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Abstract

The classic belief that construction minerals arailable in virtually infinite quantities
has been shattered in many European countriesebisiing difficulties in gaining access
to the resource. A growing demand in constructiggregates has to cope with growing
social, political and environmental constraints.eTlact that the aggregates market is
mainly regulated by mechanisms on the scale ofdt& surroundings of a consumption

centre makes macroeconomic predictions difficult.

Based on the French-Austrian research project ANTA@icipation of the access to the
aggregate resource by breaking present schemebkerlang terny a key issue of the
research work was the conception and building m®ad a macroeconomic top-down
model representing the French aggregates markeholivs an approach of modelling
macroeconomic mechanisms in order to simulate teng- scenarios and anticipate the
effect of breaking actions. The model calibratidriie baseline case is performed using
the principle of System Dynamics. The submodel¢ecefthe dynamics of demand,
accessibility, production, transport and impactsorupthe environment, and their

interaction.

A supply-and-demand equilibrium for each macrowaghad to be found for the

competitive supply end, which has been achieved iftyoducing an innovative

macroeconomic competition modelling approach. Thaxpction of each supply source
follows from a mechanism which allocates parts lid tvhole market overcapacity to
them. The monitoring of the overcapacity of themaiy sources and the dynamics of
niche markets and their interaction with the contpet market are important features of
this work. Missing time series data has been rdoacted making strong hypotheses, so
that the authorized reserves, the extraction cgpaod the actual production of a supply

source of a region could be linked to each othafefdback loops.



Since the average transport distances from therigeaio the consumption centres are
permanently increasing, they are mainly respondibtethe CO2 emissions within the
construction minerals market. Modelling each motigansportation allows comparative
impact analyses of CO2, transport flows, land-usgenergy consumption on the basis of

scenario simulations.

Seven selected breaking scenarios are presentath@ndimulation results are compared
to the base case. An economic slowdown will redcied engineering activities and
consequently the impacts upon the environment. Bstgution of aggregates and new
technology and a reduction of demand would haves#ime effect. A significant increase
of recycling capacity will result in a reduction ofushed rock and alluvial deposits
production as well as impacts due to smaller trarigfistances. A move away from road
transport towards alternative transport modes t&snla poor CO2 reduction, since the
secondary road transport now contributes to a taegéent and the waterway distances
increase faster. A further scenario focuses onigonraggregates penetrating the French
market on a large scale and their transport. Loesdurces are being preserved at the cost
of significantly higher transport flows. A shortfadf alluvial deposits due to a lack of
social acceptability will result in a shortage ohstruction minerals. This lack of capacity
can be balanced with an increase in hard rock dgpac

For the scenarios model feature extensions andemmgttations of secondary feedback
mechanisms such as the transport capacity satusatioeffects on the market equilibrium
due to a new big player of the alternative modesewequired. Uncertainty analysis using

Monte Carlo method was performed for the base aadecrucial submodel extensions.
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PART |
AGGREGATES —
A FINITE AND INDISPENSABLE RESOURCE



1. Introduction

1.1 State of affairs and challenges in the aggregatekeh

Construction minerals are the second most explogsdurce in France forming the basis
of every infrastructure in the country. France econes about 400 million tonnes of
aggregates per year. The general trend of aggsegatduction in Metropolitan France in
the last 30 years shows a clear increase in denfdmedproduction history curve is cyclic,
increasing by 0.8% on average per year (Figure93% of the current demand in
aggregates is sourced locally and 95% of the agtgegare transported by road. The
demand is satisfied by multiple types of supplyrees, either of local origin or from
abroad.

Producers, consumers, public authorities and soeaieta whole are currently confronted
with a situation where future demand has to besfsadi under growing social, political
and environmental constraints as well as risinficdities in access. It is important to ask,
therefore, how will the extraction profiles of tligferent supply sources evolve? And

which transport modes will be used?

450 1N millions of tonnes

400 |

350 r

Figure 1: Consumption of construction aggregateBrance (UNICEM data basis)

The characteristics considered specific for thereggtes market will be discussed as

follows.



1.2 The supply end

The supply sources of aggregates are divided iifitereht groups. Hard or crushed rock
is extracted from quarries using explosives. Inlds ten years crushed rock accounted
for over 50% of national production. Alluvial dejitss unconsolidated or soft rock, are the
second most exploited aggregate resource. Thewyxracted from streambeds and are
usually of a better quality. Soft rock extractioashbeen continuously decreasing in the
last years due to the fact that social acceptaliis become a more and more important
issue.

Marine aggregates and recycled material are redaesde secondary resources. Both
together contribute to less than 10% of nationahaled. Marine aggregates which are
extracted offshore resemble alluvial deposits iairtimature, but since they are further
away from most of the consumption centres, theyoaulg used in particular regions of
France today. Recycled minerals from building cartdion and public works are an
alternative to classic mineral extraction, but tleapacities seem limited at the moment.
Imports from abroad are marginal, at the momenit,cbastantly increasing. In 2004 the
national imports have exceeded the exports fofitbetime. Considering the fact that the
demand is growing we have to ask how the produgdrofiles could evolve in the next 30

years. Where are the limitations?

1.3 Social acceptability

Local aggregates extraction has important socigbaits. Social acceptability is a
determining factor in terms of reserves provisidhis socio-political phenomenon is a
result of stakeholders’ strategy, psychology anblipudebate. Aggregates, unlike other
natural resources, are normally not exploited frorderground mines, but from open-cast
quarries. The most famous acronym in this resggettta so called NIMBY-effect (Not-In-
My-BackYard) which expresses the attitude of pedbéd there is a need for aggregates
whilst simultaneously expressing the attitude & same people against extraction from
their own environment.

Campbell and Roberts (2003) reported in their caisdy of Michigan that people do not
like industrial activity near their homes no mattew economically important they may

be. There are several ongoing cases of conflicis,ekample, even in places where
10



aggregates production is a key minerals industrgoaating for 70% of direct
employment. This opposition is due to negative reiities, especially of hard rock
quarry extraction (Willis and Garrod, 1999). Itciear that social acceptability plays a key
role in the aggregates market, but where exactBsdbintervene and to what extent?
Social acceptability is obviously different for easof crushed and soft rock. The fact that
this parameter and its evolution are difficult teeasure made its handling a major

challenge throughout this study.

1.4 Particular transport conditions

The construction aggregates market is a local nharkaracterised by a short average
transport distance. This is due to the low valugight ratio of aggregates, which means
that transport costs contribute a large amounhéoaverall costs. Global predictions are
tricky because aggregates are usually available aomegional basis. Restrictive
environmental policies make access to the resalose to consumption centres difficult.
Furthermore, urbanisation and depletion of resemvesr consumption areas result in
increasing haul distances from the quarry to thesemption centre. 95% of the current
aggregates are transported by road, and only 5%&aiband waterway. This makes road
transport responsible for the bulk of CO2 emissioAsstudy covering the costs of

relocating sand and gravel mines has been caraedyaJaeger (2006).

1.5 Price inelasticity

One surprising conclusion may be the fact thatdbmand of aggregates is not price-
elastic (Notstaller, 2003) with the exception addaconstruction and maintenance (Willis
and Garrod, 1999). The reason for this could be tiw low price of aggregates only
contributes a few percent to the total of civil exgring costs. Another reason could be

the need for great masses of aggregates combirtiedhi difficulty of substitution.
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2. ANTAG - a strategic project

2.1 Aims and consortium

The thesis is based on the French-Austrian resgangact ANTAG (Anticipation of the
access to the aggregate resource by breaking preseemes in the long-term; original
title: “Anticipation de I'acces a la ressource grits par rupture des schémas actuels a
long terme”), which aims, first of all, at building model representing the main
mechanisms and principles which affect the acoessggregates in a realistic way. The
model, once built, must allow simulating long-teewmolutions of key economic and
environmental parameters in the French aggregateket (Rodriguez Chavez et al.,
2010a) over the next 30 years according to scemario

Issues currently discussed in the aggregates irydusvolve favouring alternative
transport modes, in order to decrease road transpbich is the most pollutive transport
mode; preserving of local resources by importinggdaquantities from abroad and/or
increasing recycling capacities; repercussionshenshortfall of soft rock reserves and
taking actions in order to balance the missing ciiea. In this manner, the model must
be flexible enough to allow the integration of nesnciples and mechanisms which could
occur in the aggregates market. Its applicationsulshnot be limited to the current

functioning of the aggregates industry and its rae@ms.

Environmental decision support systems have beeh &od applied in the past for

different domains (Preface Environmental decisigpp®rt systems, 2007) but not for the
construction aggregates industry. The ANTAG-projemtgets the development of a
System Dynamics model, which reflects the dynaraitd interaction of demand, access,
production, transport and allows an estimationhef future impact upon the environment

on a national scale.

In this project, the actors in the French consartiare organised in a similar manner as
described by Refsgaard et al. (2007). The orgaarsatind their functions are:

— The Scientific Partner - Ecole Nationale Supérieles Mines de Paris / ARMINES,;
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— The Industry Partner - Union Nationale des Indastiile Carrieres et Matériaux de
Construction (UNICEM);
— The Public Authority Partner - Bureau de RecherclE®logiques et Minieres
(BRGM);
— The International Partner - Montanuniversitat Leaob&Jniversity of Leoben (MUL),
also working on an equivalent project in Austridhatwo partners:
¢ Wirtschaftskammer Niederdsterreich (Austrian Feldecanomic Chamber);

¢ Wirtschaftsministerium (Austrian Ministry of Econas).

2.2 Breaking away from current practice

The strategy of the project is to reform the triad&l approach, which treats the French
aggregates market on the scale of its hundred tépents. The aim is to offer a
macroeconomic approach, which considers the aggegaarket globally. Th&chéma

Départemental des carrierdSDC) includes:

an inventory of resources;

— the demand of construction minerals of each déeé

— atransport mode analysis;

— an investigation of the impacts of existing quayie

— an inventory of environmental data;

— an examination of targets aiming at reducing impagion the environment due to
extraction and at favouring the rational use ofstarction material;

— an examination of targets for quarry rehabilitatadter exploration.

The SDC covers the national economic interestddmand of construction minerals of a
département and of the neighbouring départementsteqtion of the environment,
production sites and sensitive areas, and the fareldalanced land management while

promoting efficient use of natural resources.

Neither a geological nor a geographical inventdryesources will be considered within

the ANTAG-project. The aim is to anticipate the me@czonomic effects of a trigger (a
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“breaking action”), such the increase of altermatisansport, on the aggregates market by
simulating long-term evolutions of consumption, glypand transport and their impact
upon the environment provoked by a trigger. Thgegutofollows the approach: model —
apply — convince. An economic model representirgstate of affairs is calibrated using
historical data by the consortium of partners. Tinedel is then applied by simulating
different scenarios in order to study the reperocmssupon the model. Finally the model
and its applications are presented to externalnisgtions in order to convince them of

the long-term benefits the model and its applicatican offer in the future.
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PART II
A MACROECONOMIC MODEL FOR AGGREGATES
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3. Model specifications

3.1 Introduction

The characteristics of the construction aggregatasket show that predictions in this
domain are a complex task. In order to build a gleni support system tool, first choices
regarding the model conception have to be made.cbhsortium of the ANTAG-project

had to decide on a geographic subdivision of then€&m territory depending on the
national inhomogeneities in production and consionpbehaviour. Another decision
which will be discussed concerns the general siracof the model for the access to
aggregates. Furthermore the modelling principle amy it had been chosen will be

explained. Those first choices will be explainedhe following chapters.

3.2 Treating inhomogeneities

Since the ANTAG-project follows a macroeconomic raggeh, the first idea would be to
treat France as one block. Building one single rhdde the whole French territory,
however, would neglect geographical inhomogeneitigss consumption and production
behaviour, geographical split of reserves and apnsatly in its transport flow pattern.

In order to take into account those inhomogenedieational subdivision is necessary. So
the next step was to consider the market at a s¢ate hundred French départements, the
départements being the administrative units in égarThis would have lead to the
construction of one hundred models. Each modebFswemption, production and transport
pattern would have had to be treated individuallile national consolidation of one
hundred models would have been a tricky task, satcich a small scale, some regions
might be importing 100% of their demand and othmrght be exporting 100% of their

local production.
The Schéma Directeur d'’Aménagement et de Gestian Ewux (outline for the

organization of the development and managementatémresources) proposes a division

into six distinctive macro-zones (Figure 2). Thé® H&partements are consolidated into:
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— Adour-Garonne;

— Artois-Picardie;

— Rhoéne-Méditerranée;
— Loire-Bretagne;

— Seine-Normandie;

— Rhin-Meuse.

The advantages are, on one hand, the fact thaliilsgon corresponds to a large extent to
the consumption basins initially envisaged, andih@nother hand, the fact that it offers a
good split between the supply sources, mainly fa $oft rock reserves being in the
hydrographical basins. Furthermore the model h&e tapplied to six regions. The sum of
inter-regional flows in 2005 at this macro-scalati@bout 10 million tonnes, which is less

than 2,5% of the national consumption.

Artois-Picardme
Samne-Normandie ‘

Rhin-Meusea

Loie-Bretagne

Adour-Garonne

o

Rhdne-Méditeraned-Corse

Figure 2: France divided into six regions

Adour-Garonne, for instance, is an autonomous regitne consumption of the whole
region is produced within this zone. Loire-Bretagngorts construction aggregates to
Seine-Normandie. Artois-Picardie is a transit ragamd a victim of the “domino-effect”.

The region imports construction minerals from Befgi and exports to the region of
Seine-Normandie. Seine-Normandie itself is a bigisconer compared to its local

production. Rhin-Meuse is a big exporter to foreigountries compared to its
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consumption. Rhéne-Méditerranée connects the Rtdilee Mediterranean Sea and can

be served to a large extent by waterway.

The next step now is the construction of a generadlel outline and its application to
each of the six macro-regions, each of them hawandifferent behaviour and being
defined by region-specific data. The subsequensaatation of all the regions has to
confirm that the sum of the transport flows intbznes equals the sum of the transport
flows out of all zones. The difficulties in the &truction of the model are obvious. The
transfer of a microeconomic local market to a macomomic global scale will require

optimistic hypotheses.

3.3 Model structure

The model is divided into submodels. This make=sagier to understand its structure. The
submodels’ general structure is identical for eafcthe six regions in the base case model.
The only exception is the market submodel, whichiegafrom region to region due to
differences in the production profiles of the sypgdurces and consequently in the market
balance. The submodels are defined as:

— Consumption

— Market

— Production hard rock

— Production unconsolidated rock
— Multimodal transport split

— Road transport

— Alternative transport

— Energy

— Impacts upon the environment

A simplified scheme linking the main submodels regented below (Figure 3). The
consumption submodel computes a local demand ineggtes for each year. The first

decision made during its conception was to divite [bcal demand of a region into two
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separate sectors: buildings and public works. Témahd for each of the branches is
driven by the input variables gross domestic prodad population. The demand does not
alter as a function of price, and the price hasefioee been neglected in the consumption
submodel. On the other hand the demand is mitigayettie substitution of aggregates by
other material, and new technology reducing thentityaof aggregates needed in order to
satisfy the same demand. The local demand is dkefasethe sum of the demand for
buildings and public works. The total demand oégion is then defined as the sum of the

local demand and the demand from other regionsabrmhd.

In the market submodel the total demand is satisfig different supply sources. The
submodels treating the two primary supply sourbesg rock and unconsolidated rock,
basically function in the same way, but need tedygarated for obvious reasons (different
market development, different social acceptabiléy¢c.). The secondary sources are

handled in the market submodel.

The two production submodels are governed by mestmasnwhich allow the treatment of

the following components:

— Production of the respective supply source;

— The corresponding production capacity;

— The stock of authorised reserves at a given poititrie;

— The new authorisations each year (which dependhensbcial acceptability of the
respective supply sources);

— Average production costs per tonne for the respestipply source (depending on the

energy consumption).

No data could be gathered for the accessible resemwhich are potential production
volumes in regions where no authorisations have lggeen out, yet (and from which a
certain volume of aggregates would have been wamrsf to the stock of authorised

reserves).

19



The transport submodel focuses on how aggregatetramsported from the production
sites to the consumption centres. The three modesansportation (road, rail and
waterway) are modelled separately. Each one isderesl specific in terms of:

— Average transport distance;
— Transport volume;
— Transport flow (tonne-kilometres);

— Average transport costs per tonne kilometre fohed¢he modes;

The impacts upon the environment caused by pramluctind transport volumes are
gathered in the environmental-impacts submodel. 8ingronmental impacts submodel
stores the following parameters for the whole regio

— Energy consumed for all supply sources [l];

— Electricity consumed for all supply sources [kKWh];

— Tonne-kilometres for all transport modes (transfows);
— CO2 emissions for all supply sources and transpodes;
— Land-use [ha];

— Explosives used for hard rock production [t].

In order to perform a full analysis of these enmireental parameters, the production of
each supply source and the transport split musgebermined on a macro-scale for each of
the six regions. Comparative impact analyses on liagis of scenario simulations,

however, require macroeconomic mechanisms, whiaptaatcording to the scenario.
The main model structure of the constructed base saenario, which represents the

“business as usual” projected until 2037 (whichregponds to 30 years since the

beginning of the ANTAG-project), is shown in Figys).
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[Consumption]
iy
[Market]
a4
[Crushed rock production] [Soft rock production]
0 4
[Transport]
-] -]
] ]
iyt iyt iyt
[Impacts upon the environment]

Figure 3: Linking the main submodels

This chain does not look like a classic supply shaiown in standard economics. At the
time of the basic conception of the model, feedbatationships to a submodel further
upstream of the chain were not defined and oth&npal ones were not yet identified.

Since in the current base case models, feedbaekiored already exist between the
market- and the production submodels, this strectsirnot to be understood as a strict

computational chain but rather as a logical sege@hsubmodels.

