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Executive Summary

Executive Summary

“Comparative Life Cycle Assessment of Geosynthetics versus Con-
ventional Construction Materials”

Stucki M, Busser S, Itten R, Frischknecht R. andbatam H. (2011) Comparative Life Cycle
Assessment of Geosynthetics versus ConventionatrGoiion Materials. ESU-services Ltd.
Uster, ETH Zurich, Switzerland. Commissioned byEbeopean Association for Geosynthetic
Manufacturers (EAGM).

Goal and Scope Definition

Geosynthetic materials are used in many differgplieations in the civil and underground enginegrin

In most cases, the use of geosynthetic materitdecep the use of other materials. The Europeanciesso
tion for Geosynthetic Manufacturers (EAGM) commissd ETH Zirich and ESU-services Ltd. to quan-
tify the environmental performance of commonly #ggblconstruction materials (such as concrete, ce-
ment, lime or gravel) versus geosynthetics. To ¢nid a set of comparative life cycle assessmedtestu
are carried out concentrating on various applicatases, namely filtration, foundation stabilisedd,
landfill construction and slope retention. The eonimental performance of geosynthetics is comptred
the performance of competing construction matetiatd. The specifications of the four constructigs-
tems are established by the EAGM members repreggtite European market of geosynthetic materials.
They represent best current practice.

Tab. S. 1: Overview of the objects of investigation

Description Alternatives Case
Filter layer gravel based filter 1A
geosynthetics based filter 1B
Road foundation conventional road (no stabilisation needed) 2A
geosynthetics based foundation 2B
cement/lime based foundation 2C
Landfill construction gravel based drainage layer 3A
geosynthetics based drainage layer 3B
Slope retention reinforced concrete wall 4A
geosynthetics reinforced wall 4B

The study adheres to the ISO 14040 and 14044 sws)da critical review is performed by a panel of
three independent experts. The study refers tge¢he 2009. Foreground data about geosynthetic mater
als gathered by questionnaires refer to the ye@® 20, in a few exceptional cases, 2008. Data aiviail
about further material inputs and about the useathinery are somewhat older. All data refer tooger

an conditions.

The alternatives in each case are defined suchiitepican be considered technically equivalent dezest
comparable. The geosynthetics used in the foursaapeesent a mix of different brands suited fer rig+
spective application. The conventional systemsasgmt the most common type of construction.

The environmental performance is assessed with eigiact category indicators. These are Cumulative
Energy Demand (CED), Climate Change (Global Warnkagential, GWP100), Photochemical Ozone
Formation, Particulate Formation, Acidification,tEaphication, Land competition, and Water use.

In order to evaluate the uncertainty of the datduMonte Carlo analyses are performed. The Moate C
lo analyses are performed in a way that excludpsmi#ing uncertainties. The results of the analghesy
the effects of the independent uncertainties oftive alternatives compared. The lifetime and tlahie
nical specification (layer thicknesses etc.) of diféerent constructions are not included in theentainty

Comparative Life Cycle Assessment of Geosynthetics versus Conventional Construction Materials i



Executive Summary

assessments. However, uncertainty due to variabiligravel density and in matching the thicknesthe
layers (95 % interval of +/- 7 %, or about +/- 88 for a 50 cm gravel layer) or of transport sersice-
quired (95 % interval of about + 100 %/- 50 %)aken into account.

Sensitivity analyses are carried out to furtherl@gthe reliability of the results. On one hand thick-

ness of the filter is varied in case 1 taking iatount different technical specifications. On thieer

hand four alternatives for road foundations ardysiea in case 2. This includes 2 alternative raachfla-
tions using reinforcement with geosynthetics and aiternatives for the stabilisation of the roathgs
cement or quick lime only.

Object of Investigation and Inventory Analysis

The functional units of the four cases are dislyndifferent. That is why the results of the fouases
should not be compared across cases.

Filter layer: The function of the first case is the provisioradilter layer. Geosynthetics can serve as sep-
arator or filter layer between the well compactednidation and the subgrade. This is essential feema
sure the foundation keeps its bearing capacity. gdwsynthetic prevents on one hand the foundatien a
gregates from sinking into the subgrade and orother hand from pumping of fines from the subgrade
into the foundation.

The functional unit is thus defined as the congionc and disposal of a filter with an area of
1 square meter, with a hydraulic conductivity (keng of 0.1 mm/s or more and a life time of 30 wear

Foundation stabilisationin the second case concerning the improvementeatkvgoils, a conventional
road, where no stabilisation is needed (case &2A)pimpared to a geosynthetic reinforced road (2B3e
and to a cement/quicklime stabilised road (case 2C)

The function of the second case is the provisioa dad class Il on stabilised foundation. Thectional
unit is thus defined as the construction, and diapof a road class Ill with a length of 1 metewidth of
12 meters and a lifetime of 30 years.

Landfill construction:The third case compares the use of a geosyntiireticage system (case 3B) with a
gravel drainage system (case 3A) in a cap of aenastfill site. A geosynthetic on top of the dege
gravel is often used to prevent moving of fineshef top soil into the drainage, and a second ge¢lsyo

is used below the drainage as a protection laysetoire that the sealing element is not damagétketo
drainage. Hence, in practice both solutions useygebetics - on top of and below of the drainagerla
All the other layers in a landfill site change hett in thickness nor in material requirements.

The function of case 3 is to provide a drainagerayg a landfill cap of hazardous/non-hazardoustevas
landfill site. The purpose of this drainage layeta discharge infiltrating rainwater from the swé. The
functional unit is defined as the construction @igposal of 1 fmsurface area drainage layer with a hy-
draulic conductivity (k-value) of 1 mm/s or moredaam equal life time of 100 years.

Slope retentionlt may be necessary in some cases, especialheindnstruction of traffic infrastructure,
to build-up very steep walls. For such walls, suppg structures are necessary. The retaining weéd
to meet defined tensile and shear strengths. Regawmalls reinforced with concrete (case 4A) areneo
pared to soil slopes reinforced with geosynthdtese 4B).

The function of the fourth case is to provide gsloetention with a very steep and stable wall. fline-
tional unit is defined as the construction and aspp of 1 m slope retention with a 3 meters high, we-
ferring to a standard cross-section. Thus, thetfonal unit is independent of the length of thelwal

For all cases, data about geosynthetic materialymteon are gathered at the numerous companiesipart
pating in the project. The company specific lifeleyinventories are used to establish averagecyitde
inventories of geosynthetic material. Average LCé &stablished per case on the basis of equally
weighted averages of the environmental performarfidde products manufactured by the participating
member companies. The technical specificationsi®ffour cases (e.g. how much gravel and diesetis r
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quired) are verified with civil engineering experfhe materials and processes needed to erecbthe c
structions are modelled with generic, backgrounemtory data. The primary source of background in-
ventory data used in this study is the ecoinvetd 9a.2 (ecoinvent Centre 2010), which containgnte-

ry data of many basic materials and services.

Results

In Fig. S. 1 to Fig. S. 5 the environmental impaaftshe full life cycle of the four cases are showor
each indicator, the environmental impacts of theraative with higher environmental impacts ardesta
to 100 %. The total impacts are divided into thetisas infrastructure (road, landfill, slope reien), raw
materials (bitumen, gravel, geosynthetic layer, estmquicklime, concrete, reinforcing steel, wooden
board), building machine (construction requiremgrnt@nsports (of raw materials to constructior)sit
and disposal (includes transports from the constmusite to the disposal site and impacts of tispabal

of the different materials).

A filter using a geosynthetic layer (case 1B) causver impacts compared to a conventional gravel
based filter layer (case 1A) with regard to all anpcategory indicators investigated. For all iattcs the
filter with geosynthetics causes less than 25 Y%hefimpacts of a conventional gravel based filfdre
non-renewable cumulative energy demand of the oactgin of 1 square meter filter with a life timé o
30 years is 131 MJ-eq in case 1A and 19 MJ-eq e dB. The cumulative greenhouse gas emissions
amount to 7.8 kg C@Qeg/nt in case 1A and 0.81 kg G@g/nt in case 1B.
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Fig. S. 1: Environmental impacts of the life cycle of 1 m? filter for the cases 1A and 1B. For each indicator , the case with
higher environmental impacts is scaled to 100%.

A conventional road (case 2A) causes higher impeatspared to a road reinforced with geosynthetics
(case 2B) with regard to all impact category intice. The higher impacts of case 2A are causedhéy t
emissions and the resource consumption relatetie¢gtoduction and transportation of the additional
amount of gravel required. With regard to globafmimg, the road construction with a cement/limésta
lised foundation (case 2C) causes higher impactgaoed to cases 2A and 2B mainly because of the ge-
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ogenic CQ emissions from the calcination process in thekelirand quick lime production. With regard
to land use, the impacts of all three alternatamesmore or less equal, with a maximal deviationaise

2C, using only 2.2 % less land than case 2A. C&sedlses lower eutrophying and particulate matter
emissions and requires less water compared to 2ésanad 2B,

The non-renewable cumulative energy demand of ¢inetouction and disposal of 1 meter stabilised road
with a width of 12 meters and a life time of 30 e 25’200 MJ-eq in case 2A, 23’900 MJ-eq in case
2B and 24°400 MJ-eq in case 2C. The cumulative rgreese gas emissions amount to 0.73 t-&@nf

in case 2A, to 0.65 t C&q/nf in case 2B and to 0.95 t G@g/nT in case 2C. Correspondingly, the cu-
mulative greenhouse gas emissions of 1 km stathitiead are 730 t C&eq in case 2A, 650t Ge&q in
case 2B and 950 t G@q in case 2C.

The uncertainty assessment confirms that case @8esdower environmental impacts than case 2A with
regard to all indicators. For the comparison ofec2B and case 2C the uncertainty analysis showsrlow
impacts for the categories CED renewable, photoataraxidation and global warming potential for eas
2B. Regarding the indicator land competition theecaB causes higher environmental impacts than case

2C. With regard to all other indicators the undetiaanalysis reveals no clear ranking betweenscage
and 2C.
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Fig. S. 22 Environmental impacts of the life cycle of 1 m road with stabilised foundation, cases 2A, 2 B and 2C. For each
indicator, the case with higher environmental impac ts is scaled to 100%.

Fig. S. 3 shows the sensitivity analyses for roaasstruction reinforced with geosynthetics with sed
placement (case 2BS1) and without separation géostyn (case 2BS2), and for road construction with
stabilised foundation using quicklime only (case&s2Land using cement only (case 2CS2).

