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Background and current situation

Packaging creates a barrier to bacterial, chermsoagll transmission
and protects a product from mechanical and othemagas, as well as
informs a consumer about the product packed. Tpaskaging is a very
necessary and useful product for human health afatys However, due to
the large amounts of used packaging it also hasrbeca product
threatening the surrounding environment and suebéén resource
utilization. Therefore, packaging waste reuse awyaling have become
one of the European Union’s (EU) priorities. Theimpgrinciples of the
EU’s waste management policy are developed to nimeirthe amount of
waste generated and to ensure their safe managehhentiain aims of the
EU’s waste management policy are towards waste ept®n, reuse,
recycling and regeneration. Whereas, the long-tdrjactive is to become a
recycling and resource effective society, where tevds utilized as a
resource and waste generation is prevented.

Some EU countries have developed successful wasteagement
systems by applying specific economic, ecologiadiministrative and other
mechanisms. But there are also countries strugghith meeting the
recycling targets caused by an inappropriate choigaolicy mechanisms.
Latvia, as an EU member state, has to comply wightérgets set by the EU
Packaging and Packaging Waste Directive 94/62/E@ Hre Waste
Framework Directive 2008/98/EC. Up until now Latyias managed to
reach the targets of the packaging recycling ratdsin these directives
primarily from the collection and recovery of paghay waste in
commercial and industrial sectors. A further insean recycling rates,
though, becomes challenging, since both of theosgdiecome more and
more exhausted as a source of packaging wastecyolee Therefore, in
order to continue compliance of the Directives letwdds have to be
involved.

Consumption of primary packaging and its waste manmeent are
considered a single complex system. In order t@ldgva sustainable waste
management system of the primary packaging it é&sgary to understand
the system’s dynamic behaviour created by the systactors and their
interaction. One of the aims of system dynamica asodelling method is
expanding the boundaries of mental models. It aleeeing the complex
feedback structure within the basis of the systemben study. Whereas, a
full understanding of overall influence and feedtsaof the decisions made
is the basis of development of an effective pofitategy.



Objectives

The aim of this dissertation is to develop a mddelnalysis of the
structure and dynamic behaviour of an integratedstevananagement
system of the primary packaging (WMSPP) and foredeining the
influence of various policy instruments on the eyst efficiency in terms
of recycled fraction.

The objectives of the thesis are as follows:

1) To analysehe structure of WMSPP;

2) To analyse factors determining the behaviour antioracof the
system’s actors;

3) To develop a system dynamics model where elemdéntéMSPP are
included and their interactions mathematically characterized;

4) To describe the dynamic behaviour of WMSPP and chst its
development in the future;

5) To select policy instruments with a potential toregase the recycled
fraction of the primary packaging waste, and astesis efficiency in
complying the recycling targets;

6) To develop potential policy strategies for increaseecycled fraction
of the primary packaging waste and assess theiueinfe on the
system’s sustainability.

Resear ch methodology

Quantitative and qualitative methods have been umsthds thesis.

The system dynamics method was used for the dewelopof the
WMSPP model. The method is particularly suitedstudying the dynamic
behaviour of complex systems. The model was coctsiriun thePowersim
Studio 8 software environment. The modelling was performied
accordance with the stages determined in the sydy®@mics theory.

The methods of mathematical statistics — corrataéiod regression
analysis — were used to find and describe theioektip between the
system’s parameters. Descriptive statistics wasl usefind the average,
median and standard error values of datasets.

WAMPS 1.0software was used to calculate the avoided greesgho
gas emissionaVAMPS 1.0s a tool based on life-cycle analysis developed
as a decision support instrument for planning wastaagement systems in
the Baltic Sea Region.

The aim of qualitative research methods is to éintthow and why a
phenomenon is observed in certain conditions. igttiesis, the analysis of
the WMSPP operation and its actors’ behaviour, el & content analysis
of scientific literature, policy documents, reportd reviews was
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conducted with the help of quantitative researchhods. An electronic
guestionnaire was used to do a survey in munigipglin Latvia. Local and
foreign waste management experts were intervieweghéetings and via
electronic and phone communications.

Scientific significance

In this thesis, a system dynamics model is develdpethe analysis
of the WMSPP structure and behaviour, as well asefficiency of policy
instruments applied to the system. The developeddemaoallows
understanding the WMSPP and describing the systéeedbacks. The
extended producer responsibility scheme forms #sésbof the model. The
case of Latvia is modelled. Socioeconomic and enwrental factors are
integrated in the model. Their interactions arerati@rized by more than
500 mathematical equations. By changing valuessdhin parameters the
model can be applied to analysis of WMSPP in otioeintries as well.

The developed model allows performing of an integgtanalysis of
behaviour of various actors of the WMSPP (consumeackaging
producers, waste management companies). It ispalssible to analyse the
system of separate collection, deposit-refund systnd a combined
system of primary packaging waste management. Tdgehallows testing
of alternative policy instruments aimed to incretiee recycling and reuse
rates of packaging waste. Adequacy of the model tred obtained
simulation results are tested with several testduding sensitivity analysis
with the method of the Latin hypercube sampling.

A rebound effect caused by an increasing shardefmer recycled
materials and leading to an increase of the taiabemption of packaging
materials is identified during the modelling andhsiation processes. An
effect of recycled fraction on changes in mater@sumption has not been

described before. Thus, this is the first case wheerrebound effect is
described in such a context.

Practical significance

This thesis is of great practical significance. Teveloped model
allows analysing the structure of the WMSPP and#tgaviour of system’s
actors. Therefore, it can serve as a decision stigpol for efficiency
assessment of various policy instruments and théitence on system’s
sustainability. In this thesis, several policy instents are tested and
assessed. The results obtained can be used inetredodment of waste
management policy. The model can also be used lsfewaanagement
companies for business planning purposes and fetiega potential
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outcomes. Scientists and researchers can deveopntdel further by
expanding the boundaries of the system, adding ekments and/or
analysing additional policy instruments. The maodieVeloped in this thesis
can be used for constructing a model for similasbfgms. Finally, the
results obtained in this thesis give practical fiehe¢o overall society as
information about consumers’ significant role in V8MIP is provided.

Approbation

The results of the research have been discussedpaasgnted in the

following conferences:

1. The 53' RTU International Scientific Conference with a seetation
.Evaluation of economic aspects of the depositadfisystem for
packaging in Latvia” —October 10-12, 2012, Rigatvia

2. The 8" International Conference ,Waste management 201t &
presentation ,Analysis of sustainability aspectsha deposit-refund
system in Latvia” — July 4-6, 2012, New Forest, tddiKingdom.