3.4 Modelling principle

It made sense to assume from the beginning of tindy sthat, in principle, there are
feedback relationships and interactions betweelabias from different submodels within
each time step. A variable Y can be a function &nd Y might also influence X through
a chain of cause and effect. However, it was nearcin the beginning where, how and
under which circumstances these feedback relatragkt occur. It was clear, though, that
it would make sense to introduce feedback at sooim@ jn the model and that there must
be a possibility of doing so also at a later paitime. The modelling approach must thus
allow the introduction of feedback not only in tharly but also at the later stages of the
model construction.

Judged from a long-term perspective, managing ressuand environmental issues

showed unexpected side-effects due to underestimati the importance of feedback
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effects (Pahl-Wostl, 2007). The introduction of ®ys Dynamics software (U.S.
Department of Energy’s, 1997) made sense, sinsespiecially designed to take feedback
relationships into account. Even if some feedback$, expected from the early stages of
base case model construction, proved to be untieattsroughout the study (as, for
instance, the price effect on demand) System Dycmimmas been kept as the modelling
approach. The possibility of introducing (newly aigsered) feedback relations at any
stage of the model extension, as in scenario amtgin or refinement was crucial for this
study.

Different System Dynamics packages have been usesgldated problems (van Vuuren et
al., 1999; Salini and Karsky, 2003). The ANTAG-misdeave been built with the use of
Vensim® Professional 5.4c. This icon-based progralgmlanguage allows the
introduction of endogenous variables. Therefoneses stock-and-flow-structures. Stocks
are defined by an initial level and are alteredpmgsible flows into the stock and/or
optional flows out of the stock. Stocks and flovesrdnfluence other variables and can
also be a function of other variables and constdfitgire (4) shows a simplified excerpt
of one of the submodels with a specific exampla stock-and-flow-structure in Vensim
layout. System Dynamics computes the values obisls incrementally from one point

in time to the next. The results are obtained sftdrm of time series.

social acceptability mndustrial development
o \3/ - Aathorized reserves
new authorizations [t]
[thyear]
extraction
[tyear]
o

Figure 4: Stock-and-flow structure (excerpt of adTRG submodel)
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In each time step the stock of authorised resesveaiculated as show in Equation (1).

Rg, =Ra -¢ +a (1)
Where

Ra,,... the level of authorised reserves in year t+1

Ra ... the level of authorised reserves in year t

e the aggregates extraction in year t (= produetivaste factor)

EEE

a ... the new authorisations in year t

The stock of authorised reserves is a quantityesénves ready for extraction. Every time
step the level is decreased by a flow of extrac{itow out) and increased by a flow of
new authorisations (flow in). A simple feedback gois introduced for the relationship
between extraction and new authorisations: the aethorisations depend, among two

other constant factors, on the extraction. Eveegliack loop requires at least one stock.

In the ANTAG-models one time step has been defiede a year. Due to data
availability (see chapter 4.6) the starting timetlod simulation will be 1995. Thus an
initial value will have to be defined for each bétstocks in the model for the year 1995.
A difficult part in the use of System Dynamics I tidentification of stocks and flows.

The challenge is the transfer from causal relatiogisveen variables to stock-and-flock

structures as shown in Figure (4).
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4. Model calibration

4.1 Demand of a macro-region

4.1.1 Conception of the consumption submodel

The consumption submodel is aimed at computing ltltal demand per region. A
separate handling and computation of the two sedtarldings and public works was
necessary from the beginning due to the difficuttydirectly linking the population to
local demand. The demand is calculated for ea¢heobranches before their tonnages are
summed up (Figure 5). The main reason is that tieneo constant ratio of tonnes
consumed per inhabitant. This ratio is not onlygyaphically dependent upon the zones
but it also varies over time. Different modellingpaoaches have been proposed for the
local demand of construction aggregates. An apprdmsed on population projections
has been performed by Jaeger (2006).

Before transferring the concept to stock-and-flawctures, we will first focus on the
simple causal relations of this submodel. In the TA-model the classic
macroeconomic driver used is the gross domestidyatoper capita for each region. It
drives both the demand of buildings and public wovikhereas both are mitigated by
exogenous forces, one being the substitution aclhtdogy decreasing the demand in
new aggregates, the other one being a demand-deawefunction at equal GDP for
public works (Figure 5). This is not feedback withinis submodel.

trend function
public works

\ + demand for public "
/‘J_* works —_\_\L

population

GDF per capita local demand
gross dotnestic __/_//: +
product +
demand of aggregates demand of aggregates for bulding

for new buildings construction and mantenance
—

+ /
substitution and
technology

Figure 5: Causal relations for the consumption soldet
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The population and the gross domestic product eheagion have been modelled
separately by expressing them as two differentksto€ven if the gross domestic product
follows a flow concept, it has been decided to nhadas a stock of which the value can
easily be altered by a flow. The levels of the k$oare increased year by year by a flow
each one describing their net increase. In ordenttoduce economic cycles the Time-
function, which is automatically generated by Vemshas been applied to the net increase
of the gross domestic product. We can assume liba@donomic situation of country or a
region will determine its construction activity, stroducing economic cycles in the

model seems crucial, if we want to link GDP to deenand of aggregates.

Population,, = Population + NetIncreagPopulatio, 2)
. ffP

NetIncreasPopulatia, = Coe_pp (3)
Population

Where

Population,, ... population in year t+1

Population ... population in year t

CoeffPop.. calibrated constant

GDP,, = GDRE + NetincreasGDR 4)

Netincrea@GDR = GDP, « GrowthRate,, * {A+ B cos[(C + D+ Time)e 271]} (5)

Where
A B,C,D... calibrated constants
Time... Vensim time function, starting with t=0 at the gbeing of

simulation
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The demand of construction aggregates is relatéldetehange in building [m?/y] and the

demand for public works [t/y]. We assume in the eldthat these two are related in a
simple way to the change in GDP per capita. Inaié¢mpts to relate GDP per capita to
expenditures in the pubic works sector [€/year] #eh convert the amount of euros into
a demand of tonnes, failed due to a lack of dalerdfore, the demand of public works
[t/year] is directly computed on the basis of GO gapita.

The gross domestic product computes. In the bklsector an impact delay of the gross

domestic product per capita has been observed.

Building{ﬁ} =E- GDPperCapia(ij +F (6)
y t+1 cap t

Where

E,F .. calibrated constants

A peak in year t in the GDP per capita, for insggneill have a qualitative influence on
the profile of the demand for buildings constructio year t+1. The fact that for this
sector consumption data was available in squareesief new buildings per year and in
tonnes of building construction and maintenanceypar allowed a separate calibration of
the substitution of aggregates by other materiadd aew technology for building

construction. The meaning of this function is twdfo

— The use of a substituting material decreasing thraber of tonnes used for a square
metre of building construction;

— The technological progress enabling a more efficiese of aggregates for the same

number of square metres.

The substitution is considered a stock [m?/t] ofickithe level is increased by a net flow
at a constant growth rate (usually around 0,5%enANTAG-model).

Subst& Tech,, = Subst& Tech + NetincreagSubs& Tech (7)
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NetincreagSubs& Tech = Subst& Tech « GrowthRate, , . recn (8)

The reciprocal K [t/m?] has to have an asymptohiape since substitution has a natural
limit. This factor has been decreasing in the 1&syears but, however, can never become
zero. By multiplying K [t/m?] by the demand of ndwildings [m%/year], we obtain the
demand of building construction and maintenandéyear].

Concerning the branch of public works an equivafanttion named “trend function for
public works” reducing the demand at equal weaklhk been implemented. The function
describes, in principle, a trend of dematerial@atequivalent to the energy intensity
described by De Vries et al. (1999).

T

T
} =TrendFunabnPublic\Wbrk % ...
Y =

DemandPubd:Work{

cap |, (9)

.. GDPperCapﬂa{i} -G

cap ]|,

Where
G... calibrated constant
) ) H
TrendFuncbobnPublicWorks = —— (10)
| +Time
Where
H,I ... calibrated constants

No separate handling of the effective demand af eigineering constructive works and
the substitution by materials disposable on site axailable. Figure (6) shows the stock-
and flow structure for the consumption submodek Thnsumption submodel can also be

found in Vensim layout in Appendix A.
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rend public works ;

D d of publi
WZI:IZZH[UD] pubiie » | Local demand
—

GDP 1

Demand of

buildings [m2/y] ==®*| buildings [t/¥]

i _1

Demand of

‘Substitution and technology [m2/t] K

Figure 6: Consumption submodel scheme

4.1.2 Method of data reconstruction

For the two consumption sectors the square metfesew buildings and tonnes of
building construction and maintenance per yeararahnual turnover in euros for public
works were known. For the latter one only six peimtere available which made a
calibration impossible. The approach followed wasstto rebuild the primary data of
demand of public works in tonnes. Since data senesed for the local demand in tonnes
and the demand of building construction in tonresebch of the six regions, the demand
of public works has been estimated by subtractibne calibration has then been
performed using the gross domestic product pertadas a driver based on that created
data series. However the calibration quality fa public works sector and furthermore of
the local demand was not satisfactory. A diffeneethod of the reconstruction of public
works data was required.

This time the data series of the demand of pubbtidka/in tonnes per year is built half on
the basis of simulation output values. The squaetres of new building have been
simulated based on the GDP per capita evolution.apglying the equally calibrated
factor of substitution and technology, we obtaia temand of building construction and
maintenance in tonnes per year. This simulated ddrofione of the two branches is now

subtracted from the local demand data series. By nieans an alternative series of
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historic consumption of public works in tonnes bagn built. As in the previous attempt,
the demand in public works is simulated as a famctf the GDP per capita. By applying
the trend function a better agreement of histogitacnd simulation output can be found.
The calibration of a System Dynamics model, as showthis chapter, is ambiguous.
There are multiple ways in which data can be repeed. The demand of aggregates is a
non-observable quantity similar to the energy dein@ported by De Vries et al. (1999).
It is implicit in the production data of the difeart supply sources and the building
construction in square metres, the hypothesis biagthe market is in equilibrium and

that there is no shortage in aggregates.

4.2 Calibration of a macroeconomic competitive market

equilibrium
4.2.1 Introduction

The challenge in handling locally produced primsoyrces occurs as a result of fact that
there is a need for constraints in terms of pradacas a response to demand. These
constraints will be the stock of producible ressrv@uthorised reserves) and the
maximum possible extraction (capacity). In termglafa for the supply end only data for
production/extraction for all supply sources andvnauthorisations for local supply
sources were available. No data for reserves cacitsgs were available. The estimation
of data concerning the capacity of installationssaa is difficult on a micro-scale. On a
macroeconomic scale the data gathering is even ompemising.

Which data was available for each part of the cafion will be explained in the
respective section. The calibration of the supplgt part of the model facing the current
data situation was a major challenge of this reseatork. A comprehensive summary of
the data situation faced in the ANTAG-project viié given at the end of the calibration

section (chapter 4.6).
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4.2.2 Early attempts to calibrate a market balance unsteong

simplifications

Adding the local demand to the demand from othgiores within France and from abroad
to the local demand, results in the total demanchvhas to be raised by the multiple
supply sources of the respective region. The éissumption considers that extraction will

always be near the capacity that can be extractedainstallations.

Rg, =Rg-c +a (11)
Where

Ra,, ... the level of authorised reserves in year t+1

Ra ... the level of authorised reserves in year t

C ... the extraction capacity in year t

a... the new authorisations in year t

The new authorisations are driven by the graduaatran of the total demand from one
year to the other. The four supply sources hard softl rock, recycling and marine
aggregates produce their capacities, and the isgooin other regions balance the
difference of the sum of the all capacities and thi@l demand. The results of the
simulation compared to the production data ser@sved that this mechanism fails in
following the most important trends. This is duethie fact that the two primary sources
hard and soft rock are so different, that the diemarket trend cannot be used as a driver
for new authorisations of the primary sources.

The most cogent reason, however, why this appreashnot used, is the fact that it lacks
a real form of competition. The competitivenesslbthe sectors (except the imports from
other regions) is 100%, since they all producertigiole capacity. Every sector will
satisfy its capacity according to a given hierarchiie remaining imports from other
regions act like a balancer in case the demandhbadeen covered, which may make
sense in the zone Adour-Garonne because the quanpbrted is negligible. In Artois-
Picardie, however the imports from abroad and otbégions make up to 30% of the total

demand, which would make it illogical to let thepants act as a compensator.
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4.2.3 Competition among actors

If the total demand of a region is inferior to tem of all its sources’ capacities, at least
one of the actors will not be able to produce &lt®capacity. This competition assumes
that we are not confronted with a shortage of agages (known as Hubbert Peak in the
oil industry) and that the market is in equilibrivwhich means that demand equals
consumption. In classic economics market compaetitimuld normally be solved by
intersecting the supply and the demand functionthatmarket clearing price. Since the
demand of aggregates is not price elastic (N6&std2003), it cannot be used as a criterion
for competition. The reason might be that the lawegof aggregates only contributes a
few percent to the total civil engineering costaofher reason could be the need for great
masses of aggregates together with the difficuitiesibstitution.

In order to explain the principle of a market etguibm among the actors on the supply
end on a macroeconomic scale (the demand coming thhe consumption submodel and
being given at this point in time), we will imagiaepoker table of players taking turns in
giving away parts of their potential productionord common pot (Figure 7). How much
of the potential production will be given away lach actor, in other words, the difference
between capacity and extraction of each sourcd, d@pend on his competitiveness

Capacity of
supply source 1
Production of

supply source 1 \

relative to the other actors.

Market
equilibritim
(dlistribution of

unused capacity)

Capacity of
supply source

Capacity of
supply source 2

Production of

Production of supply source n

supply source 2

Figure 7: Market competition
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The distribution of the whole market overcapacity @ach of the sources is evaluated
iteratively by introducing turns (Figure 8). Intui6, for instance, hard rock loses 7 units.
Once the overcapacity to be distributed reachesr(@ (value closer to 0 than the one
resulting from the next turn played), the processtopped. Since the same number of
turns might be necessary to distribute the overmgpa more than one year (for instance
11 turns for year 1995 and 2005) errors can occur.

1995 1996 1987 1958 1983 2000 2000 2002 2003 2004 2005
DEMAND| 55420 43193 50433 49816 52930 SBE66 | S9779 61025 | GIGAT  E0402 | E2270 1 unit =
Jcapacilies| 60141  BOSS3 | BOSE3  B1314 | G160 62317 | 62857  G3ITR4  B4383 B49M | BSSIS 100 000 tannes
units demand| 554 492 504 498 529 567 598 610 616 604 623

units Frapacilies| 601 606 &10 613 618 623 630 638 B4 B49 655 lost | ‘supnly | fum
demand-capacity| <47 114 -105 115 89 57 .32 27 .27 45 32 | units | source  plaved

-44 AN 02 112 -8 -54 -29 -1 -4 -42 -29 3 | impods | 1

-4 -108 -3 -108 -83 =51 -6 -21 -1 -39 =26 3 imparts 2

-37 -104 -95 -105 -79 -47 -22 -17 -17 =35 -2 4 |hard rock| 3

-33 100 -91 101 <75 =43 -18 13 -13 -3 -18 4 | softrock 4

-29 46 -B87 47 -71 -39 -14 -8 -3 =27 -14 4 |hardrock’ §

-25 -92 -83 -93 -67 -35 -10 5 5 -23 -10 4 |softrock B

-22 -89 -80 -40 -B4 -32 -7 -2 -2 -20 -7 3 |hardrock T

-19 -86 -7 -87 -1 -9 -4 1 1 -17 -4 3 soft rock | 8

-1 -18 -69 -73 -53 -2 -8 4 8 |hardrock 3

-3 -10 -Bi1 -1 -45 -13 -1 B |had rock| 10

15 53 43 53 27 @ 18 | softrock 11

.34 .25 .35 - \ 18 | hard rack| 12

25 | 46 | - | 0 Error for the distribution of | 2 sof mck

A7 -8 18 . . 8 |hardrock| 14

e 57 units of overcapacity cobtich | 15

2 3 7 |hardrock 1B

Figure 8: Iterative distribution of overcapacity

The exercise will then result in a relationshipwestn the number of turns played and the
potential production lost compared to capacitydach of the sources. The total quantity
which has to be distributed corresponds to the raunab turns played, which in turn

corresponds to the distribution of the lost quarditeach sector. The number of lost units
of an actor at a certain turn and the calibratepieece in which the actors lose in their
potential production must apply in each year (Rpagz Chavez et al., 2010b). Figure (9)
shows the lost units of potential production foe tharticipating sources and the played
turn. If the overcapacity is high, as in year 199&e example in Figure (10), 16 turns (or
rounds) are played (Figure 9), if it is low, asy@ar 2003, only 3 two are played. In year
2003 there is no need for playing more than 3 tusitsce the whole overcapacity is

already distributed over the supply sources atadin
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Lost potential production (overcapacity)

—&— imports —=— hard rack —+— uncons. rock

smooth imports ---m--- gmooth hard rock smooth uncons. rock
—0— surm (smaath)

1 unit = 100

tum

Figure 9: Turns as a function of overcapacity floe region Adour-Garonne

| —a— Consumption AdourGaronne in millions of tonnes —a— »rcapacities

48 T T T T T T T
1995 199 1987 1983 1889 2000 2001 Z0O02 2003 0 2004 2004

Figure 10: Consumption and sum of capacities ofukddéaronne

The resulting relationships have been replacedn®at functions, so that controlling the
relative competitiveness becomes simpler. The ste&pslope is, the less competitive the
supply source. Thus, the competition curves of rifldhe markets, producing at their

capacity, will lie at the turn-axis. A scenario &mgy at an increase of capacity of a niche
market, for instance, could consider changing "pmkependent on the new capacity
launched on the market.