Using quicklime as stabiliser causes the highesir@mmental impacts with regard to global warming,
photochemical oxidation, CED non-renewable, and G&fewable. Choosing cement as stabiliser leads
to higher environmental impacts for global warmi@gD renewable and water use compared to case 2B.
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Fig. S. 3: Sensitivity analyses: environmental impa  cts of the life cycle of 1 m road class lll, cases 2A, 2B and 2C. Case
2BS1: construction of a class Il road reinforced w  ith geosynthetics with soil replacement; case 2BS2: construc-
tion of road reinforced with geosynthetics without separation geosynthetic; case 2CS1: construction of road re-
inforced with quicklime stabiliser; case 2CS2: cons truction of road reinforced with a cement stabilise r. For each
indicator, the results are normalised with the annu al world impacts per capita.

A geosynthetic drainage layer (case 3B) causesrlewgronmental impacts compared to a gravel based
drainage layer (case 3A) in all impact categoriessalered except land competition which is aboat th
same in both cases. The non-renewable cumulatieeggrdemand of the construction and disposal of
1 square meter drainage layer is 194 MJ-eq in 8asend 86 MJ-eq in case 3B. The cumulative green-
house gas emissions amount to 10.9 kg-€gInt in case 3A and 3.6 kg G@g/nt in case 3B. Corre-
spondingly, the cumulative greenhouse gas emisgibtise drainage layer of a landfill with an arda o
30°000 nf are 330 t C@eq in case 3A and 110 t G@q in case 3B respectively.

The Monte Carlo Simulation reveals a probabilitynadre than 99 % that the geosynthetic drainage laye
has lower environmental impacts than the mineraihdige layer for all indicators investigated exdapd
competition. Regarding land competition, the pralggtihat geosynthetic drainage layer has lowevien
ronmental impacts than the mineral drainage lag/é2i%.
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Fig. S. 4: Environmental impacts of the life cycle of 1 m? mineral drainage layer (case 3A) and a geosyntheti ¢ drainage
layer (case 3B). For each indicator, the case with  higher environmental impacts is scaled to 100%.

A geosynthetic reinforced wall (case 4B) causeseloenvironmental impacts compared to a reinforced
concrete wall (case 4A) in all impact categorieasttered. The non-renewable cumulative energy de-
mand of the construction and disposal of 1 metgesketention with a height of 3 meters is 12'700-M
eq in case 4A and 3'100 MJ-eq in case 4B. The cativel greenhouse gas emissions amount to 1.3t
COs-eg/m in case 4A and 0.2 t G@y/m in case 4B. Correspondingly, the cumulativeeghouse gas
emissions of 300 m slope retention are 400 t-€®in case 4A and 70 t G@q in case 4B respectively.
The Monte Carlo simulation shows a probability 6026 that the environmental impacts of the conven-
tional slope retention are higher compared to therenmental impacts of the geosynthetic sloperrete
tion with regard to all indicators.
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Fig. S. 5: Environmental impacts of the life cycle of 1 m slope retention, cases 4A and 4B. For each i ndicator, the case
with higher environmental impacts is scaled to 100° %.

A sensitivity analysis regarding transportatiortfed materials with a Euro5 lorry instead of a flaeer-

age lorry shows lower environmental impacts regaydhose indicators and cases where the transporta-
tion of the materials has an important share inréiselt. This applies for the conventional separkstyer

in case 1, the geosynthetic stabilised layer ire @B (see Fig. S. 3), the conventional drainagerlay
case 3A and in both types of slope retention. Téggence of the environmental impacts of the cases
compared does not change in any of the four cases.
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Conclusions and Recommendations

A filter layer with geosynthetics has lower environmental impacts compared to a eatnenal alterna-
tive (gravel). The difference is considerable ftrizdicators (more than 85 %) and reliable. Thiei
ence in the environmental impacts arises mainlyabse the applied geosynthetic substitutes gravel,
which causes considerably higher impacts when ebetlaand transported to the place of use. At laast
layer of 8 cm of gravel must be replaced by gedmtits used as a filter in order to cause the saime
lower environmental impacts regarding all indicator

When comparing the use géosynthetics irroad construction in order to reinforce the road foundation
(case 2B) and the conventional road constructiasg@A), the environmental impact is reduced fbr al
indicators when using geosynthetics. When roadtoectton using geosynthetics (case 2B) and the road
construction with cement/lime stabilised foundatfoase 2C) are compared, a trade-off between #esca
2B and 2C can be observed. On the one hand, thefuseement/lime stabiliser causes higher climate
change impacts mainly because of the geogenicdb@ssions from the production process of cemedt an
quicklime. On the other hand, the use of a geogyiatistabiliser shows higher results for the envinen-

tal indicators eutrophication, water use and paldie matter because of the emissions and the nesou
consumption related to the production and tranggiort of the additional amount of gravel requiréde

use of quick lime only (case 2CS1) causes higheir@mmental impacts than the use of cement (case
2CS2) for the stabilisation of the road foundatién.least a layer of 25 cm of gravel in a convemio
road must be replaced by geosynthetics used infonadiation in order to cause the same or lower-env
ronmental impacts regarding all indicators.

The uncertainty analysis shows that results are reliable for all indicatetsen comparing case 2A and
2B and that the results are stable for the indisgdbotochemical oxidation, global warming, landhpe-
tition and CED renewable when comparing the casaB2C. Regarding the other indicators the differ-
ence between the cases 2B and 2C is considerailydiable.

The main driving forces for the difference betwée®m geosynthetidrainage layer in a landfill site and
the conventional gravel drainage layer is the efitva and transportation of gravel used in the eonv
tional case. For all indicators except land contipetj the impacts of the conventional drainage are
more than twice as high as compared to the imgemts the geosynthetic drainage layer. The Monte Car
lo simulations show that differences can be comeitleeliable and significant with regard to allizators
except land competition. Regarding the latter tivealternatives can be considered as equivalent.

Compared to the conventional slope retention, thesgntheticreinforced wall substitutes the use of
concrete and reinforcing steel, which results iwdp environmental impacts of between 52 % and 87 %.
The uncertainty analysis shows that it is reliahbg the use of geosynthetics causes lower envieatah
impacts compared to a conventional slope retention.

The main share of the environmental impacts ofntlamufacture and disposal of geosynthetic layers are
caused by the raw materials and electricity consiompHowever, the shares in the total environmenta
impacts of the four cases are small, except in 4askere geosynthetics can have an important contri
tion in some indicators. The variation in enviromta impacts of geosynthetics manufacture doesafiot
fect the overall results as shown with the Montel@simulations. Hence the results shown in thgore

are valid for the products of any particular mactieer.

Geosynthetic layers and geogrids can contributgvibengineering constructions with significantwer
climate change impacts in all cases considered.ushef geosynthetic layers may also lead to leamer
vironmental impacts such as acidification, eutrophon, and to lower cumulative energy demands, ex-
cept for the case of foundation stabilisation (seavhere these environmental impacts are higber-c
pared to conventional solutions.

It is recommended to establish key parameter mddelsach of the four cases, which allow for an-ind
vidual assessment of alternatives of any partiotdestruction. This is particularly true for casevhere
actual situations may ask for highly specific tachhsolutions. In such key parameter models thenma
determining factors such as amount of gravel, céncemcrete or geosynthetics needed, can be ertiered
calculate the environmental impacts of the consvo@lternatives at issue.

Comparative Life Cycle Assessment of Geosynthetics versus Conventional Construction Materials Vii
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Abbreviations

CED
EAGM
FSS
GWP
IEA
LCA
LCl
NMVOC
PE
PET
PP

Cumulative Energy Demand

European Association for Geosynthetic Manufacturers
Frost Sensitive Sail

Global Warming Potential

International Energy Agency

Life Cycle Assessement

Life Cycle Inventory

Non-methane volatile organic compounds
Polyethylene

Polyethylene terephtalate

Polypropylene
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Goal and Scope Definition

1 Goal and Scope Definition
1.1 Outline of the Study

Geosynthetic materials are used in many differgplieations in the civil and underground enginegrin
They are used in road construction, in foundatiabisation, in landfill construction and in slopeten-
tion. In most cases they are used instead of msmbesed materials such as concrete, gravel or lime

Environmental aspects get more and more relevaheiconstruction sector. That is why the enviromme
tal performance of technical solutions in the canld underground engineering sector gets more and m
attention.

The European Association for Geosynthetic Manufacsu(EAGM) shall be provided with comprehen-
sive qualitative and quantitative information oé thnvironmental performance of commonly applied con
struction materials (such as concrete) versus géostycs. This is achieved by performing a setarhe
parative life cycle assessment studies concenyamvarious application cases, namely road constru
tion, foundation stabilisation, landfill construmti and slope retention. The environmental perfoceat
geosynthetics is compared to the performance opetimg construction materials used.

The study shall adhere to the ISO 14040 and 14@tards. In the case of comparisons intended to be
used in comparative assertions intended to beadiedlto the public, the ISO standards requiretealri
review performed by a panel of at least three iedépnt experts.

1.2 Organisation of the Study

The study was commissioned by the European Assmtiddr Geosynthetic Manufacturers in January
2010. It is conducted by ESU-services Ltd. and EZliich. Members of the project panel are:

- Henning Ehrenberg (Convener Working Group of EAGM)
- Dave Williams (Working Group of EAGM)

- David Cashman (Working Group of EAGM)

- Harry Groenendaal (Working Group of EAGM)
- Heiko Pintz (Working Group of EAGM)

- Heinz Homdlle (Working Group of EAGM)

- Karl Wohlfahrt (Working Group of EAGM)

- Kjell De Rudder (Working Group of EAGM)

- Klaus Oberreiter (Working Group of EAGM)

- Nicolas Laidié (Working Group of EAGM)

- Massimo Antoniotti (Working Group of EAGM)
- Prof. Dr. Holger Wallbaum (ETHZ)

- Dr. Rolf Frischknecht (ESU-services Ltd.)

- Sybille Busser (ESU-services Ltd.)

- René Itten (ESU-services Ltd.)

- Matthias Stucki (ESU-services Ltd.)

A first version of the LCA report was completed ardiewed in Fall 2010. Some of the members of
EAGM did not agree on the basic set-up of casasd1?a That is why cases 1 and 2 were amended and a
second version of the final report was completatiraniewed in Fall 2011.