3. The 29 International Conference ,Beyond consumption: ®atfs to
responsible living” with a presentation ,Sustairaphckaging as part
of sustainable consumption: A consumer's perspettiv March
19-20, 2012, Berlin, Germany.

4. The United & World Congress of Latvian Scientists arfti I4etonica
Congress, section “Environmental quality in Latv@urrent status,
challenges, solutions” with a presentation ,No ifikniem atgita
kurinama potencila noteikSana Latvi] — October 24-27, 2011, Riga,
Latvia.

5. The 529 RTU International Scientific Conference with a g@etation
»Assessment of refuse derived fuel potential inviat — October
12-13, 2011, Riga, Latvia.

6. The 7" International Conference ,Natural Sciences andhfelogies
for Waste and Waste Water Treatment, Remediatiamjs&ons
Related to Climate, Environmental and Economic &f& with a
presentation ,Analysis of Waste Sorting Populatiohatvia by Using
System Dynamics Modeling” — November 22-24, 201@&Inkar,
Sweden.

7. The 5F' RTU International Scientific Conference with a seetation
~LAnalysis of ecodesign implementation and solutidos packaging
waste system by using system dynamics modeling'tteléar 14-15,
2010, Riga, Latvia.

8. The 3" International Conference ,Waste management 201idf &
presentation ,System analysis for integration ohdfl energy
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production in regional energy supply” — July 12-2910, Tallinn,
Estonia.

The 7" International Conference ,Organic resources in ¢taebon
economy” with a presentation ,Optimization modelbdbgas use in
landfills in Latvia” — July 3-7, 2010, Iraklion, @ece.

. The 50" RTU International Scientific Conference with a setation
.Modeling of installed capacity of landfill powetadion” — October
14-15, 2009, Riga, Latvia.

Publications

Dace E., BaZzbauers G.,e&ina A., Davidsen P.l. System dynamics
model for packaging ecodesign and waste managemelity
analysis// Resources, Conservation and Recyclid§1-3. — Article in
press.

Dace E., Pakere I., Blumberga D. Analysis of sustailitg aspects of
the deposit-refund system in Latvia// Sustainabkvdlopment and
Planning VI, WIT Transactions on Ecology and theviEbonment. —
2013. — pp.729-740.

Dace E., Pakere 1., Blumberga D. Evaluation of ecaoaaspects of
the deposit-refund system for packaging in LatvidAnagement of
Environmental Quality: An International Journal043.—-Vol. 24 (3) —
pp.311-329.

Dace E., Bendere R. Landfill mining in Latvia: Statpsoblems and
challanges// Proceedings of the 8th Internationahféence on
Natural Sciences and Technologies for Waste and talaser
Treatment, Remediation, Emissions Related to Cémat
Environmental and Economic Effects. — Sweden, Kalma
November 26-28, 2012. — pp.185-194.

Dace E., Blumberga D. An assessment of the potenfiatefuse
derived fuel in Latvia// Management of Environménfauality: An
International Journal. — 2012. — Vol.23 (5) — p|3&16.

System Dynamics for Environmental Engineering Stisle
A.Blumberga (ed.), ISBN: 978-9934-8196-2-9 ¥g&® RTU Vides
aizsardibas un siltuma si&nu institits, 2011. — 351 Ipp.
Sisemdinamika vides inZenierZitmu studentiem. A.Blumbergas red.,
ISBN: 978-9934-8196-1-2 —iBa: RTU Vides aizsar@zas un siltuma
sisému instifits, 2010. — 318 Ipp.

Siseémiskas doraSanas integSana vides politik A.Blumbergas red.,
ISBN: 978-9934-8196-0-5 —1Ba: RTU Vides aizsar@zas un siltuma
sisému instifits, 2010. — 225 Ipp.
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10.

11.

12.

13.

Kuplais G., Blumberga D., Bce E. System analysis for integration of
landfill energy production in regional energy suyppl Waste
Management and the Environment V, WIT TransactiomsEcology
and the Environment. — 2010. — pp.21-30.

Dace E., Erzipa A., BaZbauers G. Analysis of waste sorting
population in Latvia by using system dynamics mivggi
Proceedings of the 7th International ConferenceéNatural Sciences
and Technologies for Waste and Wastewater TreatrRamhediation,
Emissions Related to Climate, Environmental andnBotc Effects. —
Zviedrija, Kalmara, 22.-24.novembris, 2010. — pp-484.

Berzipa A., Dace E., BaZbauers G. Analysis of ecodesign
implementation and solutions for packaging waststesy by using
system dynamics modeling// RTU Scientific JourrfdRiya Technical
University ,Environmental and Climate Technologies®2010. —
Vol.13(4) — pp.22-28.

Blumberga D., KuplaisG., Veidenbergs |., Ece E. Benchmarking
method for estimation of biogas upgrading schemest#fian Journal
of Physics and Technical Sciences. — 2009. — V@#36- pp.23-35.
Blumberga D., KuplaisG., Veidenbergs I., Bce E., Gu& J.
Modelling of installed capacity of landfill powertasion// RTU
Scientific Journal of Riga Technical University J&ronmental and
Climate Technologies”. —2009. — Vo0l.13(3) — pp.X®-2

Structure of thethesis

This dissertation is written in Latvian and congimntroduction,

3 chapters, conclusions, bibliography, 68 figu&dables and 160 pages.
The bibliography contains 227 references. The ditee review and
bibliography are not included in this summary.
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1. METHODOLOGY

In this thesis, a system dynamics model is develdpe analysing
the dynamic behaviour of the WMSPP and providing dlecision makers
with the results of the analysis. The aim of thedeldis to explain the
observed phenomena in the WMSPP, to provide aghnhsito the system’s
dynamic behaviour and to test various policy inskeats with a potential to
increase the efficiency of the system in terms afected and recycled
packaging waste from households, prevented wasteeduced deposited
waste. The model includes packaging waste sortijjection, reuse,
recycling and disposal stages, as well as packaigsign phase depending
on the results of the waste management processbavB®ur of packaging
producers, consumers, and waste management corspame their
interaction determining the system’s dynamic depelent is simulated in
the model.

A separate waste collection system with an extengextiucer
responsibility scheme forms the basis of the modedorresponds to the
case of Latvia. The model is supplemented with @etya of policy
instruments that can change the existing systemmalglament of various
packaging materials (paper and cardboard, plastietal and glass) is
simulated in the model. The following distributidby weight) of the
packaging materials is assumed: (i) paper and ocardb-39%; (ii) glass —
32%; (iii) plastics — 22%, including PET —40%; (iv) metals — 7%,
including aluminium — 50%.