Figure (11) shows the causal relations correspgnttirthe market competition in Figure

(9). Note that only 3 actors take part in this cetitipn example (recycling, marine
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production and imports from abroad are definedielsenmarkets). How the niche players

have been treated will be discussed in section 4.3)

tAnne agoregales  gynorts capacity

derrand from abroad local d 1 recycling capacity production capacty fromahoad
and other regions
+ + +
+ +

sitn of capacities ofall

+ supply sources
+ +

total derrand

tard rock hard rock capaci
+ + pacity
i ) - tardrock g productionn. e——

owercapacity - +

overcapa city (unused
pacty soff rock capacty

capacity o fthe whole region)
soff rock . softrock ;_/
\‘——'ova’capacﬂ.y — " production
+ . .
capacity ofitrp orts
. frotn other reglons
+ trports . imports fromother/
overcapacity ————————= regots

Figure 11: Causal relations for the market submddelthe region Adour-Garonne

4.2.4 Functioning during a simulation run and beyond tadibration period

The sequence in which actors lose their potentidlyction, in other words their relative
competitiveness, is calibrated on the basis of esmirce’s production data. However,
how many turns will be effectively played in a e@ntyear is obviously dependent on the
total overcapacity of a region. If it is low in avegn year, only a few turns might be
played, whereas in a year with a high overcapaxitpuple of turns might be added, so
the whole unused quantity can be distributed. Theehanism’s advantage is that it
instantly distributes the overcapacity over all s$a@ply sources once the total demand and

the total market capacity of a region are known.

4.2.5 Causal relations between reserves, capacity andymction

In order to find and understand the parameters #rat crucial for the described
mechanism, causal relations between the resetves;apacity and the production have
been elaborated. Also, it will help us to underdtavhich data is necessary in order to
transfer the causal relations into stock-and-flamucgures. The description follows the

causal loop diagram shown in Figure (12).
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An increase in demand of a region will naturallyg@ a decrease in overcapacity, when
subtracted from the sum of the capacities. A destngaovercapacity of the region, ceteris
paribus, causes a decrease in overcapacity ofupplyssources (in this example hard
rock). This will cause, ceteris paribus, an inceettee hard rock production, which will
cause an increase in new authorisations (if wenagsthat the more aggregates we
produce, the more new authorisations we will gebiider to maintain a high level of
authorised reserves). A higher level in hard raderves causes an increase in hard rock
capacity. We assume that these two are relatecddb ether in a very simple way. A
higher hard rock capacity will cause an increagénoverall capacity of the region which
will then cause an increase in overcapacity. Toiplis thus a negative or balancing loop.
The small loop indicated in Figure (12) is alscdnging. A decrease in hard rock reserves
will cause a decrease in hard rock capacity. Cares#ty, the hard rock production is
increased, ceteris paribus. An increase in har#d psoduction will cause a decrease in
hard rock reserves, since the tonnage extracteot igvailable for production anymore.

The two negative feedback loops already seem t® @jivay at this stage that the model is
stable.

total dermnand
. +
overcapacty ofthe
whole region
+ sun of capacities ofall

supply sources

hard roclk
== o )

- hard rock hard rock capacty

production ‘J +

+
new hard rock hard rock

—r authorised reserves

authorisations

Figure 12: Causal loop diagram for the reserves-agity-production interaction (balancing)
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However, one reinforcing feedback loop is tracethinithis causal loop diagram (Figure
13). A decrease in overall overcapacity causes aiedee in hard rock overcapacity,
which, ceteris paribus, causes an increase in twukl production. An increase in hard
rock production causes a decrease in authorisedvesss which in turn causes a decrease
in capacity. This causes, ceteris paribus, a dsergathe sum of capacities of the whole
region. Consequently, the overall overcapacity eleses, as at the beginning of the loop.
Balancing feedback loops generally stabilise th&tesy whereas reinforcing or positive

feedback loops generally destabilise them or cam evake systems explode.

total demand

overcapacity of the
whaole region
+’/ sum of capacities of all
supply sources
hard rock
ovErcapacity _I_ /

hard rock hard rock capactty

pr eduction 3
[ N
hard roclk

new hard rocl
. —————F
anthotis ations authorized reserves

Figure 13: Causal loop diagram for the reserves-agty-production interaction (reinforcing)

4.2.6 Data reconstruction of capacity and authorised ress

The market balance mechanism and the causal metadiescribed require the modelling of
capacity. However, no data was available for theacaies of hard rock, unconsolidated

rock or imports on a regional basis. Similar stadmave confronted the same problem
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(Giljum et al., 2008), whereas in our case the augkbd reserves are indispensible. They
have to be introduced, since they are a cruciakttamming factor for production in the
access to the resource.

Each quarry has a limited duration of authorisatma a maximum allowed extraction
each year. By summing up the authorised tonnagal afuarries, we obtain a stock of
reserves producible at a certain point in time.d®eided to express this physical stock of
authorised reserves for a huge number of quarsi@sstock in System Dynamics.
Available data allowed estimating only one datanp&or each of the two primary supply
sources per region. This has been done by assutmaigthe authorised reserves of a
qguarry in 2005 equal the extraction in 2005 times test of the duration (number of

remaining years) of its authorisation (Equation. 12)

Ra2005 = Z e2005 *N REMAINING (12)
Where

Ra,, ... stock of authorised reserves in year 2005

€005 -+ extraction in year 2005

N number of remaining years of authorisation

REMAINING  ***

Having estimated a value for the authorised resenfe2005, the next step was the
reconstruction of what the initial value could hdweked like. An initial value is required

in order to allow the stock-and-flow structure 8tay to compute its incremental time
series. Since production data were available badke year 1982, an estimation of the
stock of authorised reserves of the year 1982 wasiple making a couple of hypotheses:

First, the capacity of the year 2005;,,,;, was defined as the maximum extraction which

occurred between the years 2000 and 2005. Thisthgpis makes sense, since we can
assume that an actor will not instantgduce his capacity significantly from one year to
the other, even if his capacity is not fully satach This would apply to the soft rock
branch, since it is a declining sector. The same amplied for the growing hard rock
branch. If in one year the production is highemtivathe year before, the capacity itself
has not necessarily been increased in that sameyea capacity adjusts to the market in

the mid- or long-term, but not instantly. Thus thuslging from a five-year perspective
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makes sense, especially from a macroeconomic pbinew, where production capacities

are difficult to estimate. Note that this capacstynly an auxiliary variable.

c* 2005 = eMA)( (2000-2005) (13)

By dividing the estimated stock of authorised ressrof the year 2005 [tonnes] by the

auxiliary variablec*,,,. [tonnes/year], we obtain a number of years ofifife, N*.

R a2005

N* = (14)

*
c 2005

By assuming that the evolution of the capacity stipply source follows the evolution of

the extraction (which is known back to the year2)98ve can compute the capacity of
1982 (Equation 13). This assumption might seem radidtory to the one stated in

Equation (11), since we compute the capacity vayeas by year, and since the extraction
values can vary significantly, the capacities alsmuld. However, we are interested in
what the initial capacity value (1982 in our caselld have looked like, the capacity
values in between not being used in the model. @he#l be reconstructed using a

different assumption.

*
Cln _ Gu

15
c*, e (15)
By multiplying the capacity of 1982 for each losalpply source, hard and soft rock, by
the previously defined auxiliary variable, the dams$ lifetime N * we obtain the

authorised reserves in the year 1982.

R3gg, = C*1gg,* N * (16)

Knowing the two boundary values in 1982 and 2008, can now start rebuilding the
missing time series data. The incremental compnaif the stock of authorised reserves

from one time step to the next (Equation 17) inrttael looks as follows:
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Rg, =Ra -¢ +a (17)
Where

Ra,,... the level of authorised reserves in year t+1

Ra ... the level of authorised reserves in year t

e. the aggregates extraction in year t

a... the new authorisations in year t

This allows the derivation of the capacity in ea&ar. An approach known in the oil
industry presumes that there is a reserves/maxiexinaction ratio N, which constrains
the extraction of the reserves since the reseraesat be exploited below it (Nail, 1992)
(Equation 18). The number of years of maximum pdéextraction, N, is kept constant
over time. Note that the remaining duration of ausation is for each quarry a purely
administrative figure. By summing up the authorisederves of a macro-region they
become a macroeconomic stock with an averagentiéetiwe thus lose the notion of

authorisation.

Ra,
=c 18
=6 (18)
Where
Ra, ... stock of authorised reserves in year t
N ... lifetime of the authorise reserves
C, extraction capacity in year t (as computedhe model)

The lifetime N is usually close to the auxiliaryrigdle N *. The difference between the
two might be a fraction of a year, meaning smdhan 1 (= one year of lifetime).
The extraction is derived from the capacity byritistting the overcapacity by the market

balance mechanism. The derived capacity must alf@vmarket balance mechanism to
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result in robust extraction profiles. Whatever ttadue of N is, it must allow the stock of

authorised reserves to hit the estimated valu®05Zstarting aRa,,).

The last element missing in the stock-and-flow cttree (Equation 17) are the new

authorisations.

4.2.7 Integration of social acceptability, industrial ddepment, new

authorisations

The lifetime of reserves is different for crushaw ainconsolidated rock. By assuming
that it is a constant number of years, we negleetfact that the years left can become
small enough to justify new authorised reservethexmagnitude of, for instance, twice
the total demand per year. If N remains high, ardgligible quantities may be authorised.
How big the variations from one year to the otham be is shown by the UNICEM data
series in Figure (14). By assuming a fixed numbeyears of lifetime in the model, we

obtain a smooth curve for the new authorisations.

Reserves authorised at the beginning of the authorisation

—=— Hard rock new authorisations [Mtyy] —o— Simulated hypothesis (M=constart

1995 1896 1997 1998 1999 ZOOO0 2000 2002 2003 2004 2005

Figure 14: Authorisations of hard rock reserves (GEM data basis) and simulation results

assuming a fixed N

The extraction, &< capacity, 9, resulting at each time step from the market sadet is

the driving factor in the renewal of authorisedergses as shown in Equation (17). We
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assume that in the aggregates industry companiesstinn new capacities once new

authorisations are given out.

atzet-r[et ’SA'dJ (19)
S

Where

a ... new authorisations in year t

e extraction in year t

€, .. extraction in year t-1

SA... social acceptability

d... factor of industrial development

Equation (19) states that there is a will to rertbes quantity exploited the year before,

e_, . The gradual increase of extractierie_, represents the market trend of the source.

The social acceptability is, as described in chaft8, a complex phenomenon. We
assume that it has decreased within the calibrat@riod between 1995 and 2005, but we
are not able to measure the progression. Furtheriheeems that the social acceptability
for alluvial deposits (soft rock sites) is decligifaster than for hard rock. What would be
a useful way to integrate this soft parameter enrtitodel in order to leave the possibility
open to alter this parameter as a trigger actiorafecenario, for instance? This variable
had to be quantified. It was decided that the faofosocial acceptability SA, is kept
constant at its maximum level of 100% for hard aofi rock in the calibration period. By
doing so we assume that there is an acceptaneaéwrthe total quantity extracted which
is being subtracted from the stock of authorisedemees. However, the social
acceptability is not the only parameter determimeg authorisations.

The factord represents the industrial development of a pringpply source. As the
lifetime N, the value of the constadt must allow the curve of authorised reserves to hit
the estimated data point for 2005 (typically 1,5 tiard rock being a developing sector,
and around 0,95 for soft rock being a declining@®@clf the industrial development ,

was kept constant at 1 in the calibration periodhi¢v is the case for the social
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acceptability) the stock of authorised reserves lavogtay constant, since the new
authorisations would equal extraction (Equation. 1Hence the value ofd solely
determines the production history in the model. Tdwresponding stock-and-flow
structure is presented in Figure (15).

The derived capacity must allow the market comijoetimechanism to result in robust
extraction profiles. A calibration in terms of silation-to-data-fit was only possible on
the basis of the supply sources’ extraction, sthisswas the only data available.

If the product of social acceptability and industdevelopment is smaller than 1, a certain
percentage of the extracted volume is not beingwed which consequently causes a
decrease of authorised reserves and hence theitga@at the other hand, if it is greater
than 1, the capacity is increased the followingryd@a increase in capacity expresses a
player’'s anticipation of being more competitivertithe others. If a player feels that he is
not going to be able to allocate his productionwilenot increase his capacity. The real
competitiveness, on the other hand, is given byntlagket competition imposing how
much of the capacity will be effectively produced.

A problem in analysing historical production daggias is the fact that it is impossible to
distinguish between social acceptability and thdustrial development. The production
profile is the result of a complex set of mechamsisWe know that if the curve profile of a
source increasean a certain year, their product, in terms of tiéTAG-model, must have
been greater than 1 (which we assume is the cas®fd rock), and if it decreases, their
product is smaller than 1 (which we assume is #se ¢or soft rock).

Figure (15) also shows clearly that the force desirg) the stock of authorised reserves, in
fact, is the result of the market equilibrium. Teame force also drives the new
authorisations, which also influence the stockesferves and consequently the capacity

sent to the market equilibrium module.
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Figure 15: Stock-and-flow structure for the supphd of a primary source interacting with the

Industrial
development

market competition mechanism

4.3 Characteristics and dynamics of niche markets

4.3.1 Questions posed and choices

Marine aggregates and recycled material are redaadeniches, which produce lower
guantities than the primary resources at their cigpaThe data points provided by
UNICEM shown in Figure (16) make us wonder what phegression of the curve could
look like in the following years. The most importaguestions addressed while working

on the data analysis with the consortium of the AlEFproject were the following:

— What do the increasing data points represent? tBeitpenetration of the recycled
minerals into an existing aggregates market, irctvicase the actual recycled minerals
would equal the capacity? Or is it rather the tesih significant capacity increase in
the market which will lead to an increase in prdducas a logical consequence? In

the latter case is the capacity significantly higihan the actual recycled minerals?
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— Will the curve constantly increase or will the caiface a maximum capacity limit
beyond which it cannot grow any further?

— If not, what is the capacity recycling limit foraaregion?

Their behaviour is represented as increasing stolokging S-curves. The stocks represent
an increasing capacity penetrating the market, giteevth dynamics being low in the
beginning and showing an accelerating effect adtezouple of years. In the end the
recycled construction materials and the offshooglpction of marine aggregates will tend
to move towards a maximum capacity limit. A simiggproach has been used for the
waste concrete recycling target setting by Hsiaal.e2002). The limit for the recycling
capacity has been fixed at 15% of the value ofltlwal production of the year 2005,
which obviously depends on the region. In an eax&rsion of the model, the actual
recycling capacity was defined as a growing peagaif the local demand of a region.
This would imply that the recycling capacity fluates if the local demand does. By
assuming a recycling capacity which can only grom aot decrease up to a certain limit,
we obtain more stable results from the market lw@anechanism. Note that the niche
actors practically take their capacities out of Wiele market capacity. Thus they leave
the remaining overcapacity to be distributed maiahgong the primary supply sources
within the market competition.

Furthermore the geographically specific valuesi#olof the local production seem to be
realistic recycling capacities for a base caserapion for each of the regions, according
to UNICEM.

The graph shows the assumed progression of thelegecgnaterial curve together with the
available data points for the zone Adour-Garonnguie 16). Marine aggregates capacity
limits for the concerned regions have been estidhbtesed on production of thestitut
francais de recherche pour I'exploitation de la IEREMER).
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Figure 16: Recycling capacity data points by UNICENU forecast for Adour-Garonne

4.3.2 Mathematical modelling of the penetration of nicharkets

Equations (20) — (22) define the asymptotic functjarhich corresponds to the capacity
limit) and show that the value of the asymptétehas to be formulated implicitly in order
to be included in the flow equation. In this way thtock can be given a growth limit.
Mathematically, two solutions exist foor, whereas only one suitable for the flow
equation.| in the flow equation is adjusted according to dla¢a points of the respective

supply source. The latter coefficient determirmesgrowth rate.
CapN,, =CapN + NetincCap..,,, (20)
NetincCap =1+teexg-a«t) (21)

Al exg-a)

[1-exp(-a)p (e2)

Where

CapN ... the level of a niche player’s capacity in year
CapN,; ... the level of a niche player’s capacity in yedr t+
NetlncCap ... net increase of the capacity level in year t
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A .. asymptote
I, a .. constants

t ... time

4.3.3 Niches markets data treatment

Peaks in the curve profile of public works madedifficulties in the modelling work. The
fundamental observation made during profile analysas the fact that the peak in the
profile of aggregates consumption of public worksually corresponds to the peak in
recycling capacity (Figure 17). This leads to thppraach of cutting the peak in the
recycling profile in order to build a profile repenting “normal” conditions (step 1). The
difference in tonnage of the raw and the new peoll being subtracted from the raw
public works data curve (step 2). This allows ameon the one hand, model the demand
of aggregates for public works, whilst, on the othend, apply the S-curve to the
recycling capacity progression using existing gptes already mentioned. The regions
affected are the two smallest Artois-Picardie aniinfVleuse. Model validation by
running it without certain exogenous events has loescribed as a way of validation. (De
Vries et al., 1999).