Comparative Life Cycle Assessment of Geosynthetics versus Conventional Construction Materials 1
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1.3 Critical Review Process

A critical review according to ISO 14040 and 14G44eing carried out by a panel of three independen
external experts:

- Hans-Jirgen Garvens, Falkensee, Germany (chair)
- Maartje Sevenster (MaS), Isaacs, Australia

- Lars-Gunnar Lindfors, IVL, Stockholm, Sweden

1.4 Use of the Study and Target Audience

Primarily, the study and its results are intendeldd used within EAGM.
They should assist the members of EAGM in theorg$fto

* continuously improve the environmental performaofttheir products,

« formulate requirements to their upstream supplief®.g. auxiliaries) and

e communicate the environmental information to cusianclients and other stakeholders involved
(e.g. via Environmental Product Declarations (ER®)the applications mentioned or for a product

group).

1.5 Objects of Investigation

Four construction systems are investigated indbmparative life cycle assessment. The specificata

the four construction systems are established &¥#GM members representing approximately 80 % of
the European market of geosynthetic materials. tAiléel description of every construction systergiis

en in the respective Chapters.

Tab. 1.1: Overview of the objects of investigation

Description Alternatives Case Chapter

Filter layer gravel based filter 1A 2
geosynthetics based filter 1B

Road foundation conventional road (no stabilisation needed) | 2A 3
geosynthetics based foundation 2B
cement/lime based foundation 2C

Landfill construction gravel based drainage layer 3A 4
geosynthetics based drainage layer 3B

Slope retention reinforced concrete wall 4A 5
geosynthetics reinforced wall 4B

1.6 Functional Unit

The function of the constructed infrastructure edata differ from case to case, thus, the functiondtlis
defined for each case separately and describdweinespective Chapters. The constructions are rissig
in a way that the two alternatives compared arbrtieally equivalent. The infrastructure elementa-an
lysed represent new constructions (no refurbishsnehéxisting constructions).

Reference flows quantify the function of the caieligs. In these four case studies the quantifinas
given within the definition of the functional units

The functional units of the four cases are dislyndifferent. That is why the results of the fouases
should not be compared across cases.

Comparative Life Cycle Assessment of Geosynthetics versus Conventional Construction Materials 2
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1.7 System Boundaries and cut-off rules applied
1.7.1 System boundaries

The life cycle assessments carried out within stugly follow a cradle to grave approach. The produc
systems of the infrastructure elements analyseéldriour cases encompass the extraction of thewaw
terials, its processing to building materials, ¢ongion and disposal of the infrastructure elerae@per-
ation and maintenance of the infrastructure eleraemtexcluded except for the land occupation. Tihe d
ference in expected lifetimes is accounted for.n$part processes and infrastructure are includdid. A
processes describe average European conditions.

Background processes (energy supply, transports, basic materials) |

E y A y E
i Maintenance E
| and »  Landfill |
‘ Operation ‘
i || Raw material i
' extraction » Incineration i——:—V Energy
i Building material ﬁ i . .
! ) H | : ! Material used in
| production » Recycling ——>
! Material producti i other product
! Hela oo Infrastructure element Disposal !
System boundary
Fig. 1.1:  Simplified process flow chart. The simpli ~ fied chart shows the most important process steps. Maintenance and

Operation of the infrastructure element are not inc luded in the system boundaries.

Not included are:

* Operation and maintenance of the infrastructureerd (e.g. lightning, de-icing of roads,
traffic), because these activities are outsidesyistem analysed

* Manufacturing equipment (machinery) at the manuifaets site, because of its minor im-
portance (see e.g. Frischknecht et al. 2007a)

» Operation of the storage of raw and geosynthetienads at the manufacturer's site, be-
cause the energy consumption is considered nelgligib

» Packaging of the geosynthetics, because they am@mur importance (less than 3 % of
mass contribution)

1.7.2 Cut-off rules

As far as possible all inputs are considered. mesoases data availability was limited. That is whgk-
aging of the geosynthetics is not considered, zxdloey contribute less than 3 % to the total m@ss.
apital goods are included, except for the equipmset in geosynthetics manufacture, which is exadud
because of its low importance. Process specificsgons such as NMVOC are included in the life cycle
inventories as far as indicated by the companiésyTare included independent of their contribution
the cumulative emissions of the respective substéme threshold of a mass based cut-off is applied)

Comparative Life Cycle Assessment of Geosynthetics versus Conventional Construction Materials 3
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1.8 Data Gathering and Data Quality

Data about geosynthetic material production arbegat at the numerous companies participatingen th
project using pre-designed questionnaires. The aomgpecific life cycle inventories are used talest
lish average life cycle inventories of geosyntheteterial.

The data collected include qualitative informationsystem relevant products and processes from the
producer, information from suppliers of the produgehere possible) as well as data from techniegl r
erence documents (e.g. related studies, produdardéons, etc.). Qualitative information aboutnrei
forced concrete stems from technical reference mecis and expert knowledge. Average LCI are estab-
lished per case on the basis of equally weightedages of the environmental performance of the-prod
ucts manufactured by the participating member caongsa

The primary source of background inventory datadusehis study is the ecoinvent data v2.2 (ecamve
Centre 2010), which contains inventory data of maagic materials and services.

Time reference

The study refers to the year 2009. Foreground dhtait geosynthetic materials gathered by question-
naires refer to the year 2009 or, in a few exceplicases, 2008. Data available about further maiar

puts and about the use of machinery are somewtlat.dlhe characterisation of the four cases reptgse
current best practice. Differences in age are dsed in the data quality section of the resultpiena.

Geographical coverage

All data refer to European conditions. Some baadkgdodata referring to Switzerland are used as astim
tion for European conditions, in particular regagdiandfilling and incineration of wastes.

Technical reference

The two alternatives in each case are defined thattthey can be considered technically equivadersat
least comparable. The geosynthetics used in thedases represent a mix of different brands sdied
the respective application. The conventional systepresent the most common type of construction.

Uncertainty assessment

In order to evaluate the uncertainty of the datduMonte Carlo analyses are performed. The Moate C
lo analysis is performed in a way that excludesedeng uncertainties. The results of the analybesvs
the effects of the independent uncertainties otwitealternatives compared.

To perform a Monte Carlo analysis, standard dewmatieeds to be defined for every inventory entrnin
ecoinvent background data as well as in the foregtadata of the geosynthetic manufacturing and the
construction and disposal of the infrastructurenelets. Standard deviations are shown in the raspect
ecospold tables in Annex C. Normally, the standkedations are determined applying the ecoinvedt pe
igree approach. However, for some inputs of thedasund processes this approach is not appropriate
uncertainty parameters are calculated manuallys iEhihe case, if

» the uncertainty range is known, as it is the casdhfe geosynthetic production or e.g. it is knawn
case 2CS2 that the share of cement in the stabflimendation layer is between 3 and 6 weight-%, or

» the standard deviation calculated with the pedigqg@roach is obviously too large (or too low). This
is e.g. the case for land use of the road (casB&ause the length and width of the road are eéfin
in the functional unit, there is no uncertainty ceming land use and the geometric standard deniati
equals one.

Lifetimes, layer composition and dimensions of itifeastructure elements are not part of these taicer
ty analyses but assumed to be exactly the sanmmotbr(all) cases or part of the functional uniticliégbn.
For instance, the thickness of the gravel filtgtetais considered to be part of the functional amd is
exactly 0.3 meter in case 1A (with two alternatigehnical specifications of 0.2 and 0.4 meter, @éesp
tively used in sensitivity analyses). Uncertairglated to the amount of gravel needed (in tons)-ig %
(95 % interval) or +/- 3.5 cm for a 50 cm gravelda This uncertainty is due to the variabilitygravel

Comparative Life Cycle Assessment of Geosynthetics versus Conventional Construction Materials 4
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density and the variability in matching the thickeespecified. The uncertainty of all transport mewre-
quired is represented with a geometric standardatiem of more than 2 (95 % interval of about
+ 100 %/- 50 %).

To assess the standard deviation in the averags/gietic production the pedigree approach is ant ¢
sidered to be appropriate as the variations betwserrompanies are known. The standard deviation is
calculated assuming that the maximum and minimulwegagiven represent the 95% confidence interval.
This results in equation (1), whereby m represkatrmean and s the standard deviation. The resulting
guadratic equation gives two results, one posi#eand one negative (5). The positive result repnes

the standard deviation of the mean value whiclséduo perform the Monte Carlo simulation.

(1) m*s—m:max—min
S
B §? g Max= min _1=0
m

3) I:):(_max—mln)z_4*1*(_1)
_ max—min +\/B

4 = m

(4) S 1
_ max-min _/b

5 = m

(5) S, 1

whereby,

m = mean

s = standard deviation
D = Determinant
max = maximum value given considering all questares of one case

min = minimum value given considering all questiaines of one case

1.9 Allocation
1.9.1 Multi-output processes

No multi-output datasets are established in thegimund system. Thus multi-output processes ordyroc
in the background system. In ecoinvent data vAcdtation based on exergy content is used for multi-
output processes that produce heat and electrinityost other cases, allocation based on econmevic
enues is used. Mass allocation is applied in theaaneing multi-output datasets. In the product syste
analysed, co-products in the background do notrikanée significantly to the overall results. Henoe,
sensitivity analyses related to allocation in malitput processes are performed.

When plastics are disposed of in an incinerati@at land electricity can be produced as by-produtite
waste treatment service. With the cut-off approdlecbse by-products leave the system without burdens
That is why the emissions from incineration aréyfattributed to the product disposed of.

Comparative Life Cycle Assessment of Geosynthetics versus Conventional Construction Materials 5



Goal and Scope Definition

1.9.2 Recycling

Recycling of materials is modelled according to tbeycled content approach. The recycled content ap
proach represents the concept of strong sustaityatskee also Frischknecht 2007, Frischknecht 2010)
Materials to be recycled leave the system neith#dr burdens nor with credits. Materials made fraen-s
ondary raw materials bear the loads of scrap dadiecsorting and refining. This gives an incentivause
recycled materials in the product systems undelystu

1.10 Life Cycle Impact Assessment
The environmental performance is assessed witfotlusving impact category indicators:

e Cumulative Energy Demand (Primary Energy Consumptplit into non-renewable and renew-
able fractions),

* Climate Change (Global Warming Potential, GWP100),
 Photochemical Ozone Formation,

e Particulate Formation,

« Acidification,

» Eutrophication,

* Land competition, and

* Water use.