The model is constructed in system dynamics sinmnatool
Powersim Studio &nvironment. The simulation period is 23 yearsnir
2007 onwards, where in 2007 the time t = 0. Theukition period ends in
2030, which coincides with the implementation dewdbf strategy "Latvia
2030". The length of the simulation time step 5 thonths. The model is
based on the analysis of scientific literature astdtistical data on
packaging waste generation, disposal and recogergs domestic product
and population, as well as on survey results asclidsions with experts.

1.1. Structure of the mode

First, the amount of packaging on the market igmeined based on
changes of exogenous variables — population anssgiiomestic product.
During the next phase, consumer behaviour deperatirtge availability of
sorting facilities, waste management costs, incoieree costs and other
factors is simulated. Then, the recycled, reusetdmposited fractions and
their changes are determined. Finally, changehennmarket demand for
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materials are analysed. The developed model cersishree main parts or
modules: (1) market module, (2) consumer behaviowdule, and
(3) waste management module (see Fig. 1).

Market module

Populatlon T
Price of
Changes in suppl?ed
consumption of —» Demand for materials
b packaging
everages
Deposn -refund
system module Return rate of )
deposit packaging Wast Recycled Pacgaxglng
gen:rsafed materials A
Social norm sup‘i)lled
Consumer behaviour . Waste management
module Fraction - module
sorting
Pressure on
the waste L
management
companies Inconvenience mar\ggztrient -— Aur::sr:;gf Filled fraction

cofs costs T waste of landfills

Availability of Waste disposal Landfill
sorting facilities costs tax

Fig. 1. Diagram of the structure of the developextiet

Figure 1 shows that the total demand for packagimaterials,
consisting of demand for virgin and recycled maiteriis defined in the
market module. Since packaging has a comparatstetyt lifetime, it is
assumed that all the consumed packaging turnswiakie in less than a
year. Thereof, as the demand for packaging maseciznges, so does the
annual amount of packaging waste generated. Thimiahenters the waste
management module where the filled fraction of fdisdand the recycled
materials supply is determined which in turn affethe results of the
market module. The filled fraction of landfills argimount of waste
generated affect the availability of sorting fa®@s and fraction of sorting
population, which is used as an input value in Weste management
module for determination of the amount of wastéesbr

The structure of the system is altered by applyiolicy instruments.
A deposit-refund system (DRS) implies the creatimha completely
different WMSPP. Thus, the structure of the modedignificantly extended
by constructing an additional — deposit-refund eystodule (see Fig.1).

12



1.1.1. The market module

The market model imitates the actions of the mankethanism, in
which one material can be substituted by anotheesponse to an increase
in its price, and in which changes in price infloersupply and demand
while the demand-supply ratio in turn determines ghice. The market
model calculates the total demand for packagingerigds and how this
demand is split between recycled and virgin maternigepending on the
price of these materials. Variables describing miaekasticity are used. The
price elasticity of demand for materiaks)(characterizes how flexibly the
demand will react to changes in the average prfcth@ materials. The
price of packaging materials changes with the ceanghe packaging tax.
Elasticity of substitution &) is used to describe the willingness and/or
ability of packaging producers to replace one niatevith another. The
greater the absolute value of elasticity of subttih, the faster the demand
for one material decreases if the price of thatemt increases in
proportion to the average price, and the more #reahd for the substitute
material increases. A response of the price ofdledymaterials to changes
in the demand-supply ratio is described by the iteitg of price to
demand-supply ratiosf. The market elasticity variables are considered
constant and exogenous in the model. Eq.1 shows thewdemand for
virgin materials ;) is calculated by using

-€

_ pref. (S
=7 (ea) ®
Where}}ref — reference demand for virgin materialg;

Cj — perceived price of virgin materials, EUR/Kg;
C.iq — average price of materials, EUR/Kkg.

Likewise, the demand for recycled materials is aeieed, though
the material substitution ratie)(is considered:

_pref. 1, (G )"
Pr - Pr T (Cvid) (2)
WherePrTef —reference demand for recycled materials, kg;
C,; — perceived price of recycled materials, EUR/kg.

It is assumed in the model that the packaging prediwcannot
immediately perceive changes in the price of maleriand alter the
packaging design to one that uses less expensiteriais. The packaging
producer needs time to detect changes in the mankét process and

13



respond to new information. This creates an infdionadelay. It is
expressed by a perceived material price calculasddllows:
. t=1 [Ci+T;-C; s
G = (—' - ’)(t) -dt+ ™Mt (3)
whereC; —price of virgin materials, EUR/kg;

T, — packaging tax, EUR/kg;

t' — perception time, years;

C/™* — initial price of virgin materials, EUR/kg.

The initial price of virgin materials is an exogesovariable, because
it is not influenced by the action, or behaviourftee model. Whereas, the
perceived price of virgin materials is an endogeneaariable, as its value is
determined by model variables. As the market maleitegrated into the
general model, it is anticipated that the packatgxgchanges depending on
how the impact on the environment changes, whichthis model is
characterized by the filled fraction of landfillBhis rate in turn depends on
the amount of demand for packaging and the fraatfosorted waste. The
perceived price of virgin materials thereby becormregndogenous variable
determined by adding the exogenous varia@Bjeto the endogenous
variableT;.

The price of recycled material€] is an endogenous variable. It is
determined by the ratio of demand for recycled mete (P;) to supply
(delivery) &) of recycled materials in the market and the pgirigtax:

e () TiCh .
C=fy <—(Sr)t. >(t) - dt + Cinit (4)

whereCiMit — initial price of recycled materials, EUR/Kg.

The demand-supply ratio is created by dividing tlemand for
recycled materials by the potential delivery of yded materials. The
demand for recycled materials depends 6p The potential delivery of
recycled materials depends on the amount of satet recycled waste
(determined by the fraction of the population teatts its waste) in the
waste management module and the time to make theleel materials
available for supply.

Time to perceive the price of materials and cosffit o
characterizes the disequilibrium behaviour of markeakers (waste
recyclers and packaging produceesshows how price of materials reacts

14



to changes in demand-supply ratio. The higher #teevofe the more rapid
changes in material prices when the demand-supgily changes.

The average price of materials in the mark&ty) is determined by
perceived prices of virgin and recycled materiailsl a (see Eq. 5). The
greater the value, the slower the growth in average pricehasprice of a
material increases. This corresponds to a situdtiomhich, as the market
demand for a relatively cheaper material grows ¢Wwlis possible when the
ability to replace a more expensive material witthaaper one grows), the
increase in average price is slower than ifetheere small.