Artois-Picardie

—»—— public works [t/a] ---d-- - public works nomm [t/a]

—=arecycling [t/a] ---0-- - recycling norm [t/a]

1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

Figure 17: Public works and recycling capacity raata treatment
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4.4 Transport distance modelling

4.4.1 Phenomena in aggregates transport

We will now focus on the parameters influencing tfasport distance evolution. There
are different reasons why the transport distanaemfrthe production site to the
consumption centre can alter. The localisationhef production sites is a result of the
transport costs and the availability. The haulatises are the result of an optimisation and
correspond to an optimum. If conditions change tel tend to move to another
optimum (Figure 18). If the production capacity afsite is saturated, the part of the
demand previously supplied by this site will nowdbéfted to other production sites either
those with existing overcapacities or new ones,ciwhboth will make the distance
increase. Quarries do not produce infinite volunoésaggregates. Once a quarry is
depleted and closed the next one supplying the samsumption centre will more likely
be located further away as a result of urbanisatlbra reservoir was closer to the
consumption centre, it would probably have alreddyen exploited. This rule does
obviously not apply to each of the huge number oérges in France since new
consumption centres can appear close to produsii@s. However, the model being
macroeconomic and top-down required a solution ogladbal scale. Transport flow
problems have been addressed in the past by usihgac automata based spatially
explicit models (Wahle et al., 2001). Cellular antda are specifically designed for the
modelling of the dynamics of spatial distributiofdoustakas et al. 2006). Being grid-
based discrete time models obeying rules describavg the occupancy of the grid cells
changes from one step to the next, cellular autamstially assume that that the contents
of each cell depend only on its contents and thaers of the adjoining cells in the
previous time step. Using such grids in modellihg aiggregates transport flow would
particularly make sense on a microeconomic scaléhé ANTAG-project, however, we
not consider geographical and geological invensoné resources nor microeconomic
transport paths. The study focuses on macroeconparnameters like mean transport

distance, transported tonnage and tonne-kilomefreach of the six macro-regions.
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Figure 18: Change of relative localisation of congetion centres and production sites

4.4.2 Approach and choices made and in the modelling gs®c

The first choice in the modelling approach wasubke of stocks for the average values of
haul distance for each of the transport modes. Eawdh new reserves are authorised, the
stock level for the road transport distance grovith whe flow of authorised reserves for
the same year (Figure 19). Furthermore, the curseht of road-alternative transport
modes has an influence on the level of the stodle figher the percentage of road
transportation, the faster its distance will gravawever, the split between the transport
modes is kept constant at all times in the base. ddse marginal distance is initially kept
between 350 and 500 metres per 100 million tonheww authorisations depending on
the regions. This means that this value is caldatdor the initial split factor of road-
alternative transport modes for each region. Oheesplit factor changes, the marginal
distance alters as well.

The initial value of marginal road distanceDist,,,, (&} (350-500 metres / 100

million tonnes depending on the region) has bedibrated on the basis of the road
transport costs, which is known in the period 12985. Knowing the costs per tonne-
kilometre in 2005 (0,12 €/tkm of road) and that 30%reof are energy-related, makes it

possible to calculated back the effective changé&rafsport distance year by year. An
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increase in absolute fuel costs can only be relébeeither an increase in transport

distance or an increase in gasoline price - antbtber one is known.

. km : km
netlncreaseDlstROAD{—} = mDist xoup [—} *...
y t

100Mt
(23)
..*» newAuthorisationghard + soft){—}
t
Where the marginal road distance is defined as:
. km | _ . — .
mMDistzoap T0OM: t = mDistgop (initial) ¢ X ., *J (24)
Where
Xroag- split factor between road and alternative tpamsmodes in year t
J... dimensionless constant calibrated in such athatyits product with

Xg.a, Tesults in 1 in year O

Note that the net increase in road distance camgly exceed the range of 350-500
metres depending on the amount of new authorisatidlow the road distance changes

over time will depend on the region and mostly lo& $cenario performed.

Average road transport
distance [km]

e
| L 1
Marginal distance
New authorisations [lem/1 00ME]
{(hard rock) [tA] |

a Split factor
New authorisations (road-alternative)
(soft rock) [tfy]

Figure 19: Road transport distance model layout
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The transport distance of the recycled aggregatassumed constant since recycling will
always take place close to consumption centres.aMeeage haul distance for rail and
waterway increases with increasing freight convepgdhe respective transport mode.
The driving factor is the tonnage difference of tsubsequent years (Figure 20). Equation

(25) applies to either rail or waterway.

.| km .| km t
netincreaeDist, {—} = lest[ } (F, - Ft_l){—} (25)
y t y
Where
F-F.,.. difference of freight conveyed by the respectiv@sport mode
from year t-1 to year t
mDist[kTm].. marginal transport distance kept constant at lbmetre per 1

million tonnes for each of the alternative transpoodes

Average rail transport
distance [km]

. || 1

Change in tonnage Marginal distance
(rail) [tAy] [kmA]
Tonnage (rail) [t/y]

Figure 20: Rail transport distance model layoutg(idical for waterway)

In 75% of cases freight transported by secondargasavill not reach their final delivery
destination. Thus, a secondary road transport kas introduced at a constant average

distance.
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4.5 Computing cost development on a macro-economi@scal

4.5.1 Difficulties in handling production costs

The production costs can be divided into the follmwcomponents:

C.=C +P.+P.+T, +C, (26)

Where

C.. production cost per tonne produced [€/t]

C. .. land fee [€/1]

P, . price of gasoline [€/t], data for calculatiovedable in [€/]] and [I/t]

P... electricity price [€/t], data for calculation akable in [€/kWh] and
[kKWht]

T.. generalised pollution taXTGAP - taxe générale sur les activités
polluante$, (0,1 €/t introduced in 1999 ; 0,2 €/t in 2009)

C.. fixed costs [€/t]

Production costs per tonne were available for laadi soft rock for all the six regions for
the year 2005 only (Table 1). Furthermore indicethe price per tonne at departure from
the quarry from 1995 to 2005 were available fodreamd soft rock (but only on a national
basis and not per region).

In an early first attempt it was assumed that thieepper tonne at departure from the
quarry will vary proportionally to the productionsis per tonne, since the transport costs
do not have to be considered. This hypothesis ialgdies that macroeconomically the
profit margin of companies’ increases proportionak the production costs increase. This
allows one to calibrate a cost profile exogenoudiis profile could have been
extrapolated for the baseline case scenario. Howexedecomposition of the different
factors is possible. Furthermore only one overadit profile can be computed without any

regional distinction.
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In Euros per tonne Hard rock productip8oft rock productior
costs in 2005 costs in 2005

Adour-Garonne 5,58 7,38
Artois-Picardie 7,03 6,35
Rhoéne-Méditerranée6,98 8,13
Loire-Bretagne 6,08 7,58
Seine-Normandie 6,41 8,65

Rhin-Meuse 5,51 6,97

Table 1: Hard and soft rock production costs in2200

The second assumption uses a cost structure whashaigo only available for the year
2005 (Figure 21). The idea now is to calculateratnai split using the same cost structure
for all of the regions and the production costsnegion in 2005. The next step is to find
historical indices of the variable cost componebotsthe calibration period 1995-2005
(the fixed costs kept are constant at all timekp Maximum deviation of the simulations
for the six regions from the curve resulting frdme first approach is less than 10%.

In fact, we observe that the second approach sesutiurves which all grow more slowly
than the price indices (1% per year on averagak dt¢uld lead to the conclusion that on
the fixed cost sector changes within its cost stmécin this 10-year period are also likely.
According to economic theory, fixed costs can beemariable costs in the long-term.
There are many factors that could influence fixests. First of all the aggregates industry
is facing more and more concentration. The numbermiperals producing companies has
decreased over the last decade. In 1998 Francé8@dcompanies whereas in 2007 only
1660 and in 2008 there were 1620 companies ondhstrtiction aggregates market. The
national consumption as well as the annual turn@/@rcreasing. The average size of a
qguarry is more likely to increase due to the faei the average spacing between quarries
tends to become bigger. Effects like economiescalesare quite likely to influence fixed
costs to a certain extent. In the ANTAG-model gfifect is implicitly taken into account:
a capacity increase reflects the anticipation afidgpenore competitive and this affects the

market balance in the market submodel.
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Cost structure in 2005
(Fixed costs = 59%, variable costs =41%)

O Salaries and charges (fixed costs) m Equipment and furniture (fixed costs)
O Senvces (fixed costs) O Land fee (variable costs)

m Extraction and rehabilitation (variable costs) @ Energy (variable costs)

Extraction and ~ Energy (variable Salaries and
rehabilitation costs); 11% charges (fixed
costs); 20%

(variable costs);
17%

Land fee (variable
costs); 13% - . Equipment and
Senvices (fixed furniture (fixed

costs); 14% costs); 25%

Figure 21: Cost structure for hard and soft rock2@05

4.5.2 Transport costs

The transport costs per tonne-kilometre are estichas 0,12 € per tonne-kilometre for
road transport, 0,05 € per tonne-kilometre forwaif and 0,03 € per tonne-kilometre for
waterway transport on average. The cost estimaisortonsequently based on the
calculation of average transport distances of éispective mode. This would presume that
all the costs are fixed and the final transporttamly depend on haul distance in a
certain year.

C,=D-C, (27)
Where

C; ... transport cost per tonne [€/1]

D... average transport distance [km]

Cy - marginal transport costs [€/tkm]
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For road transport, however, a further decompasiti@s possible. In 2005 the variable
costs accounted for 45% whereas we know that 3@/elaergy-related costs. Since we
know the gasoline price and the average gasolimsuwnoption (40 litres for a charged
truck + 27 litres for an empty truck for the wayckavith 25 tonnes carrying capacity per
100 kilometres), the energy-related costs are ifigoie. The marginal transport costs are
then composed of energy-related costs and otheis d@ghere other costs are not
necessarily fixed costs, but costs where no datéufther composition was available, like

maintenance, for instance).

C:M = CM ,E + C:M ,0 (28)
Where

Cy - marginal transport costs [€/tkm]

Cye - energy-related marginal transport costs [€/tkm]

Cho-- other marginal transport costs [€/tkm]

The energy-related marginal transport costs arepoted on the basis of the gasoline
price and the average marginal consumption peretdiiometres. (The latter one in our
case is: 0,0268 [l/tkm] = (40 litres +27 litreqR5 tonnes 100 kilometres) )

Cue =Fs* Gy (29)
Where

Ps... gasoline price [€/1]

Gy - average marginal consumption [l/tkm]

No data for the energy-related costs was availdbterail and waterway transport.
Consequently the marginal transport costs could betdecomposed any further and

remain constant, since the changing gasoline pooél not be taken into account.
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4.6 Data summary and hypotheses for a base case model

calibration

Time series in the period 1995-2005 of aggregatesumption in [m?%/year] of new
buildings (and in [tonnes/year] for building consttion and maintenance) and in [t/year]
for public works for each of the six zones couldtteed back using data sets of the
Union Nationale des Industries de Carrieres et Maigx de ConstructiofUNICEM).
Another way of reconstituting data for national @ of construction aggregates caused
by data problems has been presented by Hsiao(@048ll).

Data for the gross domestic product and the poipuldébr each of the regions was used in
order to model the driving force of local demandcbhdrction time series for the primary
supply sources including waste production for primeesources were available in the
period 1982-2005. Data for the secondary source® \a&ailable for the calibration
period. No data was available either for productiapacities or for authorised reserves of
the primary supply sources. The fact that demandoisprice-elastic required another
competitive criterion for a supply-and-demand dfuilm other than the market clearing
price. However, the introduced macroeconomic coitipetmechanism presumes that the
capacities and the authorised reserves are knotwrms, the missing capacity time series
data has been rebuilt by making optimistic assurngti One data point for the stock of
authorised reserves for hard and soft rock couldgbenated.

The quantification of social acceptability was resagy since controlling this factor must
be possible in order to make the model flexible $oenarios. Since the measuring of
social acceptability is difficult, the factor ispeconstant for the calibration period at its
maximum level (100%). The factor of industrial deygnent of each of the two primary
supply sources was calibrated using long-term sefidhe hard and unconsolidated rock
extraction history since could be traced back 8219

The unitary energy consumption in kilowatt-hoursd ditres of diesel oil per tonne
produced were available in the UNICEM data basis &l supply sources. The
coefficients allowing a subsequent conversion aidpction-related energy consumed to
the emitted CO2 depending on the energy source sedeeted after consulting different
sources (Schlaeppi and Challandes, 2001; httpclenate.org/;

http://www.greenhealth.org.uk/;  http://www.uic.cau/; http://www.acdis.uiuc.edu/;
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http://www.ambafrance-gr.org/; ADEME, 2006) and tHeureau de Recherches
Géologiques et MinierelBRGM). The split of the modes of transportatianluding their
average transport distances were available foryda 2005. Coefficients in CO2 per
tonne-kilometres for all the transport modes (additzonally litres of diesel oil per tonne-
kilometres for road transport) were available. Remnore coefficients in tonnes per
hectare allowed the computation of land use fohedithe zones.

Waste factors for hard and soft rock were avail¢db&tween 1,15 and 1,2 for hard rock,
depending on its fraction of limestone and volcawick, and 1,05 for soft rock), which
allowed the conversion from extraction to effectpreduction.

Production costs for the primary supply sources tadsport costs for the three modes
were available in 2005. Knowing the unitary enecgpsumption for production and road
transport, and land fee and generalised polluenfar aggregates production allowed us

to estimate a cost structure by splitting up th&<omto their components.

4.7 Robustness of mechanisms and calibration quality

During model calibration a selected subset of mguehmeters (simulated results) are
matched with historic proxy data. A selected subsktcalibration parameters and

constants are systematically varied in such a vhay the simulated results reproduce
available historic proxy data as closely as possibhcertainties in modelling often occur
due to a lack of data (van Ruijven et al., 201@n Years of time series data (with the
exception of local production where data could faedd back to 1982) is a rather short
period for a System Dynamics model calibration¢sithe power of such models consists
in long-term simulations. An exact adjustment of timulation output to data points

results in implausible curve profiles over 30 yedisis is due to the fact that both GDP
and the population showed above average growth mateach of the regions in the period
1995-2005. Since those two are the drivers of tbdeh a strict calibration on the basis of
the values available result in an abnormally higmédnd estimation (830 million tonnes in
2035 which would mean the double of today’s natiol@anand).

Historic data for GDP and population before 199%ar{sof the calibration period) and

predictions beyond 2005 (end of the calibratioriquhrwere available only on a national

basis by the Institut national de la statistique et des eétudeson®miques
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(http://www.insee.fr/). In order to obtain a moealistic figure of national consumption in
2035 (around 550 million tonnes as a compromiseéhef ANTAG-consortium) the
national GDP and population evolutions have beemalised and applied to each of the
regions. The drivers now, having their region-sfieeibsolute values, grow exogenously
at the average national rate based on historic dath available predictions. The
calibration results shown in this section are thased on plausible long term behaviour
rather than potentially unrealistic short term tien

Calibration therefore can also be understood aspommise between the existing (or
reconstructed) data series and what certain kewhtas could look like in the next 30
years. For all the input and output parameterdiéndifferent submodels the calibration
error could be kept to less than 10% for the siaes.

Figures (22) - (24) show the modelled inputs of ¢besumption submodel's exogenous

drivers and substitution for the region Seine-Nardie.

Seine-Normandie

B population data @ population model input

15000 000

10 000 000 +

5000 000 +

0
1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

Figure 22: Model input and data for the populatiohSeine-Normandie

Seine-Normandie

B GDP data [€ constants] B GDP model input [€ constants] ‘
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Figure 23: Model input and data for the regionabgs domestic product of Seine-Normandie
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Seine-Normandie
B K data [t/m?] | K calibration [t/m?]
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Figure 24: Model input and data for the substituticoefficient K of Seine-Normandie

Figures (25) - (27) show the calibration resultstlod consumption submodel for the

region Seine-Normandie

Seine-Normandie

m demand of new buildings data [m%y] B demand of new buildings calibration [m?/y]
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Figure 25: Calibration results for the demand ofankeuildings of Seine-Normandie

Seine-Normandie

m public works data [t/y] @ public works calibration [t/y]
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Figure 26: Calibration results for the demand obfia works of Seine-Normandie

The computation of the total demand is based éntimre the modelled drivers, population
and gross domestic product, and the modelled sutisti. The simulation error has been

found to be acceptable.
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Seine-Normandie

M total demand data [tly] @ total demand calibration [t/y]
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Figure 27: Calibration results for the total demaafiSeine-Normandie

The following graphs (Figure 28 - 32) show the thessof the calibration of the supply end
for the region Seine-Normandie. The simulated petidn and import time series are the
results of the mechanism computing the market ctitigge As shown in chapter 4.2 the
production and the thereof dependent new authmisatletermine the stock of authorised
reserves from which the capacities are derivedsand to the market balance module. The

reconstructed capacities from which the actual pectidn is derived are also marked.

Seine-Normandie

@ hard rock production calibration [t] W hard rock production data [ty]
O hard rock capacity [t/y]
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Figure 28: Calibration results for the hard rockqatuction of Seine-Normandie

Seine-Normandie

B uncons.rock production calibration [ty] ~ ® uncons.rock production data [t/y]
O uncons.rock capacity [ty]
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Figure 29: Calibration results for the unconsoliddtrock production of Seine-Normandie
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Seine-Normandie
@ imports calibration [t/y] W imports data [t/y]
O imports capacity [t/y]
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Figure 30: Calibration results for the imports froother regions of Seine-Normandie

Note that for the niche markets different starfognts have been chosen for the S-curve.

Seine-Normandie
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Figure 31: Calibration results for recycling of &e-Normandie

Seine-Normandie
W marine production data [tly] B marine production calibration [tly]
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Figure 32: Calibration results for marine aggregatgroduction of Seine-Normandie

Table 2 compares the estimated authorised resesvieb were only available in 2005 and
the simulation results of the reserves of the sgeas. After 10 time steps of simulation

(10 years) the model showed marginal deviations.
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Hard rock authorised

Soft rock authorised

In tonnes reserves in 2005 reserves in 2005

Simulation Simulation

Reconstructed output Reconstructedoutput

Adour-Garonne 464096000 471050624 318833000 3188781
Artois-Picardie 265553000 251534112 57196000 57@893
Rhone-
Méditerranée 918636000 894271808 447054000 463240576
Loire-Bretagne 1943066000 1896585856 284204000 7HRP
Seine-Normandie| 429843000 425671072 298994000 29228
Rhin-Meuse 125276000 123790840 356287000 353576576

Table 2: Comparison of authorised reserves datasiamalation output in 2005
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5. Base case simulation and uncertainty analysis

5.1 The baseline scenario

The model has been calibrated on the basis of edieh was available in a certain
period. The mechanisms found during the buildingcpss were adjusted so the model
output could be close enough to the data time senailable as described in chapter 4.7.
In order to evaluate what the defined mechanismgldvesult in beyond the calibration
period, the baseline scenario (or base case) waandrd upon. It projects the “business
as usual” functioning of the model to the whole @imtion period. This includes the
calibration period from 1995 to 2005 and from 260&037. The predictive simulation of
the model’'s parameters can be considered as aapekdtion of the current mechanisms.
The base case represents an evolution which cauldbberved if nothing else changed
and everything observed in the calibration periayed the same. It is thus not meant to
be a prediction of what is going to happen ineWtab

The base case serves as a simulated data setasseaihrfparative analysis of all of the
further developed breaking scenarios. In this maangualitative (increase or reduction)
and a quantitative (how much) comparison can bamraetween the simulated model
variables in different scenarios.