This set of indicators enables a comprehensiveysisabf the environmental performance of the produc
systems under study and the shift of environmdmtiatiens is likely to be avoided. Cumulative energy
demand is used to get insights into the efficienicysing energy resources. Climate change and water
are considered because of their large environmeatahge potential and their importance in inteomsti
environmental policy. Land use is selected becdlusecases analysed deal with systems that occupy a
land area. The remaining impact category indicateflect emissions occurring during extraction and
preparation of the raw materials (gravel and ptay@nd during transportation.

In the following sections the category indicators @escribed.

1.10.1 Cumulative Energy Demand (CED)

The CED (implementation according to Frischknedh&le2007¢) describes the consumption of fossil,
nuclear and renewable energy sources along theyldie of a good or a service. This includes theatli
uses as well as the indirect or grey consumptioenefgy due to the use of, e.g. plastic or woodosis
struction or raw materials. This method has beemldped in the early seventies after the firstpoite
crisis and has a long tradition (Boustead & Hancb8k9; Pimentel 1973). A CED assessment can be a
good starting point in an assessment due to itpl&ity in concept and its comparability with CEB-r
sults in other studies. In this study, the CEDgathr is used as a resource indicator.

The following two CED indicators are calculated:
* CED, non-renewable [MJ-eq.] — fossil and nuclear

* CED, renewable [MJ-eq.] — hydro, solar, wind, geothal, biomass

1.10.2 Global Warming Potential 2007 (GWP)

All substances, which contribute to climate charage, included in the global warming potential (GWP)
indicator according to IPCC (Solomon et al. 200/)e residence time of the substances in the atmos-
phere and the expected immission design are caeside determine the global warming potentials. The
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potential impact of the emission of one kilogramaafreenhouse gas is compared to the potentiakcimpa
of the emission of one kilogram G@esulting in kg C@equivalents. The global warming potentials are
determined applying different time horizons (200 Zhd 500 years). The short integration period(f 2
years is relevant because a limitation of the gnmatdof change in temperature is required to setwed-
aptation ability of terrestrial ecosystems. Theglamegration time of 500 years is about equivaleth

the integration until infinity. This allows monitog the overall change in temperature and thusteeall
sea level rise, etc..

In this study a time horizon of 100 years is chosdrich is also used in the Kyoto protocol.

1.10.3 Further Environmental Impact Category Indica  tors

The remaining category indicators considered ia thudy derive either from the CML 2001 (Guinée et
al. 2001a; b) or ReCiPe (Goedkoop et al. 2009) aukthey are described in the following.

» Acidification[kg SG eq]

Acidification describes a change in acidity in 8wl due to atmospheric deposition of sulphates,
nitrates and phosphates. Major acidifying substaace NQ, NH;, and SQ. This covers all rele-
vant substances as in the foreground system ncsiemssof other acidifying substances as HCI,
HF, etc occur. Derived from CML.

« Eutrophication[kg PQ® eq]

Eutrophication can be defined as nutrient enrichiroéthe aquatic environment. In inland waters
eutrophication is one of the major factors thatedwine its ecological quality. Derived from
CML.

* Photochemical oxidatiofkg ethane eq] — average European ozone concemti@tange

Also known under “summer smog”. Photo-oxidant fotiora is the photochemical creation of re-
active substances (mainly ozone), which affect humealth and ecosystems. This ground-level
ozone is formed in the atmosphere by nitrogen exéde volatile organic compounds in the pres-
ence of sunlight. Derived from CML.

« Land competitiofim?a]

Not all types of land occupation have the samecetia the biodiversity. However, this fact is not
considered on this level of assessment. The lamdpettion indicator includes the total, un-
weighted sum of the area occupied. Derived from CML

» Particulate matter formatiofkg PM10 eq] — intake fraction of PM10

Particulate matter (PM) causes health problemd esaches the upper part of the airways and
lungs when inhaled. Among others, secondary PMi@sats are formed from emissions of SO
NH; and NQ. This indicator considers PM emitted by or fornfemm anthropogenic sources.
Derived from ReCiPe.

«  Water usdm’]

This indicator expresses the total amount of wasexd (excluding water turbined in hydroelectric
power plants). Indicator created by the authors.

1.11 Sensitivity Analyses

Sensitivity analyses are conducted to verify thiabdity of the results. The following scenarioseacho-
sen:

Comparative Life Cycle Assessment of Geosynthetics versus Conventional Construction Materials 7
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» The average thickness of the gravel based filtease 1A (30 cm) is varied between 20 and 40 cm to
reflect different realistic technical specification

* Soil stabiliser material in case 2: In additionti@ case 2C standard scenario with a 50/50 % ce-
ment/lime stabiliser, scenarios with a 100 % cermaenta 100 % quicklime stabiliser are considered.

» Frost sensitivity of soil in case 2: In regions wéhe frost penetration depth reaches frost-geasit
soil F3, an upgrade of the frost-sensitive soiliff8ase 2B to non frost-sensitive soil F2 is reegir
and the geosynthetic cannot directly be appliethenexisting surfackHence, in a sensitivity analy-
sis a scenario is considered, where the foundagdistabilised by removing the soil and replacing it
with non frost-sensitive soll.

» Separation geosynthetic in case 2: In some caseeparation geosynthetic is needed in case 2B.
Hence, a scenario is considered excluding the ug® Geparation geosynthetic.

* No allocation sensitivity is calculated for theyeking of concrete in the cases 4A and 4B, sincg-re
cling and primary concrete have about the samea@mviental impacts (Kytzia 2010) and hence, no
credits can be given for recycling concrete. Thmesas true for recycling reinforcing steel, because
reinforcing steel is made from scrap.

* No allocation sensitivity is calculated for theyeling of geosynthetics. In the first version oé tre-
port a sensitivity analysis on end of life allocatiwas performed using the end of life recycling ap
proach. The results were hardly affected by a cham@llocation approach.

1.12 Limitations of the Study

The life cycle assessments of the four cases fdiger, foundation stabilisation, landfill consttion and
slope retention are defined in a way that theyaspnt commonly applied new constructions. Neverthe-
less construction methods may vary from one EU negrstate to the other. Thus the cases should be per
ceived as exemplary models of common and frequmpitcations of geosynthetic materials.

The results of the LCAs do not allow answering gloestion whether or not constructions based on geo-
synthetic materials are generally the environméntakferable option. The specific situation and gar-
ticular construction in which the geosynthetic malds being used and the particular alternatipgams
available should be taken into account.

1.13 Contents of this report

This report contains the life cycle assessmenheffour cases of civil and underground engineenieg-
tioned in Subchapter 1.5. Each of the Chapters®describe one of the four cases, including resiiyi-
cussion and data quality considerations. Chapteoriains overall conclusions and recommendations.
Annex A contains a general description of the LC&timodology. Annex B shows the impact assessment
result tables and Annex C contains the life cynleentory information. Annex D contains the critical
view report.

! Personal communication with Henning EhrenbergGHE Project Working Group (31. May 2011)
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2 Case 1 — Filter layer

2.1 Characterisation of the Alternatives
Geosynthetics is used in soil engineering, whecaritserve as filter medium.

The case of the construction of a filter where gatsetics are used (case 1B) is compared to the afas
mineral filter (case 1A).

The average of 3 types of different geosynthetiassed to represent its’ performance, namely
« filament,
» staple fibre, and
* woven grids

Polypropylene granules are used as basic materiaaée 1B). They need to be UV stabilised to rtiest
requirements. The average weight of the polymé7 g/n.

The way of the construction of the filter dependsseveral factors. The basic conditions are shawn i
Tab. 2.1 and Fig. 2.1. A more detailed cross seaticthe boundary area is shown in Fig. 7.2. Tleesa
1A and 1B compare the environmental impacts of smere meter of the filter area below the road. The
deeper excavation needed at the boundary areaderI is not considered in the comparison.

Tab. 2.1: Design criteria of the filter system of ¢ ases 1A and 1B

Parameter Unit Case 1A Case 1B
Mixed grain Filter with geo-
filter synthetics

Filter size m? 1 1

Filtration geosynthetic g/m? 175

Gravel cm 30 0

From these parameters it is calculated thatrél@ired thickness D of the mineral filter (case 1Ais
300 mmand theone with the filter layer — i.e. with the geosynthic, case 1B — is 1-2 mmFig. 2.1
shows a cross section of the filter profile as ntleden this LCA.

In a sensitivity analysis the thickness of the gtditer is varied by +/- 10 cm.

Comparative Life Cycle Assessment of Geosynthetics versus Conventional Construction Materials 9
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Case 1A
asphalt layer
Kep > K frost- and base course layer — surface level of road flxed
k., > k., : filter stable — formation drainage layer
2 T3 — formation, local silty clayey soils
2.00m 1.50m 10.00m 1.50m 2.00m
= " K, ,.
I £ |
\.granular filter layer £l 2 S
o g
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Case 1B
asphalt layer
Kio > Kiq frost- and base course layer — surface level of road fixed
k,' > k,' « filter stable — formatlon dralnage layer
2" 8 — formation, local silty clayey soils
~_2.00m _ 1.50m 10.00m 1.50m__ 2.00m
\‘ I o e
Yo ——
= -\ = k2 = L
t\:r ....... k{1 E . 0}
; 2 £
geotextile, 175g/m gl e
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Fig. 2.1:  Cross section of the mineral filter (case 1A, top) and geosynthetic filter system (case 1B, bottom)

The typical life time of the filter system in cab& or 1B is estimated with 30 years.

2.2 Functional Unit and Definition of the System

The functional unit of case 1 is the provision aiflof filter with a hydraulic conductivity (k-valuef
0.1 mm/s or more and an equal life time of 30 years

2.3 Life Cycle Inventory

A detailed description of the life cycle inventarfythe case 1A and case 1B filter system and tosyge
thetic layers is placed in the Annex C.1. A genéedcription of the infrastructure element andgee-
synthetic layers is given in the following sections

2.3.1 LCI of Infrastructure Element

Case 1A and case 1B differ in the design of therfilThe difference between the two cases liehen t
amount of primary gravel used, the energy consumghat is related to the filter material used @nat
transportation, excavation etc.), and the use ofg&hetics. Recycled gravel is not consideredHerfil-
ter system since no onsite recycled gravel is abBlwhen building a filter for the first time.