1
Cua = 2@ ()] R

The market module imitates a situation on the mntarkbere a
packaging producer chooses the cheapest of theiatat@ssuming that the

quality of the recycled and virgin materials is ialent. If theC]f is higher,
then the average price increases as well and thart for virgin materials
falls. However, when th€, remains lower than tl”(é and the average price

increases, then the recycled materials becomewvediatcheaper and the
demand for recycled materials grows increasingdia@and-supply ratio.
The total demanded amount of packaging material@ses an input value
for determining the amount of packaging waste ggedrin the waste
management module.

1.1.2. The consumer behaviour module

The Consumer behaviour module simulates the dyranut
consumer involvement in waste sorting activitied aalculates the fraction
of sorting consumers. The consumer's choice togmgawaste sorting is
determined by several internal and external facttiréss assumed in the
model that consumers can be divided into four gsobpsed on their
motives and possibilities: (i) “Consumers-not-swti— consumers that do
not sort waste and are not yet willing to be involved in sorting; (ii) “Non-
sorting environmentalists” — consumers that are ceored for the
environment and would like to sort waste, but whaveh no access to
sorting facilities (kerbside containers, drop-ofbirgs, etc.) (NShv);
(i) “Sorting environmentalists” — consumers sogi because of
environmental concerns (SEnv); and (iv) “Sorting economists” — consumers
sorting because of economic considerations (SEcon).

It is assumed in the model that involvement intdisg activities is
driven mainly by two types of factors — state ofe tlsurrounding
environment and economic considerations. It is ragsl) that the filled
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fraction of landfills signals about the extent wipiact on the environment —
the higher it is the more acute is the consumettion. Whereas, waste
management costs and inconvenience costs to inuoteewaste sorting
determine the economic benefits of sorting — coressravaluate their costs
and maximize benefits by starting to sort wastecontinuing waste
disposal in a landfill.

Various rates determine how fast the transitiomvbeh the groups is.
The rates, on their turn, are determined by varfaotors. The rate at which
Consumers-not-sorting decide to sort their wastk raove to the NSEnv
group W_z) depends on a number of people who are guided by
environmental concerns, i.e. the sum of the NSEfvahd SEnv § (see
Eq.(6)). It is assumed that the maximum (indicgtivember of people who
are guided by environmental concerns and potepntalild become NSEnv
and subsequently SEn¥,(y) is 70% of society. Thus, 30% of society will
sort their waste only if there is sufficient economcentive.

_ (ZInd'(Z+S))
Woz = a-b-L-cZy ©6)

The time necessary to move from the NS group ta\&Env group
depends on the extent of environmental pollutiopressed by the filled
fraction of landfills [) and the perceived fraction of consumers that are
already sorting due to environmental concerns amtsumers that have
decided to start sorting as soon as they havedtesa to sorting facilities
(Z}). Equation (6) shows that the maximum time neefdedConsumers-
not-sorting to decide to begin sorting their wastequal to the constaat
(assumed to be equal to the length of the simulgtieriod, i.e. 23 years).
The maximum time is decreased by the positive ekarmsipown by those
consumers who already sort their waste or arengetéady to do so in
order to protect the environment as soon as theygiaen the opportunity
(fraction of consumers guided by environmental eeay multiplied by the
constantb. The greater the fraction of such consumers theentime is
reduced and the rat®,_; increased. Thus, Equation (6) shows the
influence of a diffusion of the positive example tire increase rate of
NSEnv. It is considered that in order to perceivis fositive example
consumers need time expressed by an informatiay.del

It is likewise assumed that as environmental proBlgrow worse,
i.e., as the filled fraction of landfills increaséise time to become NSEnv
decreases (multiplied by the consteniThus, constants andc indicate the
maximum number of years by which the maximum tineeded for
Consumers-not-sorting to decide to begin sortirarttvaste is decreased,
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when positive example is shown by others or enwremtal problems
increase. Time constardasb andc are an assumption as no studies could be
found indicating their values.

Consumers who have decided to sort waste and atfeeitNSEnv
group can involve into waste sorting only if thegve sorting facilities
available. The total number of such consumers igakdo indicative
number of consumers guided by environmental coscelpy, multiplied
by the parameter indicating the availability oftsay facilities. The rate at
which consumers are moving from NSEnv to SEnv ddpem the fraction
of population that has access to sorting contairers the fraction of
population that already belongs to SEnv.

It is assumed in the model that a large part osuoorers would not
be motivated to sort waste by environmental corgebuit by economic
considerations. It means that in the model thesswoers never enter the
NSEnv group and stay in the Consumers-not-sortiraumg or join the
SEcon group by involving into the waste sorting\dii¢s. The rate of such
transition ¥_) depends on difference between the potential dicative
SEcon Ang) and actual SEcom, the effect of ratio of waste management
costs to inconvenience costs,], and time to become SEcon (see Eq.(7)).
Time to become SEcon, in its turn, depends on Hadability of sorting
facilities (Ky) and the perceived social nori§.

(Alnd_A)'Em
Wos = a—b-Kp—c'Ng @)

The availability of sorting facilities is an imparit factor in
determining waste management costs and consumessivement into
waste sorting activities. In the model, the avaligbof sorting facilities is
characterized by a dimensionless parameter witbhegaD to 1, where 1
means a 100% provision of sorting facilities. Whapportunities to sort
waste are provided, people begin considering chaimgtheir habits. Thus,
the target is to reach the value of availabilitysofting facilities equal to 1.
The rate at which opportunities to sort increaseatds the goal, is
calculated by multiplying the difference betweep #ittual availability of
sorting facilities Ky) and the target availabilit)K()) with effects of various
factors on the increase rate i€, and dividing by the time to reach the
target { ):
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t=1 [(K},-K ‘(Ec+Es+Ea+Ey) ini
Kp = [ [kl B | @ de+ xipe ®

where E. — effect of price of the collected materials ore th

availability of sorting facilities;

E; — effect of collection and pre-treatment costssofted
waste on the availability of sorting facilities;

E, — effect of waste disposal costs on the availgbitif
sorting facilities;

E, — effect of consumer requests on the availabilftgorting
facilities;

KMt — initial availability of sorting facilities.

In Equation (8), the effects of various factorstba availability of
sorting facilities are nonlinear functions. It ssamed that the time to reach
the target is until the end of simulation time, 28 years.

1.1.3. The waste management module

The waste management module helps to calculatestte@ams of
sorted, recycled, reused and deposited waste amdiltbd fraction of
landfills based on the annual consumption of malernd the fraction of
consumers sorting. Since primary packaging is adysb with
comparatively short lifetime, it is assumed thatla consumed packaging
turns into waste in less than a year. As the denfiangackaging materials
changes, so does the annual amount of packaginte veasduced. The
waste produced are sorted and recycled (or reusedleposited. It is
assumed that all waste not sorted for recyclingeigosited. The exception
is the glass packaging part of which is reused.