The characteristics predominant in the calibraperiod have been maintained. Those are

among others:

— Aregular increase of the gross domestic produ@H@rowth rate constant for each
of the six zones);

— A regular acceleration of substitution of aggregaby other materials and new
technology for building construction;

— Aregular reduction of the demand for public woak®equal GDP (trend function);

— Industrial development stays constant (always soipé&r 1 in the case of hard rock
and below 1 in the case of soft rock);

— Social acceptability stays at 100% for both primsupply sources;

— Road transport stays greater than 90% of the ti@iasport in each of the regions.
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Keeping the drivers’ growth rate at the values had talibration period, results in 550
million tonnes of national consumption in 2035. Salue was obtained as a compromise
between the partners of the ANTAG-project. A perfealibration of macroeconomic
drivers resulted in unrealistically high values 2035 due to comparatively high
population and GDP growth in the calibration peri@$ described in chapter 4.7.
Particular caution is required when calibratingpag-term model using data series of a
10-year period. The model calibration and the sefupe base case simulation are, in this
particular situation, unusually dependent upon exdbér.

The local supply sources still dominate the marvideile the niche markets have reached
their maximum capacity limit. Since the factors influstrial development and social
acceptability have not changed, the unused capackgpt at a reasonable level and thus
can absorb the demand fluctuations. The base easbden developed for each of the six

regions. The full base case model in Vensim lagantbe found in Appendix A.

5.2 Computation of the impacts upon the environment

The environmental impacts and externalities argedriby the access to the aggregate
resource and consequently they result from the etaeguilibrium study in the market-
and production submodels carried out in the ANTAG}gxt. They are also driven by the
transport dynamics and, as we will see in the st@aasessment in chapters 7 and 8, their
feedback mechanisms. The impacts are then compytednply applying the respective
coefficients to the tonnage produced and the tdioeietres transported. Of course the
coefficients could alter in a separate transpoenado by considering, for instance, an
increase in the carrying capacity of trucks.

Since the average transport distances from therigeaio the consumption centres are
permanently increasing, they are mainly respondibtethe CO2 emissions within the
construction minerals market. Modelling each mode transportation will allow
comparative impact analyses of CO2, transport fldeusd-use and energy consumption
on the basis of scenario simulations. The CO2 eomssare a very representative key
indicator for the overall impact, since CO2 is gabed at the production and transport
stage of the model no matter what type of sourakveimat type of transport mode. The

impacts upon the environment outside France, horvave not considered.
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5.3 Sensitivity analysis

5.3.1 Principles and simulation setup

In the base case scenario sensitivity testing veafomned in the period 2010 — 2035.
Since 10 years of times series is a rather shartbgdor the calibration of a System
Dynamics model, which focuses on long-term tremds,cannot assume that the exact
values of the driving coefficients, which have beatibrated on the basis of this period,
are known. If we knew the exact values of all pagtars, sensitivity testing would make
no sense.

Sensitivity analysis was performed using the Mddéelo method. The Vensim® package
used allows multiple-parameters testing within smeulation. This is crucial since we are
facing multiple uncertainties and the outputs éfiedent modules can interact among each
other to a large extent. Each parameter requiresagsignment of a minimum and
maximum value along with a random distribution owdich to vary them in order to see
their impact upon the model behaviour. It has bemmsidered that any number between
the minimum and maximum values is equally likelyotxur. Consequently, the Random
Uniform Distribution has been chosen in this stadythe kind of probability distribution
from which values are drawn for each parameter. tel@arlo sensitivity then works by
sampling a set of numbers from the defined boundargains. Once the distribution for
each parameter is sampled, the resulting valueasa@ in a simulation run. The number
of simulations has been set at 200, which mearighibasampling process is repeated 200

times.

5.3.2 Parameters selection and testing

The consumption submodel is the driving force fa whole ANTAG-model. It computes
the local demand for a region at the end of thenghwhich is the driving parameter for
everything downstream of it. Market competition lvatjust to a specific demand of a
year, the distribution of overcapacity among thppby sources will depend upon, and so
will the transport volumes and the environmentabaats, which are proportionally

related to the production and transport volumesddgstanding to which parameters the
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demand is sensitive is crucial since it drivegla subsequent submodels and determines
the output of the model more than any other paramet

The four parameters of interest in the consumptsubmodel are the constants
determining the growth of the gross domestic prodibhe population, the substitution and
the new technology for building construction, asliwas the decelerating force for
aggregates consumption of public works (Figure 3Bpse are tested parallel starting in
2010.

coeffic ent population

AGGREGATES DEMAND

o S
net increase populition dermand ofaggregates /—\
ﬁrpubhcmrks[ﬂy‘\ - a~
GDF per capita - coefliient trerd Incal derard
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works [ty€imh ] ) /
w____ <Tinee
. derrand ofagmegates
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[0y’ {56 regoral GDE for nevw buildings [r/y] .
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o, construction traitterance [ty
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‘ Substitation and ’4 53 o
te chnology [ crease substmmonandteclmlogy
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Figure 33: The four testing points for the demandartainty analysis (Vensim layout)

Testing all four parameters symmetrically illusésatthat the local demand showed the
highest sensitivity to the regional GDP growth ratee GDP growth rate, however, is
more likely to decrease significantly rather thaorease in the long term, and, in this
regard, remains the most uncertain factor. It ntads sense to test the GDP growth rate
asymmetrically between 1% and 1,6% (in a regionre/lie6% is the actual value in the
model) and the other 3 parameters symmetricallg®. This showed huge variations
(Figure 34). The outer bounds of uncertainty (10&H)w that the maximum value of
approximately 150 million tonnes is much closethte base case value (red curve) at the
end of the simulation than the minimum value ofragpnately 115 million tonnes. The

same is true for the CO2 emissions shown in Fi¢ge
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Figure 34: Local demand uncertainty for Loire-Brgtee (sensitivity tested to local demand input

parameters) - starting time 1995
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Figure 35: Total CO2 uncertainty for Loire-Bretag(sensitivity tested to local demand input
parameters) - starting time 1995

A Monte Carlo sensitivity test of the recycling eafy limit could lead to the assumption

that the model output will vary more or less sigmaihtly in road transport flow and in

66



CO2 due to transport. The reason for this expectasi the fact that recycled construction
material is exclusively transported by road. Howevesting the recycling capacity by
+15% (Figure 36) showed no significant effect oa thodel output (Figure 37-38). Note
that the CO2 emissions in Figure (38) refer to raad secondary road transport as well as

road transport of recycled construction material.
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Figure 36: Recycling capacity uncertainty for LoBeetagne (sensitivity tested to recycling
capacity limit) - starting time 1995
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Figure 37: Road transport flow uncertainty for LeiBretagne (sensitivity tested to recycling

capacity limit) - starting time 1995
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Figure 38: Transport -related CO2 uncertainty fasite-Bretagne (sensitivity tested to recycling

capacity limit) - starting time 1995

Further uncertainty analyses included the wasteéofaand the factor of industrial
development. However, the model output did not shoy particular sensitivity to those

parameters.

5.4 Model consolidation

5.4.1 Calibration region per region

The model conception and calibration has always lezaried out in reference of one
region. This was possible because the data wakablaper region for the calibration of
ANTAG-models. The starting point was the region Ad&Garonne, an autonomous
region producing nearly its whole entire demandrti@rmore all the supply sources
including marine aggregates production interachwlite market, which is not the case in
all of the regions. Adour-Garonne was thereforeadgstarting point to conduct the first
data review and curve profile analysis to study leaeh of the supply sources developed.
Once calibration results for Adour-Garonne werestattory, the model was transferred

to the region Artois-Picardie. This region is diffat since import from abroad and other
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regions within France make up 30%. Also Artois-Rita is very small compared to
Adour-Garonne since it only consists of 3 départme Obviously the curves of
competition differ from one region to the other.

In two of the six regions (Seine-Normandie, Rhindgle) alluvial deposits production is
higher than hard rock production. Consequentlyy taee likely to have more unused
capacity than the hard rock sector, which chanigesrarket balance. Measures taken due
to different circumstances regarding the niche mt@rlhave been described in chapter

4.3.3. The consolidation should verify two things:

— The sum of the imports from other zones within Eeamust equal the sum of exports
to other zones within Francgflow into all zones = flow out of all zones). The sum
of transport flows must equal zero;

— The simulation output must give realistic resuftghe long-term on a national basis.
The development of the French aggregates market nawe certain credibility. The
latter one can be checked upon by consulting ateemations and forecasts at least

for the base case and some other scenarios.

The consolidation of all the six zones is most ingat whenever all the six regions are
affected. It does not necessarily make sense wdsimg a region-specific scenario, for
instance. The consolidation for the calibrationigmbrand furthermore for the base case

simulation is especially important.

5.4.2 Results of the base case consolidation

The base case projection of the national consumgfagure 39) shows realistic output
values. The consumption is at almost 550 milliam&s in 2035, which corresponds to an
0,8% annual average increase observed in the tage&rs (1975-2005). The capacity
increases in the same way, always guaranteeingtaircéouffer. The unused capacity
reaches a maximum of 20,7% when put in relationatonal consumption. The profiles

reflect “business as usual”.
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Base case

—a— National consumption
—=— > Capacities [ty]
—=— Unused capacity [t/y] , maximum value: 87 058 384 = 20,7%
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Figure 39: Base case consolidation: consumption eagacity

Figure (40) shows the profile curves of the fiveply sources. Obviously the imports

from other zones within France disappear when da@mmg on a national basis. They

are treated in Figure (41). The hard rock sectexected to develop its production while

the soft rock production is slowly decreasing. Téeycling sector increases nationally in

the same manner as on a regional basis by obeymgv8s, its capacity limit being 48

million tonnes. Marine production and the impontsni abroad contribute marginally to

the overall aggregates mix.

Base case
—=— Hard rock production [t/y] —=— Soft rock production [t/y]
—s— Recycling capacity [ty] Marine deposits [tly]

—=— Imports (abroad) [t/y]
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Figure 40: Base case consolidation: supply sources
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The sum of the imports from other regions withiartge and the export to other regions
within France should equal zero. Exports are easypntrol since they are represented by
exogenous stock-and-flow-structures. The impontsth@ other hand, are a result of the
market equilibrium, which means that, on a regidoasis, they directly depend on the
total demand and on all the other players on thekehaThe region which has the most
impact on the flow balance is Seine-Normandie, &s loe seen from Figure (42). The

difference of imports and exports stays small wittors inferior to 1 million tonne.

Base case

—a— Demand from other regions (3 flow out)
Imports (other regions) [t/y]
—s=— (imports from other regions - demand from other regions); -801 058 ... error interval [t/y] ... 620 518
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Figure 41: Base case consolidation: flow balance

Base case: Imports from other regions within France [t'y]
—=— Adour-Garonne Artois-Picardie
Loire-Bretagne —=— Rhin-Meuse
Seine-Normandie (right axis)
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Figure 42: Base case consolidation: imports froinestregions
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Figure (43) shows the main impacts upon the enunemnt.

Base case

—o— Road transport flow [tkm/y] —s— Total transport flow [tkm/y]
CO2 [t/a] (right axis)

30 000 000 000

25 000 000 000

20 000 000 000

15 000 000 000

e
WI
W |

10 000 000 000 M
=

5 000 000 000

0
1995

2000 2005 2010 2015 2020 2025 2030 2035

2 500 000

2 000 000

1500 000

1 000 000

500 000

Figure 43: Base case consolidation:; impacts
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6. Summary and closing remarks

This macroeconomic System Dynamics model is aimedepresenting the French

aggregates supply and transport market and estighanvironmental impacts on a

national scale. The goal is to estimate the bigdsein the construction minerals market

for each of the six macro-regions. The building aadibration process of the System

Dynamics was a key issue of the French-Austriareaieh project ANTAG. The

aggregates market characterized by a short avéraggport distance is governed by the

micro-economics of local surroundings. The transfiemicroeconomic mechanisms to a

macroeconomic scale was the most complex task ghiout the model conception. In

order approach this task, causal loop diagrams baee build before transferring them

into stock-and flow structures. This difficulty wagsesent at nearly all stages of the

process and was a particularly influential factothe estimating the future consumption,

finding the market balance and transport modelling:

The fact that the total demand of a region is ayded into only two sectors, which

are driven by the gross domestic product per capitaly is debatable. Furthermore
the GDP growth rate is the biggest uncertaintyha model according to Monte Carlo
sensitivity testing;

The market submodel, which focuses on the competsgupply end of the French

aggregates market determines an equilibrium amioagupply sources. The transfer
of a local market to macroeconomic competition baen achieved by defining

different supply sources and assigning a produgpiatential (capacity) to them. The

production of each supply source follows from a hagdsm, which allocates parts of
the whole market overcapacity to them. The mechans stable unless the gap
between the capacities of equally scaled sourcas (eushed rock and alluvial

deposits) becomes too large — in which case thss*lof potential production (unused
capacity) imposed by the market balance mechanigowdd exceed the production

capacity of the smaller producer. The market eguilim mechanism is always

calibrated for a certain scale and only robust iwithis scale;

The penetration of niche markets happens, in pdatidor recycled aggregates, on a
very local basis, since the haul distances are Isamal not expected to increase

significantly. This is due to the fact that recwygi happens close to even in
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consumption centres. Profiles obeying S-curves l@en chosen to describe the way
they introduce their capacity to the market;

— In modelling the transport distance growth, theficlifties in the transfer from a
micro- to a macroeconomic scale becomes even cléltere are numerous routes of
transport among the large number of quarries amguwsoption centres. The distances
constantly change due to various reasons. An @feeatay to model the combination
of those effects was to make the average haulntdistéor road increase as a result of
reservoir depletion near consumption centres abdnisation, forcing new quarries to

be authorised in locations further apart.

The integration of the macroeconomic mechanisnts timt model was performed on the

basis of two constraining factors in the modellraliion:

— First, the data, which was either available forQaygar period, which is relatively
short for comparable studies, or could only bengstied for one point in time;

— Second, future estimation other than those reguftiom the ANTAG-model, which
gave suggestions concerning the plausibility ofrtioelel.

The challenge was building a baseline case scemadofinding an agreement between
these two constraints. Following a strict calibvatof available data (and one is tempted
to do so if there is not so many), results in ulisga values in the long-term. Focusing on
the available long-term predictions will, on thehet hand, cause the quality of the
calibration to worsen. The calibration error is kapless than 10%.

Missing data has been reconstructed for the consompf the public works branch, the
authorised reserves and the production capacitipard and soft rock. In this manner the
authorised reserves, the extraction capacity am@dtual production of a supply source of
a region could be linked to each other via feedibacks.

The consolidation on a national basis by integgatime model output of the six regions
confirms a realistic inter-regional communicatitime sum of aggregates exported to other
regions within France roughly equals the sum ofregates imported to other regions

within France.
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PART III
SCENARIOS — BREAKING ACTIONS
AND FEEDBACK
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7. Model feature extensions and add-ons

7.1 Introduction

In this chapter secondary feedback relations amitiadal modelling techniques will be
explained. They need to be introduced in ordeake into account secondary mechanisms
involved in certain scenarios. Model extensions ttatle made for different submodels,

since they can concern either

— the market equilibrium;
— the supply end;
— the transport;

— or a combination of them.

This chapter is a preliminary step for the undeditag of scenarios since the technical
aspects are explained in detail. Which one of tleehanisms discussed in the following
chapters is applied in a certain scenario will kplaned during the scenario discussion

itself.

7.2 Monitoring overcapacity

Overcapacity (or unused capacity) can have two iples®rigins. If the capacity is
estimated too high compared to the demand, unusgaicity will result from the market
balance mechanism. The same thing happens if tmarkk decreases while the capacity
follows the original trend. An overcapacity thata® large is unlikely since actors would
never accept plenty of unused capacity in the kemgr. They will rather adapt to the
situation with which they are confronted. Hence thedel requires a mechanism that
monitors the new authorisations year by year.

The causal loop diagram in Figure (44) highlighte timplemented new relations
compared to the base model's causal loop diagraigurgs 12 and 13). Two new
feedback loops can be observed. Whereas for theé paos they look the same (both

balancing and their repercussions are similanfhénfirst loop an increase in overcapacity
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and, consequently, in hard rock overcapacity, ausedecrease in new hard rock
authorisations. On the other hand, in the secompl &m increase in hard rock overcapacity
also causes a decrease in industrial developménthwalso causes a decrease in new hard
rock authorisations. In both cases decreasing twakl authorisations cause a decrease in
hard rock reserves, consequently in hard rock dégpand in the sum of capacities. This
results, ceteris paribus, in a fall of overcapacihich is the opposite effect when
compared to the beginning of the loop.

total derand
+

overcapacty ofthe
whole regon
+’/ sun of capacities ofall
SOULTES
tard rock @ ey
Dvercapﬁ +

A hard 1o ck tard rock capacty
- production ‘\_/_,_/ +
mndustrial ¥
developrnent
+ . +
e hard rock hard rock
+ authonsations - ——pauthonized reserves
w +
zocial acc:eptahﬂity’f

Figure 44: Monitoring overcapacity - causal loo@dram

We now want to formulate an equation for the nethatised reserves taking into account
the current overcapacity (two new causal relatioRs¥tly, the idea of the mechanism is
that a fraction of the overcapacity of the respecprimary source in a certain year is not
being renewed the following year (Equation 30). §hthis part of lost production is

subtracted from the extraction the year before ctwhwould be the reserves, originally
intended for renewal.