Some important key figures of the constructionhef tase 1A and case 1B are summarized in Tab. 2.2.
The information refers to one square meter filiad a life time of 30 years. The shown figures rdgay
the particulate emissions refer to emissions fromstmanical processes (e.g., pouring, compactingasf-g

Comparative Life Cycle Assessment of Geosynthetics versus Conventional Construction Materials 10
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el). Direct land use is not included in this LCkhase the type of land use under which the fiftdyaing
built in is not known.

Tab. 2.2:  Selected key figures referring to the con  struction of one square meter of filter for the cas es 1A and 1B
Unit Case 1A Case 1B
Total Total

Gravel t/m? 0.69 -

Geosynthetic layer m?/m? - 1

Diesel used in building machines | MJ/m? 2.04 1.04

Transport, lorry tkm/m? 34.5 0.035

Transport, freight, rail tkm/m? - 0.07

Particulates, > 10 um g/m? 4.8 0

Particulates, > 2.5 pm & < 10 pm | g/m* 1.3 0

2.3.2 LCI of Geosynthetic Layer

In total 13 questionnaires concerning the prodmctbgeosynthetic layers used in filter applicasi@re
included. The quality of the data received is coes2d to be accurate. The level of detail is baddnno a
few cases before modelling an average geosyntlagic. A detailed description of the life cycle amto-
ry is shown in Annex C.1.4.

Tab. 2.3 shows important key figures of the produncof an average geosynthetic layer.

Tab. 2.3: Selected key figures referring to the pro  duction of 1 kg geosynthetic layer used in filter a pplications

Unit Value

Raw materials ka/kg 1.05

Water kag/kg 2.16

Lubricating ol ka/kg 0.0026

Electricity kWh/kg 1.14

Thermal energy MJ/kg 1.49

Fuel for forklifts MJ/kg 0.09

Building hall m?®/kg 2.51*10°

2.4 Life Cycle Impact Assessment
2.4.1 LCIA of Filter layer

In this Subchapter the environmental impacts ajuase meter filter over the full life cycle are eated.
The life cycle includes the provision of raw madtgias well as the construction and disposal phases

In Fig. 2.2 the environmental impacts of the fifk cycle of the filter are shown. The environmeria:
pacts of the case with higher environmental impészise 1A) are scaled to 100°%. The total impads a
subdivided into the sections filter system, raw enats (gravel, geosynthetic layer), building maehi
(includes construction requirements), transportsga materials to construction site) and dispdga!
cludes transports from the construction site todisposal site and impacts of the disposal of ifferdnt
materials).

Fig. 2.2 shows that case 1B causes lower impaatpaced to case 1A with regard to all indicatorsesv
tigated. The non-renewable cumulative energy denaditide construction and disposal of 1 square meter
filter with a life time of 30 years is 131 MJ-eq aase 1A and 19 MJ-eq in case 1B. The cumulative
greenhouse gas emissions amount to 7.8 kgegOn case 1A and to 0.81 kg &€y in case 1B.

The environmental impacts of the filter layer of tase with higher environmental impacts (casedt8)
scaled to 100 %. The filter layer in case 1B caumsween 0.2 % and 14.3 % of the environmental im-

Comparative Life Cycle Assessment of Geosynthetics versus Conventional Construction Materials 11
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pacts of the filter layer in case 1A (water usePatn-renewable). The greenhouse gas emissions@aus

by the filter according to case 1B are 10.4 % efgheenhouse gas emissions caused by the filterdacc
ing to case 1A.

The main source of difference is the use and tr@tsion of gravel. Hence, the use of geosynthetiag
contribute to reduced environmental impacts oéfilayers, because it substitutes the use of gravel
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Fig. 2.2:  Environmental impacts of the life cycleo  f1 m? filter cases 1A and 1B. For each indicator, the ca  se with higher
environmental impacts is scaled to 100%.

2.4.2 Sensitivity Analysis

In a sensitivity analysis (cases 1AS1 and 1AS2} @nalysed how the results of the gravel filearer
change, if the thickness of the mineral filternsreased by 10 cm to a total thickness of 40 cns{)Aor
if the thickness of the mineral filter is decreabgdLO cm to a total thickness of 20 cm (1AS2).

Fig. 2.3 reveals that, if a thicker filter layerasnstructed (case 1AS1), the environmental impaictee
gravel based filter increase by 33 % and if a teirfiiter layer is constructed (case 1AS2), theiremv
mental impacts of the gravel based filter are desrd by 33 %. Nevertheless, the environmental perfo
mance of a filter with geosynthetics (case 1B)aesiderably better than the environmental perfocean
of a gravel based filter (cases 1A, 1AS1, 1AS2).
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Fig. 2.3:  Sensitivity analysis: environmental impac  ts of the life cycle of 1 m of filter layer, cases 1A and 1B. 1AS1 and
1AS2 refer to the sensitivity analysis with a diffe  rent thickness of the gravel based filter layer. Fo  r each indica-
tor, the case with highest environmental impacts is scaled to 100%.

2.4.3 Contribution Analysis Geosynthetic Production

In this section the environmental impacts of 1 kggynthetic layer are evaluated. Included are thep
sion and use of raw materials, working materiatgergy carriers, infrastructure and disposal praeess
The category geosynthetic in Fig. 2.4 comprisesdinect burdens of the geosynthetic productionsThi
includes land occupied to produce the geosyntlaetievell as process emissions (e.g. NMVOC, particu-

late and COD emissions) from the production probegshot emissions from electricity and fuel combus
tion.

The environmental impacts of the foundation separate shown in Fig. 2.4. The cumulative greenhouse
gas emissions amount to 3.2 kg £%0 per kg.

Environmental impacts are mostly dominated by the material provision and electricity consumption.
Raw material includes plastics, chemicals, printotpurs, and other additives. Plastic raw materae
responsible for between 4 % (land competition) 8ad (CED non renewable) of the overall impacts,
printing colours, chemical and additives for betw&e% and 10 %.

Country-specific electricity mixes are modelled fsich company and thus impacts of electricity con-
sumption depend not only on the amount of eletyriceeded but also on its mix. The high share et-el

tricity in CED renewable can be explained by the aEhydroelectric power plants in several eletric
mixes.

Heating energy and fuel consumption for forklifte @f minor importance. With regard to land competi
tion the geosynthetic production plays an importale (92 % of overall impacts). The impacts arendo

nated by the direct land use, i.e. land which supeed by the manufacturer plant in which the gaesy
thetic is produced. Indirect land use, i.e. landupation stemming from upstream processes, isfsigni
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cantly lower because no land occupation is repartdtie inventories of plastic feedstocks and malla
intensive products as e.g. wood are used in cardfEeamounts.

Water consumption (tap water, deionised water, nthecased water) is included in the working matevial
As a consequence, this category bears about 15th& ¢btal amount of water used.

100% - F— -
O Disposal
90% - O Infrastructure
M Other energy
80% A
° O Electricity
70% - OWorking materials
B Raw materials
0, ,
60% O Geosynthetic
50% A
40% -
30% -
20% A
10% -
O% 1 T T T T T T T T
c c = < Lo o = c ®
S S 28 8 53 k= 2 S 2
IS I g =S cg g @ = -
2 £ 3 % R [l @ E g L
S o3 = c o w < S 2 IS <
2 = =z gz °% & 5 8 >
< 3 g5 2 a 3 =
L 5o o 5) e %
« 8 <

Fig. 2.4:  Environmental impacts of the life cycle o f 1 kg geosynthetic layer. Geosynthetic includes di rect burdens of the
geosynthetic production. Raw materials include plas tic, extrusion if necessary, and additives, working materials
include water (tap and deionised) and lubricating o il, other energy includes thermal energy and fuels, infrastruc-
ture covers the construction of the production plan t and disposal comprises wastewater treatment and d isposal
of different types of waste.

2.4.4 Discussion and Data Quality Considerations

The use of geosynthetics leads to lower environateéntpacts of filter layer construction in case mor
than a layer of 8 cm gravel is saved. If 30 cmmaivgl are saved, the specific climate change imphct
the construction of 1 square meter filter usingsyathetics is about 7 kg G@q lower compared to the
impacts from the construction of an equivalent gréased filter.

If a thinner gravel based filter is constructed #&mvironmental impacts of the gravel based fdter sig-
nificantly reduced. Nevertheless, the sequencéetwo cases does not change and the differerst#! is
significant between the cases 1AS2 and 1B.

Filters constructed in Europe may differ in crosst®n and materials used. Thus, generalised assump
tions were necessary to model a filter layer ofmctl road. Data about gravel extraction and the of
building machines are based on generic data angl&dge of individual civil engineering experts.

The additional excavation needed for the boundegg é&cf. Fig. 2.1 and Fig. 7.2 ) of case 1A is cut-
sidered in the comparison. An additional incredsth® excavated volume would cause a further irsea
of the environmental impacts of case 1A comparezhse 1B.
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Despite the necessary simplifications and assumgtithe results of the comparison are considerée to
significant and reliable.
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3 Case 2 — Foundation Stabilisation
3.1 Characterisation of the Alternatives

In road construction the sub-base needs to megtediefequirements for compaction and bearing capaci
ty. Improvements of some soil characteristics mayécessary while building on weak soils. Besides t
construction of a conventional road with a non ffreensitive gravel/sand layer (case 2A), soil impro
ment can be done with geosynthetic (case 2B) axduing lime, cement or hydraulic binder (case 2C).
Both cases 2B and 2C lead to a reduced thicknese gravel/sand layer.

The average of 3 types of different geosynthetiassed to represent its performance, namely
» extruded stretched grids,
* layed grids, and
» woven / knitted grids.

Polypropylene granulates are used as basic materrmbnufacture geogrids or wovens used in case 2B.
The average weight of the polymer is 250 G/ alternative to that, also PET grids, with aighe of
260 g/m? (30 kN/m in each direction) are used.

The case of a conventional road (2A) is comparea toad reinforced with geosynthetics (2B) and to a
cement/lime stabilised road (2C). The example ammsd is a road class AMith the same finished sur-
face level in all cases. The road is built on fistsitive soil class F3. In regions where thetfpesetra-

tion depth does not reach the frost-sensitive sud, soil needs not being removed. This is comsi¢he
standard case 2B. In a sensitivity analysis thst fsensitive soil is removed and replaced by nostfr
sensitive soil to meet the class F2 soil criteicase 2BS1). In case of the cement/lime stabilisad the
improvement is achieved by mixing the existing soth 50 % cement and 50 % lime (case 2C). In a sen
sitivity analysis stabilisation is achieved by gsiimestone (case 2CS1) and cement only (case 2CS2)
Fig. 3.1 shows the profiles of the three alterrestiv

2 This corresponds to a road with up to 3 milliosgEs (equivalent 10t-axle).
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road (case 2A, left), a road using reinforcement w
/cement (case 2C, right).

ith geogrid (case 2B,

Tab. 3.1 and Tab. 3.2 show specific values of tagls for all three alternatives in their base easktheir
sensitivity analyses, respectively.