The amount of sorted wast®V) depends on the total fraction of
consumers sortings{) and the sorting efficiency:

ermp-Sd-oc

W =
s ts

9)
WhereWrk °P_ total amount of waste generated, t;
ts — time to sort, years.

Packaging materials sorted at households are mostifaminated
with various impurities that are not recyclabletlie specific material flow
and are deposited (for example, food remains, esticHabels, covers etc.).
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The sorting efficiency coefficient is used to clwaesize the quality and
purity of materials sorted.

Value of the stock of sorted WaSWS]t()p) is equal to the difference
of the annual amount of sorted wadté)(flowing in and the annual amount
of recycled waste flowing out\,) of the stock (see Eq.(10)).

WP = [ (We-W,) (0 - dt + Winit (10)

The initial amount of sorted wast&{"t) is equal to the initial
amount of waste generated multiplied by the initiattion of consumers
sorting. The annual amount of recycled waste isutated by multiplying
the total amount of sorted waste with the recyckificiency coefficientp
that characterizes the loss of material's mass godlity (material
degradation) as a result of recycling processesydked materials are
accumulated and delivered to a packaging prodysem demand.

The annual amount of recycled packaging waste\igleli by the
annual amount of generated packaging waste reguttinecycled fraction.
This is the main result of the model through whilklh impact of various
policy instruments on the packaging waste managesystems is assessed
and their effectiveness compared in relation to tdrgets set in the EU
directives and national planning documents.

The amount of deposited waste is accumulated idfilln The
available free landfill space is allocated to paikg waste solely and
based on that and the deposited amount of primackgging waste the
filled fraction of landfills is calculated. It issaumed in the model that the
filled fraction of landfills indicates the extent the environmental impact
that is associated with waste. The model imitatesety's reaction to an
increase in the filled fraction of landfills by ugi and increasing the
instruments that lead to a decrease in the consompf materials and
divert the waste away from landfills, i.e. the pagig tax and the landfill
tax.

1.1.4. The deposit-refund system module

The deposit-refund system module consists of seyends. In the
initial stage of simulation the amount of depositiaging on the market is
determined based on beverage consumption. Thegptimimer behaviour
under the deposit-refund system (DRS) is simuladegdending on the
availability of return points, size of the depdsié and inconvenience costs
to return the empty packaging unit into the systBmally, the fraction of
packaging returned for reuse and recycling is ddtexd. The initial
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calculations are based on the exogenous variabdesss domestic product
and population.

The initial structure of the model is modified bypplementing the
waste management module so that another flow dé@sgrthe amount of
packaging returned in the DRS exits the stock efttital amount of waste

generated er"p). Fraction of returned wasteAlj that depends on
consumer behaviour is taken into account whennhea amount of sorted
waste in the DRSWPS) is calculated (see Eq.(11)).

kop
W, "-Dg-Al
WS = —r—4—

S ts

(11)
whereDq — fraction of deposit packaging;
ts— time to sort, years.

Consumers’ habits change as a result of introdaafdghe DRS. The
reason is a price increase of the beverages mgiibtm the added deposit
fee. When the price increases, part of consumesesgs not to purchase
the beverage or selects a comparable beveragésthat included in the
DRS. These changes of beverage consumption cadulat the DRS
module enter the market module determining thereefee demand for
packaging materials (see Eq.(12)).

pDS = p.p. D - 22 (12)
Qo
whereP®® — reference demand for packaging after introductibn o

the DRS, kg;

P —reference demand for packaging (before introduotibn
the DRS), kg;

AQ — changes in demand for packed products, units;

Qo — demand for packed products before price changes,
units.

When the demand for packaging materials is chartgedamount of
packaging waste generated entering the waste mameagenodule changes
as well. Whereas, the total fraction of recycledt@achanges as a result of
recycling of the packaging returned in the DRS.

Polyethylene terephthalate and aluminium are thstrmdemanded
materials on the recycled materials’ market, thtise-most profitable ones.
When these profitable materials are diverted from $eparate collection
(kerbside) system, waste management companies thase interest in
collecting other recyclable materials as well. Hifere, it is assumed in the
model that the introduction of the DRS reducesrtite at which sorting
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facilities of the separate collection system arstalled (an effect of
introduction of the DRS on the availability of tlserting facilities, the

value of which is constant and equal to —1, is dddehe sum of the effects
in the Equation (8)).

1.2. The causal loop diagram of the system

The causal loop diagram in Figure 2 shows the acterg feedback
mechanisms (loops) between the parts of the matisjistem.
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Fig. 2. Causal loop diagram of the modelled system
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A packaging producer makes a decision about the &ml amount
of materials used depending on the prices of viegid recycled materials
and their ratio to the average price of materitléorms the total demand
for materials. The demand for materials increaBesatmount of waste and
therefore also the filled fraction of landfills. @Hilled fraction of landfills
indicates the extent of environmental impact. Whkee filled fraction
increases, the awareness of the society is rasedrasult. That increases
the number of consumers that are concerned foerikigonment and would
like to sort waste, NSEnv. The society reacts ® ahvironmental impact
with raising the packaging tax, which decreasesddmand for materials,
and the landfill tax, which increases the wastepabal costs (and
subsequently waste management costs). The balalumpg (B1 and B2)
are thus formed, which slow down the increase énaimount of waste. The
increase of waste disposal costs forces waste rear&ay companies to
install more sorting facilities since waste dispdsacomes too costly in
comparison to collection and sale of primary pagkggvaste (recyclables).
With greater availability of sorting facilities, ghconsumers’ inconvenience
costs to sort waste decrease. When the waste nrapageosts exceed the
inconvenience costs, the consumers motivated bgossiz considerations
get interested in decreasing their costs and becomaved in waste
sorting (subsequently becoming SEcon). The avdithbiof sorting
facilities allows NSEnv to become involved in wasserting, thus
becoming SEnv.