Secondly, the factor of industrial developmedt changes as a function of the
overcapacity of the respective primary source. &ithe industrial development refers to

the long-term, it only can vary by a maximum of 10%ither it increases, if the
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overcapacity is below the chosen lower limit, odécreases, if the overcapacity is above
the chosen upper limit. How this idea in causapldagram has been implemented in the
existing stock-and-flow structure from the basee¢c&sshown in Figure (45).

8 =(6, 06 * Xioc)* ( e S dj (30)
€

Where

oG ... overcapacity in year t

Xiroe -+ fraction of un-renewed overcapacity

a ... new authorisations in year t

e ... extraction in year t

€, .. extraction in year t-1

SA ... social acceptability

d .. factor of industrial development

Social

Acceptability

Extraction

:> Authorised
1 reserves [t] > capacity [t/¥]
I [ + Extraction [t/y]

Industrial 1
Overcapacity of Production [t/y]

development
f supply source [t/¥] L
T Market

Production
capacity [t/y]

| S

competition

Figure 45: Stock-and-flow structure for monitoringercapacity (identical for hard and soft rock)
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7.3 Creating additional capacity momentarily

During the scenario simulations additional capaisityreated by different means:

Firstly, it can be created by the overcapacity l&ijng mechanism itself, whereas in this
case the mechanism acts inversely. If we imagirstuation of shortage, where not
enough capacity is created by the supply sourbespverall overcapacity naturally will
tend to move towards zero. In addition to the atasapacity monitoring mechanism, the
decreasing unused capacity will also have an inflteeon the fraction of un-renewed

overcapacityX ... (fraction of the overcapacity of the respectivpy sources which is

not renewed within the new authorisations). As aseguence of the two forces acting in
the same direction their product - the part ofdlkercapacity which is not being renewed

the following yearoc ¢ X ... - tends to move towards zero as well. Consequetitéy

new authorisations of hard rock are being increasedil the unused capacity of the
region reaches 0 tonnes. In case of a shortagenplhicit partial capacity support is
guaranteed by the overcapacity regulating mechar®nthe other hand, the factdrcan

only increase by a maximum of 10% compared tonitigal value. Therefore, its instant
capacity support remains rather limited. In ordercteate large quantities of additional

capacity, an additional mechanism has been created.
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*\_\A-. +
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supply SOurces
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amhnnsaunns -—_  ——authorised reserves
+

+

social acceptability

Figure 46: Creating new capacity - causal loop d&g
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The causal loop diagram in Figure (46) shows thakeerease in overall overcapacity
(unused capacity of the whole region) means a higbk of facing a shortage. Therefore
a supplementary quantity is authorised in ordecrgate new capacities (similar to the
previous mechanism whereas in this case it funstinare as a security).

In the model the difference of a chosen limit amdised capacity of the whole region
serves as an index for the risk of the market faarshortage. Once the unused capacity
falls below this index, the difference between thwe is the amount of supplementary

authorisationsQ in Equation (31).

e
a = (et—l —0C, * Xyroc +Q)°[ t

e SA*d

The transfer to the corresponding stock-and-flawcstire is shown in Figure (47).
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Figure 47: Stock-and-flow structure for creatingmeapacity (e.g. hard rock balancing a
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supply source [t/y] |«

shortfall of soft rock)
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7.4 Shift in market equilibrium due to penetration afew

primary source

If a new player introduces high capacities to therkat, the current market equilibrium
will be disturbed. The new player will not be albbedistribute all of his capacity, which
would be the case in a niche market, for exampte Mechanism of market competition
described in chapter 4.2 allows the control of thkative competitiveness of a niche
player, for instance the imports.

The causal relations in Figure (48) suggest thsigaificant capacity increase of a niche
player will cause a decrease in its own relativepetitiveness. A decrease in its relative
competitiveness results, ceteris paribus, in arease of the niche player’s overcapacity.
If the capacity remained constant, this would caasdecrease in the niche player’'s
production, but since the niche player’'s capac#y heen significantly increased, we also
expect a rise in production. A decrease in relatempetitiveness of the niche player
would normally also cause a decrease of overcapatithe other supply sources, hard
and soft rock, but since the sum of capacitiesthadvercapacity have been increased by
the niche player’s capacity rise, more overcapawitybe distributed over all the supply
sources. The specific outcome of the model dependke values chosen.

It is important to note that the relative compeétiess of the supply sources is not an
explicit variable in the base model, where it ipliTitly introduced in the computation of

the overcapacity of each supply source. In this feature, it had to be taken out.

soft rock
production

+

miche player
- riche player
production +

relative competitiveness g
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;?Drgur;.cfn whole regon T
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+ +
hard rock softrock overcapacity of
overcapacity ovErapacity

capacity ofniche
player
+

new destred capacity
ofriche player

Figure 48: Causal relations for change in marketaree due to a significant capacity increase of

a niche player
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The market balance in the model adapts in an elaganner. If the capacity increases,
the slope of competition of the imports becomegste (step 1 in Figure (49)) which
means that the relative competitiveness of the rspzhanges (decreases). Consequently
not only the import capacity and the actual impavié rise, but also the unused imports
capacity. The sum of the slopes obviously has ¢oesse as well, which means that (for a
same value of unused cumulative capacity) the atutig line hits the competition curves
of the other supply sources at an earlier turmp(&tén Figure (49))! The overcapacity of
those supply sources would therefore be reduced. cdmpetition among the supply
sources in the market submodel thus adapts exelysas a function of the import
capacity introduced, in other words: the balancaptsl by changing only one single
parameter. This mechanism allows a clear consideratf the difficulties encountered

when foreign actors penetrate the market.

| Unused cumulative capacity I@

New actor
changing
slope due to

significant

capacity
increasel
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New split
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same
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cumulative

capacity

Figure 49: Shift in market equilibrium due to paaébn of a new big player
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7.5 Multimodal transport split and saturation feedback

Two of the following scenarios presented considen@e away from road transport
towards alternative transport modes such as rdiltha waterway. One scenario refers to
the transport of locally sourced aggregates, therobne to imports from abroad which
become a primary supply source. The transport-splibmodel has been extended
introducing feedback in order to perform these seenarios adequately.

The first causal loop relationship (Figure 50) sekawo balancing loops. A decrease in
split factor road-alternative by a new target spétises (by definition in the model) an
increase of tonnage conveyed by alternative tramspodes, rail and waterway. This will
increase the saturation of railways (upper loodark green) and waterways (lower loop
in brown). Both cause an increase of overall satmawhich acts like a brake so the split
factor road-alternative increases and more tonnageansported on road and less by

alternative modes.
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Figure 50: Causal loop diagram for the transportis(il)
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Figure (51) shows two additional balancing loopdiemeas these two focus on the
interaction of the alternative transport modes witkir corresponding split factor. A rise
in tonnage transported by waterway causes an isergasaturation of the waterways,
which by definition of the model causes an incremssplit factor rail-waterway. This
causes, ceteris paribus, a fall in tonnage tratsgdry waterway. The same applies to the
rail sector where a fall in tonnage transportedseata fall in railway saturation, which,
ceteris paribus, results in an increase of the faattor rail-waterway and an increase in

tonnage transported by rail.
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transport capacity
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Eplit raibwaterway =1 == 10093 rail and 0% waterway,
Split raibwaterweay = 0 == 0% rail and 100% watarway,

Figure 51: Causal loop diagram for the transportis(®)

The mechanism introduced as a stock-and-flow stradbllows the idea that the target
split factor and the imposed duration of transitimtween the initial and the target split
are introduced using a PID controller. Ideally, th#erence of the target split and the
actual split factor in a given year would determihe magnitude of change of the split
factor. Consequently the change per year woulddgeeh in the first years since the actual
value is still further away from its final targétain in later years. Since it is impossible to

84



move an infinite tonnage towards the alternativedeso transport capacities for rail and
waterway are introduced into the model as congdar the split factor.

The approach follows a calculation of transportagay saturations, which serve as
criteria for determining whether the respectivensggort mode still has capacities

available. The split factors road-alternative tgors and, among the alternative modes,
rail — waterway are computed within two differeatvéls of competition (indicated by the

two circles in Figure (52)). The split target isn@ened by the overall saturation of the
alternative transport modes, while, secondly, #ieand waterway transport saturation are
in a competition with each other. If the alternativansport saturation is close to 1, the
target split factor might not be reached at ally&epn 32). The difference of the target
split and the actual split factor road-alternattherefore accounts for the accelerating
effect, while the saturation has a deceleratingotfbn the progression of the split factor
(Rodriguez Chavez et al., 2010c). In this wayh# tail saturation, for instance, is closer
to 1 than waterway in a given year, the split fagtdl push the alternative transport more

towards the waterway (Equation 33). The competiiorong the transport modes is thus
not a result of the quality parameters, as, fotaimse, presented in the study of Salini and

Karsky (2003) but of their respective saturation.

AP
XR-At+1:XR-At+[1_XR-At].m.SAt+ (32)
+[XT -XR-At]. [l_SAt]. f(d)
AF 1-S,
X =X +[1- X o — o o — - ..
s =X * B Xl 0 S 1-S (t)* Sx, (33)
AR o 1See
WE1HAF Y 1SS, 0 Sy,
Where
Xag- split factor between road and alternative tpmsmodes in year t
XRags - split factor between road and alternative transmodes in year t+1
Xrwp -+ split factor between rail and waterway transpoodes in year t
X rwisg - split factor between rail and waterway transpoodes in year t+1
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X;... target split factor between road and altermatransport modes

AP ... net increase in percent of local production deld within region
from year t-1 to year t

AF ... net increase in percent of freight conveyed lgrahtive modes in
tonnes from year t-1 to year t

f(d)... function imposing the theoretical number afays until the target

split is reached if there was no decelerating éffiee to saturation

Sy --- overall saturation of alternative transporde®in year t
Sgy --- rail saturation in year t
Swi - waterway saturation in year t

The stock-and-flow structure in Figure (52) shows interaction of the split factors of

transport modes and the saturations.
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Figure 52: Stock-and-flow structure within the tsgort split submodel extension

86



7.5.1 Monte Carlo uncertainty analysis for the transpsptit submodel

extension

The importance of uncertainty analysis when devefppa decision support system
(Refsgaard et al., 2007) and in the scenario coctsdn itself (Mahmoud, 2009) has been

stated clearly. In the base case the ANTAG-modelvshthe highest sensitivity to the

GDP rate, its macroeconomic driver (Rodriguez Chage al., 2010a). Data for the

transport capacities was required for the submegtdnsion. While railways are almost

saturated in the region this extension will be mgpko, and the freight transported is

known, the transport capacity on the waterway affecalt to estimate. Therefore the

waterway capacity remains the most uncertain faatwd it made to test the model

extension’s sensitivity to it. As in the base cas®lel this was done by performing Monte

Carlo simulation. 100 million tonnes being the eutrvalue of the waterway capacity in

the model, the outer bounds were chosen at 12@mals a maximum and 80 million as a

minimum. Figure (53) shows the transport split satdet in Vensim layout.
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Figure 53: Testing point of the model transportitsgktension (Vensim layout)
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Although it directly affects the waterway saturati@-igure 54), there is no significant
impact on the transport split between road andalternative modes (Figure 55). The
freight per transport mode, the resulting averagesport distances and consequently the

environmental impacts will not change significantly
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Figure 54: Waterway saturation uncertainty for Reédéditerranée (sensitivity tested to

waterway capacity)
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Figure 55: Transport split between road and altdima modes uncertainty for Rhéne-

Méditerranée (sensitivity tested to waterway cayaci
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8. Scenario simulation and assessment of results

8.1 Introduction

Being a decision support system, the model focaseanticipating the effect of “breaking
actions”. The scenarios differ from the base casineir functionality with regard to the
access to aggregates in the consumption profike,sthpply pattern and the transport
modes. The conception of the scenarios is baseadeoquestion of what could become of
the access if an external force disturbed or ewekeban integral part of the current
functioning. Their goal is therefore to simulatendeterm evolutions of consumption,
supply and transport provoked by a trigger.

A scenarios’ trigger can practically be introdueteach stage of the submodel chain. The
reason for the trigger action could be politicatategic or economic but knowing their
origin is not crucial for the model or the analysists repercussions.

Apart from the trigger mechanism which can be abrop transient, secondary
mechanisms and new feedback relations might haueetmtroduced depending on the
scenario. Since those secondary mechanisms arechaded in the base case model, they
can be considered as consequences of the new bahapistream. The implementation of
additional features and the extensions of the madglire hypotheses.

One model will thus be developed for each scenpeidormed per region. The model
output per region consists of the whole set of ipa@tars year by year of each submodel.
The end time has been fixed at 2037, 30 years #irecbeginning of the project.

While developing the scenarios the project’s catmsor focused on the future gross trends
and tendencies. The scenarios presented are nobt n@abe forecasts, but rather
alternative images of how the future could unfdBtenarios should portray possible
futures and long-term consequences of decisionsmatter how improbable the
occurrence may be (Mahmoud et al., 2009). In thag,vextreme target values have been
chosen as triggers. The triggering itself is somes$ sudden in nature, abruptly modifying
a parameter from one year to the next.

The results and explanation of seven scenariosheilbresented. Four of them have been
performed in all of the regions (like the base Lasbereas three of the scenarios, which
will be presented, have been performed exclusiirelgegion Rhone-Méditerranée. The

reasons for choosing this region for a more detal®alysis are as follows:
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— The region Rhéne-Méditerranée is quite represemtati France as a whole, since its
15 million inhabitants are close to constitutinfparth of the French population.

— With a gross domestic product per capita of 38 BOfos, Rhéne-Méditerranée is a
rich zone where aggregates demand can be expected.

— The ability of the port of Marseille to take hugeights.

— The Rhone represents an excellent waterway opptytior potentially transporting

large freights.

8.2 Economic slowdown

8.2.1 Reasons of development and background

The first scenario studies the effects of a poatihding-term economic slowdown directly
affecting the aggregates market. A reduction irala=mand compared to the base case
can be concluded as a primary effect. This scerf@sbeen developed since a national
demand of 550 million tonnes in 2035, resultingniréthe base case, is questionable.
Between 1975 and 2005 the average growth rateeofléimand showed an increase of
0.8% per year. However, the economic crisis coultbeha dampening effect on
construction activities in the long-term.

The scenario trigger is a dropping GDP growth valtéch is slowing down the GDP per
capita growth (Figure 56). Starting in 2010, the B5growth rate decreases by 0.1% per
year for a certain number of following years depegdn the region (in average from
1.6% to 1.2%). This makes the local demand in agges for both branches of new
buildings and public works decrease (Figure 57) #rednational demand is eventually
reduced from 550 to 480 million tonnes. As a consege the supply sources produce
less (Figure 58), and the transported tonnage amgtommental impacts are decreased
(Figure 59). Since the GDP per capita is the maiwved of the model, a reduction of all
activities is a logical consequence. This slowdosam be considered realistic, even
though it is permanent.
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Figure 56: GDP per capita in the scenario of ecomostowdown in Adour-Garonne
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Figure 57: Local demand in the scenario of econostoevdown in Adour-Garonne
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Figure 58: Hard and soft rock production in the sago of economic slowdown in Adour-

Garonne
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Figure 59: Total CO2 emissions and total transgdtmtv in the scenario of economic slowdown in

Adour-Garonne

As a secondary effect, the mechanism of monitooveycapacity is implemented. This is
necessary since the demand is being reduced sigmily which would result in a growing
difference between the total demand and the sunapécities. Its goal is to control, on
the one hand, the factor of industrial developmaneach of the two primary supply
sources, and, on the other hand, the new quantitibs authorised. The unused capacity
of a region will hence not explode and remain bedaln as in the base case. No branch of
industry will seek to grow beyond the demand targe extent.

As described in chapter 5.3, the ANTAG-model isiast sensitive to the regional GDP
growth rate. Nevertheless, a reduction of the wirad@strial sector due to a GDP growth

rate reduction seems realistic. This scenario bas Iperformed in each of the six zones.

8.2.2 Cross check by consolidation

A national consolidation makes perfect sense ia ficenario since the GDP per capita,
which is a classic macroeconomic driver, is thevatriof the model. Apart from the
dampened national consumption profile, also all dhpacities of the country decelerate
their growth. This is due to the overcapacity ragjoh implemented for the primary
resources hard and soft rock. The maximum unuspdctdg corresponds to 20% of the
national consumption, which is very close to théusan the base case consolidation
(Figure 60).
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Figure 60: Economic slowdown consolidation: constiompand capacity

The reduced total demand affects the local prodaoctihe hard rock sector growth is
reduced whereas the soft rock production decrdases (Figure 61). Both curve profiles
are plausible. The niche markets remain unaffeatetistay the same as in the base case

consolidation.
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Figure 61: Economic slowdown consolidation: supgbyrces
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The imports from other regions change slightly sitteey result from the market balance
(Figure 63). The error interval of the imports-expodifference, however, practically
remains the same as in the base case (Figure 62).
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Figure 62: Economic slowdown consolidation: flowdrace
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Figure 63: Economic slowdown consolidation: impdrtem other regions

The CO2 emissions and the total transport flow ekse by 15% compared to the base

case, whereas the road transport flow decreasgg%y(Figure 64).
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Figure 64: Economic slowdown consolidation: impacts

8.3 Increase in recycling capacity and an economic dtawn

8.3.1 Trigger and implementation per region

In 2005, 24 million tonnes have been recycled m ¢bnstruction aggregates market in
France. This scenario studies the repercussionsa@raficant increase of recycling in the
following 30 years. The expected effects are thesgnvation of local natural resources
namely hard and soft rock. This scenario is basethe event of an economic slowdown.
We are thus observing two separate effects redubmglemand of new aggregates. This
scenario has been performed in each of the sixszone
The type of curve remains the one described intenaph3, used in the base case. The
asymptotic limit of recycling capacity of the S-ear however, has been changed in the
long-term for each region (Figure 65). The asymptatlue has been fixed at 124 million
tonnes in 2035 on a national basis. The additi@@8l million tonnes are assigned to each
one of the regions by weighting according to itspextive consumption as of the year
2005. The more a region consumes, the higher reitsrecycling capacity limit.
The new capacities developing in the market requive implementation of the
overcapacity regulating mechanism for the locamary sources. However, the relative
competitiveness of the recycled materials in theketacompetition module does not
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change. This means that recycling as an actor remainiche market, which is highly
competitive in the proximity of consumption centrés whole capacity will be absorbed
by the market.