Tab. 3.1:  Specification of three alternative road f  oundations
Parameter Unit Case 2A Case 2B Case 2C
conventional Reinforced Stabilised
road with geosyn- with ce-
thetic ment/lime
road width m 12 12 12
geogrid g/m2 - 250 (PP) or -
260 (PET)
separation and filtration geosynthetic g/mz2 (geosynthetic - 150 (PP) -
from case 1)
stabiliser : cement/quicklime weight-% - - 2.25/3.75
existing soil stabilised cm - - 25
grade and subgrade FSS cm 87 52.2 32
ballast substructure (0/45mm), STS cm 15 15 15
asphalt layer cm 18 18 18
- surface layer cm 4 4 4
- binder course cm 14 14 14
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Tab. 3.2:  Specification of alternative road foundat  ions using soil replacement (2BS1), no separation a  nd filtration geosyn-
thetic (2BS1), and quicklime and cement only for st abilisation (Cases 2CS1 and 2CS2, respectively)
Parameter Unit 2BS1 2BS2 2Cs1 2CSs2
Reinforced Reinforced Stabilised Stabilised
with geosyn- with geosyn- with quick- with ce-
thetic, soil thetic, no lime ment
replacement separation
geosynthetic,
no soil re-
placement
road width m 12 12 12 12
geogrid g/m2 250 (PP) or 250 (PP) or - -
260 (PET) 260 (PET)
separation and filtration geo- g/m2 (geo- 150 (PP) - -
synthetic synthetic
from case 1)
stabiliser: quicklime only weight-% 7.5 (5to 10) -
stabiliser: cement only weight-% - 4.5 (3t0 6)
existing soil stabilised cm 25 25
existing soil removed and dis- cm 16.8 - - -
posed (sensitivity analysis)
non frost-sensitive soil (grav- cm 69 52.2
el/sand), FSS
subgrade cm - - 32 32
ballast substructure (0/45mm), cm 15 15 15 15
STS
asphalt layer cm 18 18 18 18
- surface layer cm 4 4 4 4
- binder course cm 14 14 14 14

The foundation is considered with a life time ofy&&rs because of the demanding conditions of dakw
soil ground. The asphalt layer is assumed to coo$ia 4 cm surface layer with a life time of 1%y
The 14 cm binder course has a lifetime of 30 years.

3.2 Functional Unit and Definition of the System

The function of case 2 is the provision of a ro&s$s IIF on a stable foundation. The stability is either
reached by using a stabiliser (cement/quicklimejeagrid or is given without particular measurelse T
functional unit is thus defined as the constructenmd disposal of a road class Il with a lengti oheter,

a width of 12 meters and a lifetime of 30 years.

3.3 Life Cycle Inventory

A detailed description of the life cycle inventasfthe case 2A, case 2B and case 2C road and the ge
synthetic layers is placed in the Annex C.2. A gahéescription of the infrastructure element amel ge-
osynthetic layers is given in the following secton

% Corresponds to a road with up to 3 millions 10keeq. passes. This could be arterial street, mdlisoad, pedestrian zone
with loading traffic (RStO 01)
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3.3.1 LCI of Infrastructure Element

The cases 2A, 2B and 2C differ in the design offtimdation stabilisation. The material and enexgy-
sumption which is related to the construction arspasal of the binder course and the surfacindién t
pavement are equal in all three cases. Hence,iffieeedce between the three cases lies in the amaun
sandy primary gravel and cement that is used iridhedation, the energy consumption that is relaved
the foundation (material transportation, excavagtm), and the use of geosynthetics. Recycledegiav
not considered for the foundation, since no onsitgcled gravel is available when building a roadthe
first time.

Some important key figures of the constructionhef tase 2A, case 2B and case 2C road are summarized
in Tab. 3.3. The information refers to one meterdrand a time period of 30 years. The NMVOC emis-
sions are released from the bitumen and the figegarding the particulate emissions refer to domss

from mechanical processes.

Tab. 3.3:  Selected key figures referring to the roa  d construction of one meter for the cases 2A, 2B an  d 2C (time period =

30 years)
Unit Case 2A Case 2B Case 2C
Thereof foun- Thereof Thereof
Total dation stabiliser Total foundation Total foundation
stabiliser stabiliser
Bitumen t/m 0.3 - 0.3 - 0.3
Gravel t/m 33.9 - 24.3 - 18.7 6.9
Cement t/m - - - - 0.16 0.16
Quicklime t/m - - - - 0.26 0.26
Geosynthetic sep-
arator layer m?/m - - 12 12 - -
Geosynthetic stabi- | m*m - - 12 12 - -
liser layer
Diesel used in MJ/m 1957 - 1972 - 1969 14.9

building machines
Transport, lorry tkm/m 1711 - 1232 - 994 41.4
Transport, freight,

rail tkm/m - - 2.0 2.0 41.4 41.4
Land use m?/m 12 12 12 12 12 12
NMVOC kg/m 2.19 - 2.19 - 2.19 -
Particulates, >10 | g/m 237 ) 170 ) 131 )
um

Particulates, > 2.5 |g/m ) ) )
um & < 10 pm 63 45 35

3.3.2 LCI of Geosynthetic

In total 7 questionnaires concerning the productibgeosynthetic layers used in foundation steetilis
are included. The quality of the data receivedoisstdered to be accurate. The level of detail larzed
in few cases before modelling an average geosyatlagter. A detailed description of the life cyéte
ventory is shown in Annex C.2.4.

Tab. 2.3 shows important key figures of the produncof an average geosynthetic layer.
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Tab. 3.4: Selected key figures referring to the pro  duction of 1 kg geosynthetic layer used in foundati on stabilisation

Unit Value
Raw materials ka/kg 1.02
Water kag/kg 0.50
Lubricating oil kg/kg 3.62*10™
Electricity kWh/kg 1.76
Thermal energy MJ/kg 1.75
Fuel for forklifts MJ/kg 0.15
Building hall m®/kg 1.41*10°

3.4 Life Cycle Impact Assessment
3.4.1 LCIA of Foundation Stabilisation

In this Subchapter the environmental impacts olerftll life cycle of 1 meter road class Il areaat-
ed. Three alternative road foundations are analysednventional foundation (case 2A), a foundaten
inforced with geosynthetics (case 2B) and a foundattabilised with cement/lime (case 2C). Thedye
cle includes the provision of raw materials as \@slthe construction and disposal phases.

In Fig. 3.2 the environmental impacts over the fitdl cycle of the road are shown. For each indicathe
case with the highest environmental impacts isesctl 100 %. The total impacts are divided intogbe-
tions road, bitumen, gravel, geosynthetic layememt, lime, building machine (includes hot mixing o
gravel and bitumen and construction requiremeiviahsports (of raw materials to construction séedl
disposal (includes transports from the construcsios to the disposal site and impacts of the diapof
the different materials). A significant share oé thnvironmental impacts is equal for all three sabe-
cause the asphalt layers and the ballast substeuata identical. Thus the differences in resulésless
pronounced as compared to cases 1, 3 and 4.
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Fig. 3.2:  Environmental impacts of the life cycle o f 1 m road with different foundations, cases 2A, 2B and 2C. For each
indicator, the case with highest environmental impa cts is scaled to 100%.

Case 2A causes equal (land competition) or highkrother impact category indicators) environmental
impacts compared to case 2B. Case 2B causes lowercts compared to case 2C regarding acidification,
global warming, photochemical oxidation CED nonewable and CED renewable. The differences be-
tween the cases 2B and 2C are small for the irgigaicidification, CED non-renewable and partiailat
matter. With regard to global warming, case 2C eau3 % higher impacts compared to case 2A and
32 % higher impacts compared to case 2B, mainlpise of the geogenic G@missions from the clink-

er and quicklime production. The CED renewablehef alternatives 2A and 2B are lower than the CED
renewable of case 2C. Case 2A has a higher wagdhan the cases 2B and 2C.

The non-renewable cumulative energy demand of ¢instouction and disposal of 1 meter stabilised road
with a width of 12 meters and a life time of 30 e 25’200 MJ-eq in case 2A, 23’900 MJ-eq in case
2B and 24’400 MJ-eq in case 2C. The cumulative rgrease gas emissions amount to 0.73 t-€§in
case 2A, 0.65t C£eq in case 2B and 0.95 t ¢€q in case 2C. Correspondingly, the cumulativemgre

house gas emissions of 1 km stabilised road ard T30,-eq in case 2A, 650t G&&q in case 2B and
950 t CQ-eqin case 2C.

The most relevant aspects concerning the life ogttbe road are the use of bitumen, building maesi
cement and gravel. The provision of bitumen is maorgortant than building machines with respect to
photochemical oxidation and CED non-renewable. Eravthe driving factor with regard to CED renew-
able and water use and the land use of the roaahtsibuting most to land competition.

Bitumen bears an important share of the overalli&os. Bitumen is made from crude oil. Its impaces a
relatively high depending on the indicator. In ca§€ED non-renewable this is due to the extractbn

the resource crude oil. In case of photochemicadladion SQ, CH, and CO emissions from diesel-
electric generating, electricity production, andunal gas venting during onshore production are im-
portant. Nevertheless, impacts of the bitumen aextty the same in all three cases because the same
amount is used. The impacts related to the useiitdibg machines are similar too because the highes

share of building machines is used for hot mixifigg@vel and bitumen which is the same in all three
cases.
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The main difference lies in the amount of graveddes, the cement and lime used in case 2C ancethe g
osynthetics used in case 2B. Compared to case @&t @8 % less gravel is used in case 2B and 45%o le
gravel is used in case 2C. The environmental ingpacgravel are mainly caused by building machines
and the use of electricity during mining. Furthereydransport expenditures correlate with the armotin
gravel needed, i.e. the more gravel used to bndddad the more transports are required.

The use of cement and quicklime has a high infleeme the result with regard to global warming and
CED renewable. The burdens with regard to GWP stainly from the clinker production, namely from
geogenic C@emissions from the calcination process and f&SH emissions from traditional fuels. The
use of geosynthetics contributes significantlylte CED renewable (8 %) because of hydropower used i
some electricity mixes that provide electricity dge manufacturing.