Both, SEcon and SEnv increase the fraction of cmess sorting
their packaging waste and sorting spreads as alsnorm. The social
norm, in turn, creates a diffusion of acceptancéhefrecycling behaviour,
increasing the number of SEcon and SEnv even naoreiriforcing loop(s)
is formed (not distinguished in the scheme) thatedr an increase of the
fraction of sorting consumers). As the fraction @fnsumers sorting
increases, the number of Consumers-not-sortingedses, decreasing the
rate at which landfills are filled. The third batamg loop (B3) slows the
rate at which waste is disposed of in landfills.wdwer, the supply of
recycled materials on the market increases, thel@bgring the demand-
supply ratio of the recycled materials and leadm@ drop in the price of
these materials and the average price. It is as$uimat the price of
recycled materials is lower than the price of virgiaterials. A decrease in
the average price of materials, in turn, expanésdémand for materials
and leads to an increase in the filled fractioramidfills and to a further
increase of the fraction of consumers sorting. Assailt, a reinforcing loop
(R1) is formed that tends to increase the amountaste.
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The causal loop diagram describes the so calleabtned effect”
caused by an increasing share of cheaper recyceriads and leading to
an increase of the total consumption of the pacigagnaterials. In this
thesis, the rebound effect is derived from theqyodiimed at increasing the
recycled fraction of packaging waste. Most studiethe literature observe
the opposite direction, i.e. how the green desigog-efficiency and
consumer behaviour influence the amount of wastegged. Thus, this is
the first case where a rebound effect is describedcontext of an effect of
recycled fraction on changes in material consumptio

1.3. Policy development and scenario gener ation

The existing WMSPP can be changed by using vargitategies
based on the development of policies. When a pdesign is developed it
is tested to see what new decisions, strategiesstmidtures could be
implemented in the real system. In order to ineethe efficiency of the
WMSPP various policy instruments have to be choBeonomic (fiscal),
administrative (regulatory), informative, infrastture and eco-design
instruments were chosen to assess their indiviaindlinteractive influence
on the efficiency of the system (see Fig. 3).
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of demand Demand for 4~ Elasticity of
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Amount Packaging
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recycled
matenals F|IIed fractlon Di |
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Fractlon Information
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. ____ Availability of ‘\/
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Fig. 3. A simplified causal loop diagram with th&lipy instruments tested
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The instruments were chosen so as to modify theavietr of
specific stages or actors of the waste managerygstam. The influence of
the policy instruments on the management of packpgiaste was tested
by developing several scenarios, where variations @mbinations of the
instruments applied were tested. The aim of thesaagios was to find out
how the packaging WMS can be influenced in orderptomote the
recycling rate of the primary packaging waste aimdidér the accumulation
of the waste in landfills.

First, a base scenario was created that showsotleatal dynamics
of the system provided that no additional instruteeare applied and the
existing measures remain unchanged, i.e. the dewlnt of the existing
PC-PW management system was forecasted with theypoktruments in
force from 2007 until 2012 (including rates of pagkg tax and landfill
tax unchanged). Then, by developing 17 scenaridhepolicy instruments
were tested individually to evaluate the degreéntiience each of them
creates on the system’s dynamic behaviour andteféaess of the existing
system (see Table 1). Finally, six scenarios wereelbped where the
policy instruments were combined creating poliaateigies or design and
assessing the total effect of application of vasigulicy instruments at a
time (see Table 2).
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Scenarios of the policy instruments tested

Table 1

The policy Scenario
instrument applied| Base P1 P2 P3 P4 P5 | P6 P7 P8 | P9 | P10 | P11 | P12 | P13 | P14 | P15 | P16 | P17
Deposit-refund 0 1|l 12l2]2|0| 0| o of of o 0 0 0 0 0 0 0
system
Deposit fee - 1 2 1 1 - - - - - - - - - - - - -
Return points - 1 1| 5 1 - - - - - - - - - - - - -
Informe_mon ) 1 1 1 12 ) ) ) ) ) ) ) ) ) ) ) ) }
campaigns
Disposal ban 0 0 0 0 0o 1 0 0 0 0 0 0 0 0 0 0 0 0
Landfill tax 0 0 0 0 0 0 1 10 0 0 0 0 0 0 0 0 0 0
Subsidies 0,1 0,1 0,1 0,1 0,1 0 g1 (¢ 1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0, o1
Responsibility of |, o| ol of of o of ol of2| ol of of of o of of o
municipalities
Information 4 4| 4| 4| 4| a| 4| 4| 4| 4{1200| 4 4 4 4 4 4 4
campaigns
Information on 01 01| o1] o1 01 o1 o1 of o1 o1 d 1 01| 01| 01| 01| 01 01
packaging
Packaging tax 0 0 0 0 0 0 q d ( D ( 1 10 0 0 0 0
Exemption from
the packaging tax 0 0 0 0 0 0 0 0 0 0 0 0 0 of 1 0 0 0
Elasticity of 0.5 05| o5/ 05/ 05 05 o0, 0, 05 05 05 5 D5 | 05| 25 | 05| 05
substitution
e, for virgin
. r.v. V. | rvo | rv.| rv.| rve| rv.| rv| rv] rvl r.v. r.v. r.v. r.v. r.v. 2 r.v.
materials
e for recycled
; r.v. rv. | rv.o | rv.| rv.| rve| rv.| rv| rv] rvl r.v. r.v. r.v. r.v. r.v. rv.| 2
materials




Table 2

Scenarios of the policy strategies

Scenario
The policy instrument applied
Base | S1 S2 S3 S4 S5 S6

Deposit-refund system 0 0 1 0 1 0 1

Deposit fee - - 1 - 1 - 1

Return points - - 1 - 1 - 1

Information campaigns - - 1 - 12 - 1
Disposal ban 0 0 0 0 0 1 1
Landfill tax 0 10 10 0 1 1
Subsidies 0,1 1 1 0,1 0,1 0,1 0,1
Responsibility of municipalities 0 1 0 1 0 1 1
Information campaigns 4 | 100 4 4 100 100 100
Information on packaging 0,1 0,1 0,1 0,1 o Ojl1 140,
Packaging tax 0 10 1 10 1 10 1
Exemption from the packaging tax 0 0 0 0 a q
Elasticity of substitution 0,5 0,5 0,5 2,5 0,5 2,5 0,5
e for virgin materials r.v. r.v. r.v. 2 r.v. r.v. r.v.
e, for recycled materials r.V. r.v. r.v. 2 r.v. r.v. r.v.

In scenario S1, a policy promoting separate wasleation system
is analysed. Packaging and landfill tax rates awmé sf subsidies are
significantly increased, societies’ awareness @srted and responsibility
of municipalities to reach the recycling rate tasgen their territory is
established. The aim of scenario S1 is to assesthahan increase in
recycled fraction of packaging waste can be ackievithout such costly
policies as DRS or landfill ban.

An introduction of the DRS is simulated in scen&i& However, in
order to maintain the motivation of consumers ta seaste also in the
separate waste collection system, the landfill tate is increased
significantly. Packaging producers and waste mamagé companies are
stimulated by moderately increased packaging taxaad subsidies.

