihility and
potentidl of the LCAA methodology. The am is not prgudiced by the
smplifications assumed in the numericad example presented. It is ill possible to
demongrate the types of environmenta srategies and policies that can be achieved
with this approach.

Life cyde attivity andysis combines the advantages of both environmentd life
cyde assessment and activity andysds without suffering from some of ther
obvious shortcomings. LCAA is imbedded in a modd of rdevant indudrid
activities, permitting the presence of dternative technologies and determining the
optima level of operation of each activity. LCAA modes the economy as a
system represented by activities and physicdl and monetary flows between these
activities, providing an integrated view of the entire logistic system of production
and commercidization of products (or services). The referred activities represent
the processes necessary to provide the product or service being studied. At specific
nodes of the logigics chan dternaive activities ae avalaile capable of
supplying/demanding the same intermediate product. Therefore, many products
and services can be producediused through a number of dterndive (sets of)
proceses. This materid-product chain model covers the entire product's life cycle
and emphasis is given to the presence of dternaive end-of-life drategies (eg.,
reuse, recycling, incineration, landfill). The modd caculates the least-cost system
configuration. Process  activities, financid flows and materid-product  flows
characterize the system configuration.

This mathematical formulation permits the representation of the life cycles of
products based on individud activities through the identification of inflows and
outflows associated with each activity and its links with other activities, including
the transportetion of intermediate goods between regions. The format alows
explicitly the identification of al mass and energy fluxes — and therefore its
veification through the thermodynamics laws. Additiondly, this joint format
dlows the quantification in financid terms of the costs associated with limitations
imposed (through determination of the respective shadow vaues).

The numericad example used to illusrate the LCAA methodology proposed in
this paper showed that it is possible to derive environmental strategies/policies that
ae defendable and predictable. The potentid for reducing the environmentd
impact of a sector can be explored. Although our firgt results are encouraging,
much further reseerch obvioudy remains to devdop a precticd and rdiable
support-decision system for environmenta poalicy.

Our paper shows how a modd of an integrated economic, environmentd,
enagy and materid-product system can be deveoped and agpplied. Once the
LCAA mahemdticd program has been written down, the methodology dlows the
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andyss of "What if...? scenarios’. In this manner, an integrated approach can
provide both environmentd and market advanteges, as wdl as hdping to identify
more sustainable industrial and commercid practices for the future.

Further Research, and Limitations of the Approach

Through a series of fidd dudies of indances of recycling andlor reuse of
various products, the present authors are currently involved in a program of
assessment and evadudion of the scope of the LCAA modding format. In this
manner, we hopeto obtain a certain degree of standardization of application.

One paticular extenson of LCAA pursued by the authors is to include non-
lineaxity in the activities technologica and environmenta 1-O data.

The data chosen for the numerica illustrations in the present pgper — involving
the Portuguese merket for bottled water — were supposed to be time-independent.
This assumption is dso used by standard approaches such as LCA and MFA. It
may be permitted when short (up to one year) product life cycles (including
disposd and recovery) are conddered. However, many life cyce problems involve
much longer time spans, smply because many products are durable and last for
decades before they are disposed of.  Further complications are introduced when
processes and products gradudly change over the long run. It may be possible to
ded with such stuations by estimating the LCAA modd using time series data for
time-dependent varidbles.

Unfortunately, lack of time saries data may dtrongly limit the extenson of
LCAA to incdude such dynamic issues. For both datic and dynamic modes,
accuracy and completeness of daa is a very important. In the absence of rdiable
data, both the LCAA andyss and the assessment of its results will be serioudy
hampered.

The condderable amount of information needed by the LCAA modd reguires
the co-operation of many different specidists. The indudtrid engineer's gpproach
operaing on process or plant level and focused on logisics and cost accounting
will be one ingredient in this joint effort. The economist's gpproach operating on
regiond or macro economic levd will be ancther. The environmentd
scientist/engineer  evauating environmental  impacts needs certtainly to  be
integrated. All these contributions need to be brought together in a complementary
fashion.
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Appendix 1

Table 7. Average distances between regions (for the identification of regions, see Figure 2).

Origin #A #B #C #C #D #D #D #E #E #E #F #G
destination | #8 #C #D #E #F #G #H #F #G #H #A #B

distance
[km] 300 400 15 15 0% oP 40 0@ 0@ 70 400 0®

@ The bottles are collected and returned at the "horeca" market.

@ These distances are negligible, because we assume that people do not take the car
expressly to return empty bottles or to go deposit cullet in the containers.

® This distance is considered negligible since the trucks have to return to the warehouse,
either empty or full with bottles

Appendix 2
Table 8. Consumption of primary goods
scen. 1 scen. 2 scen. 3 scen. 4 scen. 5
Resour ces, ton
dolomite 167.3 105.1 383.2 620.1 292.7
feldspar 126.5 79.4 289.7 468.8 221.3
limestone 125.6 78.9 287.7 465.7 219.8
sand 1317.2 827.3 3016.9 4882.5 2304.6
soda 168.3 154.5 385.5 640.5 301.9
sundries 7.9 16.6 18.2 333 15.6
water 71146.0 51524.0 65140.8 51253.8 64390.1
min water 20000.0 20000.0 20000.0 20000.0 20000.0
Materials, ton
glue 8.0 8.0 8.0 8.0 8.0
NaOH 74.2 51.6 67.3 51.3 66.4
Paper 92.8 92.8 92.8 92.8 92.8
HCL 11.9 8.3 10.8 8.3 10.7
Energy
diesd, GJ 65673.4 93418.1 74455.5 94439.3 75947.7
Elect, MWh 5448.4 4291.2 5058.8 4197.2 5027.8
elect wout, GJ 397.0 1461.0 909.2 1885.4 879.9
heat _oi l,GJ 19802.8 13271.2 17803.8 13181.2 17554.0
unsp_ecifl GJ 14129.7 51470.7 32361.5 66926.9 31238.6




Table 9. Operating level of production activities

region | activity | scen.1 | scen.2 | scen.3 | scen.4 | scen. 5
H1 X1 1686 1059 3862 6251 2950
H1 X2 7737 2644 1184
H1 X3 10951 57120 25081 57756 26847
H2 X4 10736 56000 24589 56623 26320
H2 X5 69264 24000 55411 23377 53680
H3 X6 80000 80000 80000 80000 80000
H4 X7 60000 60000 60000 60000 60000
H5 X7 20000 20000 20000 20000 20000
H6 X8 7815 2670 1196
H7 X9 72727 25200 58182 24545 56364
H8 X10 2464 5411 1540
Table 10. Operating level of transportation activities
Link scen. 1 scen. 2 scen. 3 scen. 4 scen. 5
H1-H2 10951 57120 25081 57756 26847
H2-H3 80000 80000 80000 80000 80000
H3-H4 60000 60000 60000 60000 60000
H3-H5 20000 20000 20000 20000 20000
H4-H6 32280 6862
H5-H6 20000 11000 8000
H4-H7 60000 27720 44000 18000 60000
H5-H7 20000 20000 9000 2000
H4-H8 16000 35138
H5-H8 10000
H6-H1 7815 2670 1196
H7-H2 72727 25200 58182 24545 56364
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