The disposal of the case 2A and 2C road has neamaental impacts, since the material content is co
sidered as a gravel stock and the environmentadétspgirom excavation and transport to the plaages-of
use are allocated to the product where gravelusa® (see Section 1.9.2). The bitumen contenttisme
site as well. In case 2B the geosynthetic layenamerated, landfilled or recycled. For incineoatiand
landfilling the respective burdens are includede Tiifluence of disposal of the geosynthetics onotre-
all environmental impacts of the case 2B roadss than 0.7°%.

The share of the geosynthetic layer to the ovamgllacts of the road is between 0.75 % and 6.1 % wit
regard to particulate matter and CED renewabl@eas/ely. Neither cement nor quicklime is needet b
more gravel is required when applying a geosyrtrsttibiliser layer.

A trade off between global warming and other envinental indicators can be identified, since the-con
ventional road and the road reinforced with thesgathetic layer exhibits lower global warming imfsc
but higher impacts on other indicators, such asophtcation, particulate matter emissions or waiss
compared to the case where the road is stabiligdawcement/quicklime stabiliser.

3.4.2 Sensitivity Analyses

In a sensitivity analysis, it is analysed how tesults change for the alternative road foundatsingisoil
replacement (case 2BS1) and for the alternativegusdp separation geosynthetic (case 2BS2).

In addition, the use of quicklime instead of a cetfiene mixture as a soil stabiliser is evaluatedase
2CS1, and the use of cement only instead of theenBhme mixture as a soil stabiliser is evaluaited
case 2CS2.

Fig. 3.3 reveals that the result of the case 2&isitive, if soil is removed and replaced (cas8BBThe
additional excavation, the additional gravel neegled the additional transport increases the enwvieom

tal impacts of case 2BS1 by about 10 % comparedde 2B. There is a small decrease of the environ-
mental impact of the case 2BS2 compared to cadee2Buse no separation geosynthetic is used. This de
crease of the environmental impact is lower th&h. Furthermore, it could be that a mineral layesimu

be installed instead of a geosynthetic separandrfitiration layer. Differences between environtan
impacts from mineral and geosynthetic filter layess be seen in case 1 and are not evaluatedsin thi
case.

Fig. 3.3 shows that using quicklime as stabiliserseé 2CS1) causes the highest environmental impacts
with regard to global warming, photochemical oxidat CED non-renewable and CED renewable. With
regard to acidification and eutrophication thisreu@ causes about the same impacts like the cesteent
biliser (case 2CS2) but lower impacts than the gabetic stabiliser (case 2B). With regard to laodh-
petition, particulate matter and water use the ctgaf the quicklime based stabiliser are simitathe
impacts of the cement stabiliser. The main driiethe environmental impacts from the quicklime dypp
chain is the calcination process with high energyscamption and considerable air emissions. Withén t
calcination process, calcium carbonate reacts icklijme and geogenic carbon dioxide, which is eedaitt
into air. A reason why applying quicklime causeghter environmental impacts than using cement is the
fact that a higher volume of quicklime is requiiacbrder to achieve the same stabilising qualitg@®-
pared to a cement stabilised soil.
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Tab. 3.5:  Scenario definitions

Scenario name

Definition

2A
2B
2BS1

2BS2
2C

2Cs1
2CS2

Road class Il with conventional road foundation (standard case)
Road class Il foundation reinforced with geosynthetics (standard case)

Road class Il reinforced with geosynthetics, frost sensitive soil replaced with non-frost sensi-
tive soll

Road class Ill reinforced with geosynthetics with no separation and filter geosynthetic
Road class Il stabilised with cement/lime (standard case)

Road class Il foundation stabilised with quicklime

Road class Il foundation stabilised with cement

Comparative Life Cycle Assessment of Geosynthetics versus Conventional Construction Materials
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Fig. 3.3:  Sensitivity analyses: environmental impac  ts of the life cycle of 1 mroad class lll, cases 2 A, 2B and 2C. Case 2BS1.: soil replacement; case 2BS  2: no separation geosynthetic.
Case 2CS1: quicklime stabiliser; case 2CS2: cement  stabiliser. For each indicator, the results are nor ~ malised with the annual world impacts per capita.
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3.4.3 Uncertainty Analysis (Monte Carlo Simulation)

To determine the reliability of the results aboaeVionte Carlo simulation for the full life cycle die
road is performed. In the Monte Carlo simulatiomadom value within the uncertainty range speciiged
taken for every inventory entry. In total 1000 Mei@arlo runs are calculated to form an uncertairty
tribution. The life time of the road and the dimens are not subject to this uncertainty analysis.

Fig. 3.4 shows for each impact category indicatergrobability that the environmental impact ofeca8

is higher or lower compared to the environmentglast of case 2A. For all indicators the Monte Carlo
simulation confirms that case 2B exhibits lower @ofs than case 2A.The results are stable for alirth
dicators with the lowest probability of 68 % for BEenewable.

In general it can be concluded that the more distime difference in the standard case is (compaye
3.2) the more reliable is the result that case 28bés lower impacts than case 2A. The differenices
tween cases 2A and 2B are considerable for alirtteators. These clear differences explain thblsta
result for all the indicators.

With regard to land competition the difference betw cases 2A and 2B is very small (less than 1 %).
More than 95 % of the land use is due to the laozdipation of the road, which is exactly the sameoiin
cases and does not contribute to the uncertaintyeofand occupation results. The small differead@us
confirmed stable by the Monte Carlo simulation.

Hence, the road class Il with a foundation reioéat with geosynthetic layer leads to lower envirenm
tal impacts than the conventional road class lll.

Water use

Particulate matter

CED renewable

Acidification

-100 40 60 80 100

‘ H2B<2A m2B>=2A ‘

Fig. 3.4:  Uncertainty analysis of the life cycle of the road in case 2B and 2A. The figure shows the p  robability for each
impact category indicator that the environmental im pact of case 2B is higher or lower compared to the environ-
mental impact of case 2A. The blue bar shows the pr  obability that case 2B performs better, the red bar shows
the probability that case 2A performs better. Monte Carlo Simulation, 1000 runs.

Fig. 3.5 shows for each impact category indicatergrobability that the environmental impact ofeca8
is higher or lower compared to the environmentglast of case 2C. For the indicators water use, land
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competition, CED renewable, photochemical oxidatom global warming potential the Monte Carlo
simulation leads to stable results. For the indisatparticulate matter, CED non-renewable, eutioaph
tion and acidification the uncertainty analysisa&i¢ no stable results. With regard to the indisapar-
ticulate matter, CED non-renewable eutrophicatiot acidification case 2B exhibits higher environmen
tal impacts compared to case 2C in more than 4@ #teauns. This share is considered to be too tagh
make a clear statement in favour of one of thesedages. In case of the indicators land competéimh
water use case 2B causes higher environmental ts)g@an case 2C in more than 90 % of the runs. With
regard to land competition the difference betweasec2B and 2C is very small too (less than 1 %), bu
this small difference is confirmed stable by ther#oCarlo simulation. This can be explained byrtgki
into account that more than 95 % of the impactthisfindicator are dominated by the land occupatibn
the road, which is exactly the same in both cases.

It can be concluded that the uncertainty analysigals no clear result for 5 out of 9 indicatorst the
indicators CED renewable, photochemical oxidatiand use and global warming potential the uncertain
ty analysis provides a stable result that confitineslower environmental impacts of a road classdiih-
forced with geosynthetics compared to class llbrsgabilised with cement/lime. For the indicatorstey
use, particulate matter, CED non-renewable, eutcaibn and acidification the results do not shodisa
tinct difference between the environmental perforaeaof a road class Il reinforced with geosyntteeti
and with cement/quicklime.

In general one can say that the more distinct ifierence in the standard case is (compare Fig.tRe
more reliable is the result that case 2B exhilotger impacts than case 2C. The difference betwasesc
2B and 2C for the indicators water use, eutroplunaiacidification, CED non-renewable and partitella
matter is below 7 %. Therefore the uncertainty gsiglreveals no reliable result for these indicaitor

| \ |
Water use

Photochemical oxidation

| | | |
-100 -80 -60 -40 -20 20 40 60 80 100
m2B<2C m2B>=2C

Fig. 3.5:  Uncertainty analysis of the life cycle of the road in case 2B and 2C. The figure shows the p  robability for each
impact category indicator that the environmental im pact of case 2B is higher or lower compared to the environ-
mental impact of case 2C. The blue bar shows the pr  obability that case 2B performs better, the red bar shows
the probability that case 2C performs better. Monte Carlo Simulation, 1000 runs.
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3.4.4 Contribution Analysis Geosynthetic Production

In this section the environmental impacts of 1 kggynthetic layer are evaluated. Included are tbeip
sion and use of raw materials, working materiatergy carriers, infrastructure and disposal progsess
The category geosynthetic in Fig. 3.6 comprisesdinect burdens of the geosynthetic productionsThi
includes land occupied to produce the geosyntlatiaoell as process emissions (e.g. NMVOC, patrticu-
late and COD emissions) from the production protegsnot emissions from electricity and fuel combus
tion.

In Fig. 3.6 the environmental impacts of the gedisgtic layer are shown. The cumulative greenhoase g
emissions amount to 3.4 kg G€q per kg.

Environmental impacts are mostly dominated by the material provision and electricity consumption.
Raw material includes plastics, chemicals, printotpurs, and other additives. Plastic raw materae
responsible for between 2 % (land competition) @&dd (CED non-renewable) of the overall impacts,
printing colours, chemical and additives for betw&e% (CED non-renewable) and 17 % (land competi-
tion).

Country-specific electricity mixes are modelled #ach company and thus impacts of electricity con-
sumption depend not only on the amount of eletyriceeded but also on its mix. The high share et-el
tricity in CED renewable can be explained by the afhydroelectric power plants in several eletiric
mixes.

Heating energy and fuel consumption for forklifte @f minor importance. The burdens of infrastruetu
and working materials are so small that they atesmen visible in the graph. With regard to landpe-
tition the geosynthetic production plays an impatrtale. The impacts are dominated by the direatl la
use, i.e. land which is occupied by the manufactplant in which the geosynthetic is produced. lech
land uses, i.e. land occupation stemming from epstrprocesses, are significantly lower becausam |
occupation is reported in the inventories of pafedstock and no land intensive products asweogd
are used in considerable amounts.