Recycling in Artois-Picardie

Scenario

Tonnes in millions

14

o +—+———"TT""T"—"T—T—T—TT—"TT— T

1995 2000 2005 2010 2015 2020 2025 2030 2035

Figure 65: Capacity in the scenario of recyclingiiease in Artois-Picardie

The assertion that 124 million tonnes of capacrgy recycled in an industry producing
480 million tonnes in 2035 is questionable. Funtiae, this scenario does not consider

the following aspects:

— The practical feasibility of raising 124 million noes in the long-term, which
corresponds to over 4 times the current tonnageowiteven knowing their origin;
— No secondary mechanism linking the capacity tobinéling construction branch has

been implemented.

As expected, local resources are preserved (FfeThe reduction of impacts upon the
environment compared to the base case, howeves, rssult of the lower transport
distances of recycled aggregates compared to ttracégn of primary supply sources
(Figure 67). The installation of a recycling platfoitself consumes the same amount of

energy and generates the same amount of CO2 pex &&na hard rock quarry.
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Figure 66: Hard and soft rock production in the sago of recycling increase in Artois-Picardie
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Figure 67: Total CO2 emissions and road transplmivfin the scenario of recycling increase in
Artois-Picardie

8.3.2 Consolidation and check-up on global repercussions

National consumption is identical to the one in firevious scenario. The sum of all
capacities and thus the maximum value of unusedaoifgpare slightly higher since the
overcapacity regulating mechanism adapts to the cisbumstances with a slight delay
(Figure 68).
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Increase in recycling and economic slowdown
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Figure 68: Recycling and economic slowdown conatitish: consumption and capacity

Figure (69) shows that the fixed recycling capagtywth limit of 124 million tonnes is
not fully reached, yet. By 2035 the curve beconfeseir, but still continues to grow. Hard
and soft rock production are both reduced compétuetthe base case. Furthermore, the
imports from other regions (towards Seine-NormanHBigure (71)) are reduced, leading

to a slightly broader error interval in flow balan@igure 70).
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Figure 69: Recycling and economic slowdown conatilich: supply sources
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Increase in recycling and economic slowdown
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Figure 70: Recycling and economic slowdown conatitiah: flow balance
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Figure 71: Recycling and economic slowdown conatitieh: imports from other regions

The impacts upon the environment are slightly reduwithin each region as well as
nationwide (Figure 72). The reasons have been namthé previous section.
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Increase in recycling and economic slowdown
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Figure 72: Recycling and economic slowdown conatilich: impacts

8.4 Substitution of aggregates and reduction of theadein

The following scenario studies the effects of acetgration in substitution of aggregates
by other materials and new technology for buildoagstruction as well as a reduction of
the demand for public works at equal progressioGDP per capita. The expected effect
is a decrease of local demand for new aggregat@sseguently, this scenario aims at
reducing production, transport flows and environtaeimpacts. This scenario has been
performed in Rhéne-Méditerranée only.

In this scenario two trigger mechanisms have beeplemented downstream of the

economic driver (GDP per capita), one in each secto

— For the branch of building construction an accégstaontinuous progression over 15
years starting in 2010 towards the new target ¢drihe per square metre has been
programmed. As described in chapter 4.1 this paemuensiders, on the one hand,
the use of a substituting material and, on theroltaad, the technological progress
that enables a more efficient use of aggregateth®osame number of square metres
(Figure 73).
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In the branch of public works an acceleration @& tbduction of the demand at equal

wealth. No separate handling of the effective deidar civil engineering

constructive works and the substitution by mater@isposable on site was available

(Figure 74).
»5o Substitution and technology for buildings in Rhéne- Méditerranée
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Figure 73: Tonnes per square metres for buildingRh6ne-Méditerranée
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Figure 74: Trend function for public works in Rhékiéditerranée

Since the demand is being reduced significantlgyfé@ 75), the overcapacity regulating

mechanism has been implemented.
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Figure 75: Local demand and total CO2 in Rhéne-N&rdanée

The model and its applications only cover the axteshe aggregate resource and do not

consider the following aspects:

— The additional costs due to higher use of substgunaterial;

— The environmental impacts generated by substitutiagerial.

As for the substitution of building constructiontdhne per square metre in 2035 (as well
as 1.75 tonnes per square metre in the base sas&)yioptimistic and would necessitate a
radical change of behaviour for the branch. Thignado aims at studying the

repercussions under extreme conditions.

8.5 A move towards alternative transport in Rhone-Merdanée

The objective of this scenario is to estimate tapercussions of favouring alternative
transport modes, rail and waterway, in order taicedthe high road use, which is greater
that 90% in each of the regions. Today 97% of tgregates in Rhone-Méditerranée are
transported by road. Multimodal transport has alydaeen implemented using a constant
split factor road—alternative in the base case moblee challenge was therefore the
modelling of a continuous transition of the spléctor towards a new target in a
predefined time period considering two forces (despter 7.5):
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— An accelerating effect as a result of the diffeeentthe target split and the actual split
factor road-alternative;

— A dampening effect due to the saturation of altevearansport modes.

This scenario has been developed only for the neglb6ne-Méditerranée due to the
availability of the Rhone as a waterway but alse tustrong limitations of railways in
the east-west direction.

The target split is fixed at 71% of road transpartd 29% of alternative modes.
Furthermore, 1 million tonnes of railway capacitydal00 million tonnes of waterway
capacity have been considered. The duration bettheeinitial and the target split is fixed
at 10 years. The scenario trigger is thus the tasgi@, which is abruptly changed in the
year 2007 (Figure 76). The fluctuations of thetsplirve in the scenario are a result of
permanently increasing saturation. Since the taspdit is still 71%, the split curve,
tending to increase due to capacity restrictiongdjusted in each time step. The expected
effects are reductions of transport-related enwviremtal impacts compared to the base
case. The impacts due to production will obviously change.

A feature already treated in the base case isdhsiaderation of secondary road transport.
This issue becomes even more important in this astenbecause favouring the
alternative modes will also affect road transptirthas been assumed that 75% of the
freight conveyed by alternative modes will not tedgeir final destination without being

transported by road. 15 kilometres constant haea bssumed for the average distance.

Split road-alternative and saturation of alternativ e
transport modes in Rhéne-Méditerranée
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Figure 76: Transport split road-alternative trangponodes and saturation of alternative

transport modes in the scenario of alternative sort increase in Rhdne-Méditerranée
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The increase in average road transport distancehvatmost doubles in the base case, is
mitigated because the split factor of road-alteweas reduced. Furthermore, the decrease
in freight transported by road (Figure 77) allowg ttonclusion that the local transport
flows on the road could be reduced. The increas®nnage transported by alternative

modes (Figure 77) makes their average transpderaiss grow.
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Figure 77: Transported freight by road and alteriwattransport modes in the scenario of

alternative transport increase in Rhéne-Méditerrané

Since railways, in contrast to waterway, are alyeeldse to their transport capacity in
2005, the split factor of the alternative moded wibve towards a value lower than the
initial 22% of rail transport (Figure 78). This nek the average waterway distance

increase while the rail distance nearly stays @mgFigure 79).
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Figure 78: Transport split between rail and wategna the scenario of alternative transport
increase in Rhéne-Méditerranée
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Average transport distance
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Figure 79: Average transport distance for road,| i@nd waterway in the scenario of alternative
transport increase in Rhéne-Méditerranée

However, a move away from road transport towartisrative transport modes does not
result in a significant decrease in environmentgbacts. A partial decrease of total CO2
due to a move away from road transport togetheh witrelative CO2 increase due to
waterway transport and the secondary road trangpsetits in a reduction of less than
10% of overall CO2 emissions by 2035 compared edotise case (Figure 80). If we agree
on the assumptions made in this scenario, yetgtlestion of commercial viability for a
move towards alternative transport modes, whiclregarded as being cost-intensive, has

still not been studied adequately.
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Figure 80: Total CO2 and CO2 due to transport irB2qfrom top to bottom: waterway - rail -

secondary road — road) in the scenario of altermatiransport increase in Rhéne-Méditerranée
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8.6 Imports become a primary supply source

This scenario treats the effects of the penetratioforeign aggregates into the French
market in Rhéne-Méditerranée. The goal is to pregjuely increase the imports up to 30
million tonnes of aggregates by 2037 via the Rhifwmeugh the port of Marseille, which
could take large quantities coming from the NorthA&rica. The scenario trigger is the
import capacity, which now follows an S-curve terglto move towards the capacity limit
of 30 million tonnes. The imports are transport®do/on waterway. The initial average
waterway haul distance of this breaking scenarie I@en set at 200 kilometres, since
aggregates can be conveyed up to Lyon. The expeftfitts are the preservation of local
resources and the reduction of environmental ingpact

Since large quantities penetrate the region, th&eh@quilibrium is being disturbed. The
secondary mechanism, which has been implementedtder to take into account the
effects on the market equilibrium is described mamter 7.4. In the base case the actual
imports (800 000 tonnes) are very close to the mnpapacity (1 000 000 tonnes). If the
capacity increases up to 30 million tonnes by 2@B8& ,imports become a primary supply
source. Note that the total demand in this yeaat igbout 135 million tonnes in Rhone-
Méditerranée. Thus, they will no longer serve tharkat as close to capacity as in the
base case. The relative competitiveness amongughyssources in the market submodel
adapts as a function of the import capacity intaatls Consequently not only the import
capacity and the actual imports will rise, but als® unused imports capacity (Figure 81).
This mechanism allows consideration of the diffil@d of foreign actors penetrating the
market. Since, suddenly the market is confronteith Wigh capacities, the overcapacity
regulating mechanism has been implemented foroited supply sources.

As in the last scenario, the saturation feedbadkimwithe local transport split and the
transport split for imports is considered wherdwslatter one is crucial for this scenario.
As expected, increasing the import capacity up @ r8illion tonnes in Rhoéne-
Méditerranée would lead to a decrease in local yrtion (Figure 82) and hence their
preservation. The reduced extraction rate whickatly affects the new authorisations

makes the land-use decrease (Figure 83).
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Figure 81: Imports capacity and unused capacitglftiaxis) in the scenario: imports increase in

Rhoéne-Méditerranée
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Figure 82: Hard and soft rock production: scenaobimports increase in Rhéne-Méditerranée
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Figure 83: Land-use of new authorisation: scenarfomports increase in Rhéne-Méditerranée
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Since foreign aggregates would be transported manl the waterway, its average
transport distance, initially at 200 kilometres,ulbrise, leading to an increase of nearly
70% of transport flows. The CO2 emissions, howeglernot change significantly, since
the grams of CO2 emitted per tonne-kilometre fotemaay transport, are much lower
than for road (Figure 84). Externalities and impaliie to extraction and transport outside

France are not considered.
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Figure 84: Total CO2 and total transport flow inetlscenario of imports increase in Rhéne-

Méditerranée

8.7 Shortfall of alluvial deposits

8.7.1 Trigger and limitations

This scenario studies the potential effects of gngwconstraints on the access to
production sites of alluvial deposits. The triggethe factor of social acceptability, which
controls the flow of new authorisations and consedjy the production capacity of

alluvial deposits. The trigger action is the abrapange of social acceptability of new
authorisations of soft rock, which is set (from ¥®nitially) to 0% from 2015 onwards.

As a consequence, there is no access to new resehadluvial deposits, the capacity
level can no longer be maintained (Figure 85) arftireck production starts to decrease
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(Figure 86). In order to mitigate the predictedesevequilibrium disruption of demand
and primary supply sources development, the ecanatoiwdown described in chapter
8.2 has been considered. In this way, the demaalleady mitigated before it is satisfied
by the supply sources.

The overcapacity regulating mechanism has beenemmgted, but it shows the inverse
effect in this case. Since the overcapacity otladl supply sources tend to move towards
zero, the part of the overcapacity, which is nohgpeenewed the following year tends to
move towards zero as well. As a consequence thean#verisations of hard rock partially
increase, until the unused capacity of the regre@ashes 0 tonnes (see chapter 7.2). The
factor of industrial development can only increase by a limited amount.

The market competition mechanism will make the ratdquilibrium move towards hard
rock production (Figure 87). The reason is that ¢heshed rock sector, developing the
most, now can exploit its whole capacity. The haak production will thus be close to or
at its capacity. Once the unused capacity reachéiseOmechanisms will not be active
anymore, since all the sources left on the markadyrce their whole capacity. Figure (87)
also shows that hard rock capacity is reachedan 622.

The two supporting mechanisms do not suffice ireotd prevent the fact that in four of
the six regions (Adour-Garonne, Rhone-Méditerrag@gne-Normandie and Rhin-Meuse)
the remaining resources at the supply end canmgelosatisfy the demand by 2020-2022,
depending on the region (Figure 88).
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Figure 85: Unused capacity in the scenario of sofk shortfall in Rhin-Meuse
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Figure 86: Soft rock production in the scenaricsoft rock shortfall in Rhin-Meuse
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Figure 87: Hard rock production in the scenariosafft rock shortfall in Rhin-Meuse
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Figure 88: Shortage of aggregates
110



The model output beyond this date is not realigtie to the fact that it creates a
disequilibrium. This phenomenon is known as the lbéub Peak in the oil industry, a
situation where the reserves do not suffice tesBathe oil demand of the consumers. The
difference in the present case is that the aggesgatserves continue to exist but are no
longer locally accessible. Furthermore no mechare&eounting for compensation by
another local foreign source has been modelled.

This scenario has been performed in each of themigs.

8.7.2 Consolidation on a national scale and limitations

The national demand of 480 million tonnes stillersf to the scenario of economic
slowdown. Summing up the unused capacities of theegions results in an overall

shortage due to the fact that the remaining reset@enot suffice to satisfy the demand in
four regions (Figure 89).
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Figure 89: Shortfall of alluvial deposits consoltdan: consumption and capacity

It is not expected that the asymptotic declineadf sock production will happen as shown
in Figure (90) or Figure (86). The decrease of ¢heve shows a deceleration in time
whereas the expected profile in such a scenarioldvba an accelerating downward
movement until the curve hits the time-axis. Thestaxg model does not allow this type

of soft rock production profile due to the facttttize capacity is directly derived from the
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dropping stock of authorised reserves. The harll ppoduction is increasing faster than
in the base case and in the economic slowdown tdation due to the auto-reaction of
the market balance.
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Figure 90: Shortfall of alluvial deposits consoltdan: supply sources

The increased imports from other regions withinnEeacause a deviation of the inter-
regional flow balance from the base case and tlmamic slowdown consolidation
(Figure 91). However, the maximum error (1,69 railltonnes) represent less than half a

percent when put in relation to consumption.
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Figure 91: Shortfall of alluvial deposits consolta: flow balance
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In all regions affected by an aggregates shortagemports from other regions within
France increase up to their level of capacity (RhbBrediterranée does not import from

other national regions) (Figure 92).
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Figure 92: Shortfall of alluvial deposits consoltttan: imports from other regions

The shortage of mineral resources obviously makeswthole set of impacts upon the

environment decrease, even if only to a small éxtéigure 93).
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Figure 93: Shortfall of alluvial deposits consoltaan: impacts
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8.8 Shortfall of alluvial deposits and a move towardsdhrock

8.8.1 Implementation of additional capacity

Based on a shortfall of alluvial deposits (and @enemic slowdown), this scenario
presents a possible response to the shortage.déheis to balance the deficit due to no
access to new soft rock reserves by locally inéngalsard rock production. Compared to
the last scenario the capacity creating mechanisesepted in chapter 7.3 has been
implemented. In this manner, a surplus amount @f hard rock authorisations can be
handled in an intelligent manner. Consequently,stioek of authorised reserves and thus
the capacity increases, which makes a higher ptmu@s a result from the market
competition possible. This compensation cannot @apmstantly since hard rock
production installations would need time to develspccessively in that order of
magnitude. This move can therefore only happenimoously (Figure 94). This scenario
has been performed in the four regions Adour-GagpriRhone-Méditerranée, Seine-
Normandie and Rhin-Meuse, which would experiensb@tage of aggregates in case of

not having access to new soft rock reserves.
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Figure 94: Hard rock production in the scenariosafft rock shortfall and move towards hard rock

The shortage could barely be avoided, as showméydrve of unused capacity (Figure
95).
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Unused capacity in Rhin-Meuse
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Figure 95: Unused capacity in the scenario of sofk shortfall and move towards hard rock

It should be noted that at this stage the scemm@s not consider the following aspects:

— Secondary mechanisms have been implemented onbpeinhard-rock-production
submodel. The current equilibrium relies on theahility of the product quality and
the demand of each branch of industry.