Scenario 3 helps to understand what would be tfectebn the
system if recycling of primary packaging waste irpoted through
increased demand for recycled materials from thedywers’ side, but
limiting the total amount of packaging materialeedisby increasing the
packaging tax and the price elasticity of demandnfaterials. To ensure
delivery of recycled materials, the responsibiliof municipalities is
established to foster the installation of sortiagilities in their territory.
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In scenario S4, great emphasis is placed on theigwa of
information to the society to see the system’s bieha in a situation with a
relatively low developed sorting infrastructure, tba high level of
consumers’ awareness. The separate waste collesstidem is enhanced by
moderately increasing the packaging and landfiil tates. Besides, the
DRS is introduced with the minimum increase treficeturn points.

The landfill ban on recyclable materials is simethtn scenario S5.
Demand for recycled materials is stimulated by ghekaging eco-design.
Simultaneously the packaging tax rate is increased, consumers are
informed.

Finally, Scenario 6 simulates the dynamics of thetesn provided
that all the policy instruments discussed in that&SWaste Management
Plan 2013-2020 are implemented in addition to tkistieg instruments in
force.
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2.RESULTS

The results obtained with the developed system mijcsamodel are
to be used to observe the causal relationships eegtwhe system'’s
elements and to predict the potential developmérth® system when a
new policy is proposed.

Results of the base scenario show that the cupelities are not
likely to achieve any of the targets set in the Bldective 2004/12/EC
amending Directive 94/62/EC on packaging and paokagwaste
(EU2015), EU Waste Framework Directive 2008/98/EEUZ020),
Sustainable development strategy of Latvia untd®(Latvia2030) and the
National development plan of Latvia for 2014-20RMDP2020) (see Fig.4).
It is therefore necessary to determine by usingclwhdf the policy
instruments it is possible to achieve a sufficiamtrease of recycled
fraction of the primary packaging waste.
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Fig.4. The results of the recycled fraction obtdiirethe base scenario
compared to the targets set in the EU directivesrational planning
documents

The results of the scenarios P1 — P17 where polgtyuments were
tested show that the only instrument the implententeof which would
theoretically help reaching the target set in thi2@20 is the landfill ban
with a timely provided availability of sorting fdities (see Fig.5). The
results of this instrument’s application are cldase the target set in
Latvia2030 as well. However, the targets set in RO and EU2015
cannot be reach in the time left.
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Fig. 5. The results of the recycled fraction inraméos P1 — P17

Overall, it is necessary to raise the involvementansumers into
waste sorting to enhance recycling of primary pgoi@ To do this,
consumers’ inconvenience costs associated withlveweent into waste
sorting have to be reduced or compensated. Theymarst effectively
minimized by ensuring the availability of sortingcflities. Thus, policy
instruments promoting installation of sorting fé@k (or return points in
case of DRS) have to be applied. Also instrumemas taise the level of
societies’ awareness and environmental consciossnegeneral promote
waste sorting and recycling. Waste is most effityeprevented by the
packaging tax. Whereas, the share of recycled raltén the packaging is
increased by eco-design instruments intended tstisuie materials and
minimize the use of virgin materials.

When the effect of various policy instruments ore thystem’s
behaviour is known, policy strategies can be dewdothat combine the
instruments. The main aim of the strategies dewsldp scenarios S1 — S6
is to increase the recycled fraction of primarykaayng waste. Additional
goals are a reduction of the speed of landfillsnfil up, prevention of
waste, increase of the share of recycled mateiialpackaging etc.
indicating the effectiveness of the system.

Figure 6 shows that the highest fraction of reayel@ste is obtained
in scenarios S5 and S6. In addition, scenariosn8bS6 are the only ones
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that reach the target set in EU2020. The key ingnt in both scenarios is
the landfill ban that provides quick increase of #wailability of sorting
facilities to consumers.
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Fig. 6. The results of the recycled fraction inrenéos S1 — S6

A smaller fraction of recycled waste with a sigediintly slower
increase is obtained in scenario S1. Neverthekesnario S1 shows that
the existing separate waste collection system cbeldmproved without
substantial changes to achieve the recycling ragénoost 60% in less than
20 years. In other scenarios, the results of redyfriaction differ relatively
little from the results obtained in the base sdendherefore, the strategies
simulated in scenarios S2, S3 and S4 are considereloe with low
efficiency to improve the situation.

It can be seen from Figure 6 that although soméhefstrategies
developed significantly change the existing WMSiI?)e of them helps to
achieve the recycling targets set in EU2015 and M12B. To comply with
these documents, the changes in policy should haken place much
earlier than the simulated year 2014/2015.

The results of the total demand for materials skiwat a significant
fall of the demand is obtained in scenarios S1a688 S5 (see Fig.7). In
these scenarios, the fall in demand equivalentastevprevention is caused
by a rapid increase of the packaging tax rates.grhatest fall is observed
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in scenario S3, in which also eco-design instrusian¢ used facilitating a
reduction of the packaging material capacity.
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Fig. 7. The results of the demand for packagingeneds in
scenarios S1 — S6

The results of material consumption and waste tewyexplicate
the results of filled fraction of landfills. It cdye seen from Figure 8 that the
fill rate of landfills in scenarios S2 and S4 ies# to the one obtained in the
base scenario. Whereas, in other scenarios a sapigiown of the fill rate
(scenarios S1 and S3) or even stop (scenarios &S@nis observed. The
slowdown is caused by a fall in demand for matsria@nd in case of
scenario S1 — also due to an increase of the mtyfchction. In turn, a
further increase of the filled fraction of landdilstops with the introduction
of a landfill ban.

The largest increase in the fraction of recycledtemas in
packaging is obtained by using the policy strategienulated in scenarios
S3 and S5. Policy instruments that enhance an esigit of packaging i.e.
substitution of materials and increase of the paicicatax rates are in the
basis of the strategies simulated (in scenario &3 raise of the price
elasticity of materials is applied). In comparisanthe base scenario a
higher fraction of recycled materials in packagisagachieved in scenario
S1 as well.
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Fig. 8. The results of the filled fraction of lainidfin scenarios S1 — S6