— Furthermore it depends on the proximity of produttsites to consumption centres,
which currently is about 25-30 kilometres of roadnsport, but increasing as the
guarries close to consumption areas are being iegloln this extreme case the
geological characteristics could make road trarispstances increase up to 80
kilometres in certain zones. The consequenceseoinitreasing distance in this order
of magnitude still need to be studied.

8.8.2 Consolidation of six balanced regions

This national consolidation concerns four regiamsich benefit from additional hard rock
production avoiding a shortage, and two regionstpa shortfall of alluvial deposits but
still remaining balanced. The country’s capacigystsuperior to national demand (Figure
96). The hard rock production balances the disappeaoft rock sector by producing
nearly 400 million tonnes by 2035 (Figure 97). ®reor interval is tighter compared to
the previous scenario (Figure 98). In the regidmst face the risk of a shortage, the
imports from other regions within France increasly driefly due to the delay of reaction

of the hard rock sector after the stop of new aughtions of alluvial deposits. Once the
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overall unused capacity gets away from zero andtesea certain buffer, the imports get
closer to their base case value (Figure 99). Thmaats upon the environment increase by
comparison to an economic slowdown, even if onlygmally. The reason therefore is
higher CO2 emissions per extracted tonne of crusbed(Figure 100).
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Figure 96: Shortfall of alluvial deposits and madeaards hard rock consolidation: consumption

and capacity:
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Figure 97: Shortfall of alluvial deposits and mdesvards hard rock consolidation: supply
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Shortfall of alluvial deposits and a move towards h ard rock
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Figure 98: Shortfall of alluvial deposits and mdwesvards hard rock consolidation: flow balance

Shortfall of alluvial deposits and a move towards h ard rock:
Imports from other regions [t/y]
—=— Adour-Garonne Artois-Picardie
Loire-Bretagne —=— Rhin-Meuse
Seine-Normandie (right axis)
1 200 000 18 000 000
‘L 16 000 000
1 000 000 —
+ 14 000 000
800 000 12 000 000
+ 10 000 000
600 000
+ 8 000 000
400 000 } + 6 000 000
[J\ -+ 4 000 000
200 000 — —
/ g 4 2 000 000
o : : : : : : : : o
1995 2000 2005 2010 2015 2020 2025 2030 2035

Figure 99: Shortfall of alluvial deposits and mdesvards hard rock consolidation: imports fro

other regions
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Figure 100: Shortfall of alluvial deposits and mdegvards hard rock consolidation: impacts
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9. Summary and closing remarks

The ANTAG-model allows outputting a set of key egonc and environmental
parameters in the French aggregates supply ansptvetrmarket. This allows comparative
analyses among different scenario simulation rumd the base case. Each scenario is
caused by a trigger. In order to take into accouedv chains of cause and effect,
secondary mechanisms have been developed by coimtricausal loop diagrams and
then implemented in the model. The model featuréerestons describe modelling
approaches of macroeconomic feedback relationsmpssecondary mechanisms, which
are likely to happen in the aggregates market @@t of suddenly facing a change of
current functioning. This has been done in ordecdwosider realistic effects within long-
term scenarios.

Extreme values have been chosen for triggeringtleeario. Since a big exterior force is
disturbing the current functioning, the robustnasd realistic behaviour of the model has
been checked by consolidation of the six regioash@wn in chapter 8.

The main results are the following:

1. A long-term economic slowdown will have a decelegteffect on the activity of
the whole industry. All supply sectors except theha markets will face reduced
growth. Consequently the impacts upon the envirorimdl be smaller compared
to the base case.

2. An increase in recycling capacity of 100 milliomtes will result in a decreased
local production of crushed and soft rock. CO2 sioiss, road transport flow and
total transport flow are decreased by 25% comptirékde base case. This is due to
lower transport distances, since, according to UBMCand BRGM data basis,
recycling of aggregates produces as much CO2 peretas producing crushed
rock from a quarry.

3. A substitution of aggregates and new technologybfaldings construction and a
reduction of the demand of public works reduce aleévity of the production
industry similar to an economic slowdown.

4, A move away from road transport towards alternatr@@sport modes (from 97%
to 71% of road transport) results in a poor CO2icéidn, since the secondary road

transport contributes to a larger extent and theemweay distances increase faster
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leading to additional CO2 emissions. The implenmtgonaof transport capacity
saturations of the alternative modes was requikddcertainty analysis was
performed for the submodel extension.

5. Foreign aggregates penetrating the French markatlarge scale by increasing the
import capacity will have the preservation of locasources as a primary effect.
This will happen at the cost of significantly high&ansport flows on the
waterway. The relative competitiveness of the Buppurces is altered since the
market equilibrium is altered. The transport cafyasaturations were implemented
like in the previous scenario.

6. A shortfall of alluvial deposits due to a lack afcgal acceptability will result in a
shortage of construction minerals in four out ¢ #ix regions in the next 30 years.
The import capacities from other regions are ndhdencreased, since every
region in France is confronted with an overall dadpproduction capacities and
therefore needs its own resources. Note that atlemg economic slowdown has
been considered which will delay the date wherstira of all the capacities can no
longer satisfy the total demand. The reason thexeforeduced local demand.

7. Based on a shortfall of alluvial deposits and aonemic slowdown, the lack of
capacity can be balanced with an increase in hac# capacity. The sum of
capacities stays superior to the total demand hadshortage can be avoided in
each of the four regions.

An increase in capacity of marine production wob&le similar effects on the market
balance as the capacity increase of recycling. Thidue to the fact that both actors
represent niche markets. They would reduce theyotamh of the primary supply sources.

Figure (101) shows that most of the scenarios asedon a previous one and all of them
are ultimately derived from the base case. The malitevs creating new scenarios by

adding triggers and new features and expandingdéeario tree.
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PART IV
GENERAL CONCLUSIONS
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10. Model construction and application

The access to aggregate resources and securisgbéy is a local concern as well as a
European challenge. The conception, building pro@esl the application of a decision
support system for the construction aggregates ehaskas the focus of this work. A
macroeconomic top-down model based on the prin@pl8&ystem Dynamics has been
calibrated reforming the traditional approach, cotsidering any geographical inventory
or resources. The transfer of the local aggregatesket to a global scale required
hypotheses in different stages of the aggregateslysehain during the modelling work
such as the consumption of a macro-region, thelg@op and the transport.

Calibrating a market equilibrium considering conmp@mt among the actors, which are
represented by the different kinds of supply sosireeas the key issue of this work. This
has been done by introducing a mechanism whichilalis¢s the total unused capacity of a
region over the supply sources. The mechanismrditietween the dynamics of primary
sources and niche markets. The flexibility of tharket balance submodel allows one to
monitor the relative competitiveness of the suppburces. The factors of social
acceptability and industrial development have bgeantified and implemented in the
production submodels. They either slow down or kcaee the flow of new
authorisations.

The transfer from a microeconomic problem to a m@conomic scale required optimistic
assumptions when data was not available. Missirig tta model calibration has been
rebuilt by making assumptions, so that the calibrabf a market equilibrium could be
made possible. Production constraints are intradliigethe extraction capacities, which
have been modelled on a macroeconomic scale byimgrthem from the stock of
authorised reserves.

This study also emphasises the importance of thecemiion and calibration of a
macroeconomic competition mechanism representiagtimstruction aggregates market.
If we assume that there is a balanced market (ndaie of mineral resources), a future
trend estimation of the different players in therkea requires competition among them.
Market equilibrium, where demand equals supply, Wes initial condition which the
model calibration is based upon.

A baseline case simulation over 30 years of the A&Imodel shows that it is

operational, robust and that it generates reasenaiults. The parameters, to which the
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model reacts sensitively, have been establisheel.olitput is highly sensitive to the GDP
growth rate, which can also be considered as thggelbt uncertainty of the
macroeconomic input parameters. The fact that 8y&gnamics has been chosen as the
modelling principle allows the application of theonemonly integrated multiple-
parameters-sensibility-testing software feature.

The benefit of this System Dynamics model is thatlculates the value of each variable
in each time step. This allows a very precise iragkf the evolution of each parameter,
which makes the model transparent for analysise@alty in the case of unexpected
behaviour.

The flexibility of the model allows the implementat of scenarios by adding triggers
within each submodel. Programming scenarios conugrithe implementation of
secondary feedback relations and new mechanisnmoasgble, as shown by the breaking
scenarios. Transport is responsible for the mair2 @@issions in the aggregates market.
In this regard, two breaking scenarios have beesigded for that purpose, favouring
alternative transport modes, because they prodssedollution per tonne-kilometre than
road transport. The uncertainty of new parameterplamented has been analysed
performing Monte Carlo simulation. The biggest uteiaty in the model feature
extension is the waterway transport capacity. Herethe model output did not show any
significant sensitivity to this factor.

Mechanisms can be refined and, when programmingasios, secondary feedback
relations can be added. The transfer to differenggaphical regions is possible whenever

data can be gathered or estimated under hypotheses.
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11. Limitations and potential sources of false intetatien

The market equilibrium, computed by the market sodbeh, allocates parts of the whole
market overcapacity over the supply sources. Thashanism is stable within a certain
interval. If the gap between the capacities of dgsaaled sources (e.g. crushed rock and
alluvial deposits) becomes too large — in whichect®e “loss” of potential production
(unused capacity) imposed by the market balancénameem could exceed the production
capacity of the smaller producer, the model outpuild result in negative extraction
profiles for this source. It is important to undarsl that the market competition
mechanism can always only be calibrated on a cestale and that it will only be robust
operating within this scale.

The assumption made in order to model the extractapacity states that the number of
years of lifetime of reserves left for hard and $oift rock is constant. We know that in
reality the number of years of lifetime can becamnall enough to justify new authorised
reserves greater than the total demand of the gaare If the lifetime remains high, only
small quantities may be authorised. The flow of rewthorised reserves is modelled
continuously. In this manner the extraction coudddbegantly introduced as the driving
factor of the new authorisations.

The production of alluvial deposits is expectedctmsiderably decrease in the next
decades. The asymptotic decline of soft rock prodaaesulting from the scenario of
shortfall of alluvial deposits is not expected tappen in this way. However, the
modelling of a (more realistic) accelerating dowrvenovement until the curve hits the
time-axis is impossible due to the fact that thi¢ sack capacity is directly derived from
the decreasing stock of authorised reserves.

Providing a good estimate of the impacts upon th@renment is a tricky task. When
computing the CO2 emissions for road transportsa mamber of coefficients, which can
be applied to the tonne-kilometres, can be foundhm literature. Also note that the
coefficient of CO2 emissions per kWh consumed dpeartraction in the ANTAG model
refers to the French electricity market, which ighty dependent upon nuclear energy.
This, however, can be changed easily in the model.

A debatable scenario is the increase in recyclagacity, which is based on the scenario
of economic slowdown. This could be interpretedaasontraction, since recycling will

most probably depend on subventions, which in td@pend on the economic situation of
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the country. The aim of this scenario, however, wasshow the effects of a very
optimistic reduction in demand of new aggregates.

It has to be noted that the regions act indepehdeheach other in both the base case and
the scenarios. In the case of the shortfall sceribis means that the deficit of aggregates
is compensated on a regional basis. It could bea®d that a region facing a shortage
earlier than its neighbour might import aggregatleshe neighbouring region has
overcapacities left. Another scenario initially mied was the concentration of the
national production in the region Loire-Bretagneré¢irock reserves supplying the whole
country would have been the challenge of the trarispodelling. This scenario, however,
was eventually not performed.

The consolidation, in general, is a task, which @aly be performed by exporting Vensim
simulation output data sets of all the six regidosone single spread sheet. The
consolidation itself is performed independently/ehsim.

The limitations of the model listed always alsoresent potentials for improvement and

suggestions for striking new paths.
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12. Future research and potential

One of the most difficult tasks in modelling is tlreatment of social or so-called soft
factors. A thorough investigation of social accepity would be crucial for a more
representative analysis. The social acceptabdithe complex result of various social and
economic factors. Decomposition into sub-parameteght be the first step, but would it
be possible to express them properly? A more praaislerstanding might be achieved on
the basis of a long-term survey. Those, howeveruaually quite time consuming. In this
manner, the change over time could be observed;hwhight allow a separate calibration
of this factor, independent of the factor of indizgtdevelopment. Note that the past hard
and soft rock evolution of industrial developmentiasocial acceptability could not be
separated within the calibration period. In the ANE-model the factor of industrial
development implies these two phenomena, sincétier of social acceptability itself is
kept constant at 100%. What is known is the histeviolution of the product of these two
parameters. If in the past the product of indulsttevelopment and social acceptability
was greater than 1 (as in the case of hard rockrevh usually was around 1,15), the
supply source showed an increase in capacity, aedwersa. If the social acceptability
was fully understood, a more profound feedback ystemuld cover the effects of the
impacts upon the environment on this social paramehich would directly influence the
new authorisations of local reserves.

This example shows that the potential for feedbatioduction is vast. Another possible
feedback study concerns the introduction of priesteity. At current prices the costs of
construction minerals contribute only a few percenthe total civil engineering costs,
which makes the demand of aggregates practicaljastic to price. At what price
increase (or what tax) would the demand show effect the sectors’ activities? This
mechanism would have to be formalised in a sceneniere, for instance, a significant tax
per tonne extracted would dampen the demand ireggtgs.

During workshops and promotions organised by thesodium, the idea of cutting down
the six big regions into smaller ones was a condtgmic of discussion. These regions
would not necessarily cover the whole French tnyjtbut treat the biggest consumption
centres instead. The idea of applying the modedntaller regions, once the ANTAG-
project was finalised, was discussed in detail. c@atration on the regionalisation of a

macroeconomic System Dynamics model was also orteeotonclusions made by De
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Vries et al. (1999). Its feasibility for the ANTA@®odel has been proven by the
calibration of the region Artois-Picardie, whicheatly is smaller than all of the other
regions. The market balance of such a region nbglgensitive to other factors depending
on the location. Furthermore, the model parametexsld have to be recalibrated on the
basis of regional data sets.

A very demanding future task would consist in thedelling of the market equilibrium of
the inter-regional transport flows nationwide. Themand from other regions within
France of a certain region could no longer be amgemrous stock-and-flow structure,
which is the case in the present model, but woetailt from the imports determined by
the market balance of at least one other regionchMiiegion would be concerned, would
depend on the relative proximity.

One enormous advantage of the model is the fadt ithaffers a vast potential of
implementation of new features and add-ons. Naiettie scenarios are all derivations of
the base case model files. When we decide to progranew add-on, we have to make
new hypotheses. Once a new mechanism is concetveals to be expressed as a stock-
and-flow-structure. In most of the cases this mdaas an initially exogenous constant
parameter is being endogenized and is now contirddiethe variables and mechanisms
upstream. Examples would be the factor of industievelopment and the change in the
transport split factor described in the model feataxtensions in chapter 7. Another
example, finally not implemented, would be an iase in the transport capacities of the
alternative transport modes as a logical conseguehan increasing tonnage, which has
to be transported by these modes. The transpoatcitegs remain constant in the scenarios
8.5 and 8.6.

A new model add-on can be based on an alreadyqudlyi defined add-on. If we just
think of the current credit crunch, which repeageslhows new unexpected secondary
effects, the benefits of such a model, which ersablee to build a scenario on top of an
existing scenario, become even clearer. Howeves, dbnceptual framework does not
avoid the need of precise specifications of nevdlfeek mechanisms and parameters to

implement.
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Anticipation de I'acces a la ressource granulats
par rupture des schémas actuels a long terme

RESUME

L'objectif de ce travail est d’anticiper I'accés a la ressource granulats au-dela des schémas actuels a
long terme en France. Cette theése, qui s'inscrit dans le cadre du projet ANR « ANTAG », a
principalement pour but la création et I'exploitation d'un systéeme d’aide a la décision pour le marché
national des granulats permettant de simuler les effets a I'échelle de 30 ans de décisions liées a
'approvisionnement des granulats et au développement de la consommation et du transport.
L'approche suivie s’appuie sur un modéle de type top-down, macro-économique et il est fondé sur le
principe de modélisation System Dynamics. L'apport principal est le mécanisme qui décrit I'équilibre
du marché entre les sources d’approvisionnement par distribution de la surcapacité sur les sources
d’approvisionnement et qui permet de modéliser et de piloter la compétition entre les acteurs. Un
scénario de base, construit a partir de données historiques, sert a concevoir sept scénarios provoqués
par des «actions de rupture» qui sont analysés en termes d'évolution des variables clés
économiques et environnementales. La puissance du modéle réside dans sa capacité a s’enrichir de
nouvelles fonctionnalités permettant d’introduire de nouveaux mécanismes secondaires.

Mots clés: Anticipation, accés a la ressource; Granulats; matériaux de construction; modélisation
macroéconomique; compétitivité; System Dynamics; mode de transport; scénarios; systeme d'aide a
la décision; reconstitution des données;

Anticipation of the access to the aggregate resourc e
by breaking present schemes in the long term

ABSTRACT

This research aims at anticipating the access to construction aggregates in France in future years. The
thesis, which is based on the ANTAG-project funded by the French national research agency, focuses
on the construction and application of a decision support system for the national aggregates market
allowing for the simulation of the consequences of decisions concerning the supply end as well was for
consumption and transport over a 30 year period. The macroeconomic top-down model is calibrated
using the principle of System Dynamics. One key issue in this work is the introduction of a mechanism
detailing the market balance between the supply sources by a distribution of the overcapacity. This
allows one to model and monitor the relative competitiveness of the actors. A base case scenario was
performed using historical data and formed the starting point of seven scenarios, which are caused by
“breaking actions” and analysed based on their economic and environmental output parameters. One
enormous advantage of the model is the fact that it offers vast potential for new features and add-ons,
which are essential for the introduction of secondary feedback mechanisms.

Keywords : Anticipation, access to the resources; aggregates; construction minerals; macroeconomic
modelling; competition; System Dynamics; multimodal transport modelling; scenarios; decision support
system; data reconstruction;
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