The fastest growth of the amount of relative avdigeeenhouse gas
(GHG) emissions per ton of recycled materials itaimked in scenario S5
(see Fig. 9). It can be seen that similarly toftlaetion of recycled waste
(see Fig.6) the amount of the relative avoided GlHRissions has
practically no further increase after the year 2026nversely, in scenario
S6, the amount of the relative avoided GHG emissi@eps an increasing
tendency through all the simulation period andmr8025, reaches the
largest amount avoided.
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Fig. 9. The results of the relative avoided GHGg=moins in
scenarios S1 — S6
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Overall, the policy strategies giving the greapestitive effect on the
changes of system’s parameters are simulated magos S1, S3, S5 and
S6. Strategy of scenario S3 is relevant if theqgyotibjective is to promote
the eco-design of packaging and prevent waste. &dkerthe strategy
simulated in scenario S6 is applicable when theaibje is waste recycling
and minimization of waste disposal. Strategiesoginarios S1 and S5 are
adequate if all the objectives are equally impdrtan

The analysis of the policy strategies show thatomhination of
policy instruments does not provide a summary,ratiter a multiplicative
and synergetic effect. It is largely determined thg rebound effect or
resistance of various policy instruments. It meiuas the policy instrument
or strategy is hindered, poorly implemented or esempletely destroyed
due to the unforeseen reaction from the side ofsymem’s actors (or
elements). The impact of policy instruments ortsggges can decrease if
public attention becomes more relaxed due to divelamprovement (no
further deterioration) of the environmental staftkat, in turn, can lead to
new environmental pollution problems which would llcdor a
reinforcement of the solution (policy instrumentjplemented or finding a
new solution.

The results of the sensitivity analysis show thatartainty of the
input parameters does not significantly influenbe tesults of policy
strategies obtained with the base values. Thusntbe considered that the
results obtained are reliable and the developedemodn be used for
testing and analysis of policy instruments andatyias.
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CONCLUSIONS

1. In this thesis, a system dynamics model is develdpethe analysis of
the structure and forecasting of the dynamic deraknt of the
integrated waste management system of primary pawdaAn analysis
of various policy instruments and strategies byssisg their ability to
reach specific targets can be performed with thelehoThe model
allows the capture and comparison of such parasmetaracterizing the
WMS-PP as a recycled fraction of waste, amount a$tes generated,
fraction of consumers sorting their waste, filleraif landfill etc. Thus,
the effect of policy instruments on several systengarameters
simultaneously can be obtained and the most apptepmpolicy
instruments for the specific conditions chosen. @sesult of testing
confidence is gained that the model contains theergml factors
determining the real system’s dynamic behaviour taiatl the modelled
system’s boundaries and level of detail allow t#&acharacterization of
the real system. Therefore the simulation resulitained with the
model can be considered reliable and interpretdtivehe real system.
The model is approbated with the case of Latvia.

2. The simulation results show that if the existingckaging waste
management policy remains unchanged then the sasgtin the EU
directives and national planning documents canmotdached. In the
base scenario, the recycling rate of the primapkaging waste reaches
only 12% in 2020 instead of 50% set in the EU20122Q,in 2030 — only
30% instead of 80% planned in the strategy “LaR0&0". It shows that
it is necessary to propose a policy strategy thatlevhelp to reach the
targets set.

3. Ten various policy instruments applicable to the B8RP with different
variations of possible implementation are testethenthesis forming in
total 17 scenarios for analysing the efficiencyolicy instruments. The
results of the analysis show that the most effecthstrument for an
increase of the recycled fraction and retardatibimaease in the filled
fraction of landfills is the landfill ban on the rmdition that all
households are provided with a 100% access tongofécilities, thus
diminishing the potential risk of illegal waste piisal. Complying with
the condition, the landfill ban is the only instremt which implemented
alone can help attaining the target set in EU202®& result of this
instrument is close to the target set in the gfsateatvia 2030" as well.
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4. The DRS is one of the most effective instruments ntotivate
consumers’ involvement into waste sorting. Nevded® its
contribution to the recycled fraction of packagingste is too small to
be generally regarded as an effective instrument foajor
improvements of the waste management system. Thee sbf the
deposit packaging in the overall mass of the paokagaste composes
only 30%. Thus, even if all deposit packaging immeed in the DRS,
the total recycling rate would increase only by 268%e return rate of
the DRS is stimulated most effectively by providiognvenient access
to return points.

5. Six policy strategies for increasing the fractidnhrecycled waste have
been developed based on the results of the analysipolicy
instruments. The results of analysis of the paoditategies show that the
highest recycled fraction is obtained in scenaibsand S6. In addition,
both scenarios are the only ones fulfilling theyédrset in EU2020. The
most rapid growth of the recycling rate is obtaimedcenario S5 — 66%
of packaging waste is recycled in 2020. Whereanario S6 allows to
obtain the highest recycling rate in 2030 meetimg target set in the
national strategy “Latvia 2030”. In addition, thesults of scenario S1
show that the existing system of separate wastiatan can be
improved so as to reach the recycling rate of 60%s3s than 20 years.

6. Although some of the strategies developed signifigachange the
existing WMSPP, none of them helps to achieve ¢legaling targets set
in EU2015 and NDP2020. To comply with these documethe
changes in policy should have taken place muchieeathan the
simulated year 2014/2015.

7. The policy strategies giving the greatest posigffect on the changes
of system’s parameters are simulated in scenarlQsSS, S5 and S6.
The strategy of scenario S3 is relevant if the gyolobjective is to
promote the eco-design of packaging and preventewdghereas, the
strategy simulated in scenario S6 is applicable nwvtiee objective is
waste recycling and minimization of waste disposaitategies of
scenarios S1 and S5 are adequate if all the obgsctare equally
important. The results obtained allow concludingt thn increase of the
recycling rate simultaneously with waste prevent®oachievable with a
policy design where all consumer groups are stitedl&o involve into
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waste sorting and a decrease of prices of matemalstheir growth rate
is prevented.

. To achieve an involvement of consumers into wagsttng activities an

abatement or compensation of consumers’ inconveaiecosts is

necessary. The most effective way is to provideveaient availability

of sorting facilities. Therefore policy instrumenwnhancing the
installation of sorting facilities (or return pognin case of DRS) have to
be introduced. Also instruments raising public amass and
environmental consciousness in general promote ewastting and

recycling. Waste is most efficiently prevented e tpackaging tax.
Whereas, the share of recycled materials in panga@i increased by
eco-design instruments intended to substitute naddeand minimize

the use of virgin materials.

. The analysis of the policy strategies show thabrakination of policy

instruments does not provide a summary, but rahaultiplicative and

synergetic effect. It is largely determined by ttebound effect or
resistance of various policy instruments. In thedelled system, the
rebound effect is caused by an increased total denmar packaging

materials as a result of an increasing share dpdrerecycled materials
on the market due to an increase of the recyclatg. rAnalysis of

literature allows concluding that studies previgysérformed have not
described the effect of recycled fraction on change material

consumption. Thus, this is the first case whereelaound effect is
described in such a context.
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