Water consumption is included in the working matisriAs a consequence, this category bears ab%ut 4°
of the total amount of water used.

Compared to the geosynthetic from case 1 the sfaeéectricity is higher in this case. This is besa
more electricity is required to manufacture therage geosynthetic layer used in case 2 compartteto
one used in case 1. Additionally, less cutting essire produced and thus less raw materials adeaee
which lowers the burdens of raw material provisidowever, in terms of climate change impact both ge
osynthetic layers are very similar.
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Fig. 3.6:  Environmental impacts of the life cycle o f 1 kg geosynthetic layer. Geosynthetic includes di rect burdens of the
geosynthetic production. Raw materials include plas tic, extrusion if necessary and additives, working materials
include water (tap and deionised) and lubricating o il, other energy includes thermal energy and fuels, infrastruc-
ture concerns the production plant and disposal com prises wastewater treatment and disposal of differe nt
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types of waste.

3.4.5 Discussion and Data Quality Considerations

Compared to a conventional road (case 2A), theofigeosynthetics leads to lower environmental im-
pacts concerning all indicators investigated (@Be At least a layer of 25 cm of gravel in a camvenal
road must be replaced by geosynthetics used infonadiation in order to cause the same or lower-env
ronmental impacts regarding all indicators. The panson between a road stabilised with geosynthetic
(case 2B) and a road stabilised with cement/linges€c2C) is less clear-cut. On the one hand case 2B
shows lower climate change impacts, photochemixiglation impacts and renewable cumulative energy
demand. On the other hand acidification and pdaieunatter impacts as well as non renewable cumula
tive energy demand are similar and case 2C shomer leutrophying impacts, land competition and water
use. The climate change impact of a road (clasd2limeters wide, 30 years lifetime) using geosstnth

is about 80 tons C£eq per km lower compared to the impacts from thiestruction of an equivalent
conventional road. This difference is equal to alddu% of the overall climate change impact of ¢he-
struction and disposal efforts of an entire roadrdypits 30 years lifetime (excluding traffic emimss). If

we compare a road reinforced with geosyntheti@s rtmad stabilised with cement/lime the climate gean
impact of a class Il road reinforced with geoswtits is about 300 tons G@q per km lower compared
to the impacts of road class Ill stabilised witlmesat/lime. This difference is equal to about 30 fthe
overall climate change impact of the constructind disposal efforts of an entire road during itsyg@ars
lifetime (excluding traffic emissions).

If quicklime or cement is used as stabiliser indteha cement/quicklime mixture, the climate chamge
pact is increased compared to a conventional raddcampared to a road reinforced with geosynthetics
The use of quicklime further increases the enviremi@ impact for the categories photochemical oxida
tion and CED renewable
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The sensitivity analysis reveals an increase ofetingronmental impact, if the existing soil hashre-
placed and disposed. The increase of the totatr@mwiental impact caused by case 2BS1 is about 10 %
compared to case 2B. The use of no separation iiratidn geosynthetic did not cause considerable
changes in the result for all indicators.

Roads constructed in Europe may differ in crossi@e@nd materials used. Thus, generalised assump-
tions were necessary to model a cross sectiortygfieal road. Data about gravel extraction, sabdtsa-

tion and the use of building machines are basedemeric data and knowledge of individual civil engi
neering experts.

Furthermore, the uncertainty analysis shows thaili® of the comparison of the conventional road an
the road reinforced with geosynthetics are reliabih regard to all indicators. The comparison loé t
road reinforced with geosynthetics and the roakiligad with cement/lime are reliable with regaodiie
indicators land use, CED renewable, photochemigalation and global warming potential. Regarding
the other indicators the difference is considerddsg significant.
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4 Case 3 — Landfill Construction

4.1 Characterisation of the Alternatives

The European Regulation specifies the thicknesgrabel for a drainage system in a cap of a hazard-
ous/non-hazardous waste landfill site. The graie @ not defined in particular. A geosynthetictom of

the drainage gravel is often used to prevent mowirfgnes of the top soil into the drainage, a®alsse-
cond geosynthetic is used below the drainage astagbion layer to secure that the sealing elemerst

not damaged to the drainage. Instead of the comwveritgravel drainage layer a geosynthetic drainage
layer is used. In practice both solutions use geth&yics - on top and below of the drainage lagérthe
other layers in a landfill site change neitherhitkness nor in material requirements. The profidethe
conventional and geosynthetic alternatives are showig. 4.1.

The average of 2 types of different geosynthetiesuaed to represent its’ performance, namely
» drainage nets and
» drainage 3D filament.

Polypropylene or polyethylene granulates are usdshaic material in case 3B. The average weigtiteof
drainage polymer is 500 gfrtexcluding 2 geosynthetic filters). Gravel withadher uniform grain size of
16-32 mm and a layer thickness of 50 cm is usedge 3A.

EU-Guidelines Alternative

recultivation layer =1 m recultivation layer =1 m

filter geotextile o = -', =~ -“ A‘A’A’A"v‘" geosynthetic drainage layer
drainage layer =50 cm 7=k 3 -
( mineral sealing
protection geotextile

mineral sealing B
gas drainage
gas drainage "%

municipal waste

municipal waste

drainage layer =50 cm

geomembrane
drainage layer = 50 cm

geological barrier

geomembrane = 1m, k-value = 10° m/s

geological barrier
=1m, k-value = 10° m/s

Fig. 4.1:  Scheme of the profile of waste landfill s ite class 2 according to EU guidelines (case 3A, le  ft) and with a geosyn-
thetic as an alternative drainage layer in the cap (case 3B, right)

According to the European Council Directive 1999E1 a mineral drainage layer with a thickness of
0.50 m is required. The hydraulic conductivity loé tdrainage layer (k-value) has not been defineth®
drainage layer according to the European Councéddive 1999/31/EC (European Comission 1999). All
countries in the European Union have to comply whigse requirements/regulation. Each country in the
European Union can have an additional regulatioitlvhas to fulfil the requirements of the European
Union, but is more specific. Additional regulationsre introduced in slightly different ways in Eoun-
tries. In Germany for example additional requiretadar the drainage layer are documented (see Germa
Federal Government 2009). Here the hydraulic cotidticis documented wittke 1 mm/s (k-value) and
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the thickness is defined to be sufficient witl®.30 m for capping sealing systems. Similar rexjoents
as in Germany are used in the Netherlands sinas yea

In case that alternative drainage layers are pthhmdoe used, it has to be documented, that acmiffi
long term drainage capacity of the product is gieor geosynthetic drainage layers a calculatiothef
long term drainage capacity has to be carried out.

Several calculations and practical cases overfduoope have shown that geosynthetic drainagadaye
with a core weight of an average of 500 g/m? (aa&rage from different product and production §ype
documents the suitability of the geosynthetic dxgimlayer for final capping sealing systems.

Tab. 4.1 shows specific values of the drainagerlegreboth alternatives.

Tab. 4.1: Characteristics of two alternative landfi Il drainage constructions
Parameter Unit Etjji-delines (Ag;teec:g::jl;le
Landfill size m? 100000 100000
Drainage layer

- gravel 16/32 cm 50
- drainage core g/m? 500

The typical life time can be assumed to be simildroth cases (100 years).

4.2 Functional Unit and Definition of the System

The function of case 3 is to provide a drainagerayg a landfill cap of hazardous/non-hazardoustevas
landfill site. The purpose of this drainage layeta discharge infiltrating rainwater from the swé. The
functional unit is defined as the construction @igposal of 1 msurface area drainage layer with a hy-
draulic conductivity (k-value) of 1 mm/s or moredaam equal life time of 100 years.

4.3 Life Cycle Inventory

A detailed description of the life cycle inventafthe case 3A and case 3B cap and the geosyntagtic
ers is placed in the Annex C.3. A general desanptif the infrastructure element and the geosyithet
layers is given in the following sections.

The geosynthetic layer modelled in case 1 withsdame weight is an appropriate approximation for the
geosynthetic on top and below the drainage fayer

4.3.1 LCI of Infrastructure Element

Case 3A and case 3B differ in the design of théndge layer. The material and energy consumption,
which is related to the construction and dispos#he other parts of the landfill (e.g. the gasiirge, the
mineral sealing and the recultivation layer) araatgn both cases and are not considered in tbhgyst
Hence, the difference between the two cases lidseiamount of primary gravel and geosyntheticsitha
used in the drainage layer and the energy consamihat is related to the drainage layer (matéraads-
portation, excavation etc.). The use of recycleavgris not considered, since usually no onsitgaled

4 Personal communication, Henning Ehrenberg, onlbehBAGM, 20.10.2010
5 Personal communication, Henning Ehrenberg, onlbehBAGM, 24.9.2010
5 Personal communication, Henning Ehrenberg, onlbehBAGM, 29.4.2010
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gravel is available when covering a landfill sitecase 3A three process steps are required td bpithe
drainage layer (filter layer, gravel layer, proteatlayer) whereas in case 3B only one process istep
needed as the protection and filter layer are @yregued to the main drainage layer.

Some important key figures of the constructionhef tase 3A and case 3B drainage layer are summarize
in Tab. 4.2. The information refers to one squaetemdrainage layer, since the hydraulic condugtigi
equal in both cases. The life time in both caseébdassame (100 years). The figures shown regattieg
particulate emissions refer to emissions from meiciad processes.

Tab. 4.2: Selected key figures referring to the con  struction of one square meter of a case 3A and case 3B drainage layer

with a hydraulic conductivity of at least 1 mm/s (I ifetime = 100a)
Unit Case 3A Case 3B

Gravel t/m? 0.90 -
Geosynthetic filter layer m?/m? 1 -
Geosynthetic protection layer m?/m? 1 -
Geosynthetic drainage core® m?/m? - 1
Diesel used in building machines MJ/m? 4.5 3.8
Transport, lorry tkm/m? 45.1 0.2
Transport, freight, rail tkm/m? 0.1 0.3
Land use m?/m? 1 1
Particulates, > 10 pm g/m 6.3 -
Particulates, > 2.5 pm & < 10 pm g/m 1.7 -
The core consists of the drainage layer, geosynthetic filter and protection layer. The
latter two are glued on the drainage layer.

4.3.2 LCI of Geosynthetic

In total 3 questionnaires concerning the productbgeosynthetic drainage layers used in lanadifilss
are included. Despite its low number, the respana@iompanies represent a significant market share of
this type of geosynthetics. The quality of the datzeived is considered to be accurate. The |dwadtail

is balanced before modelling an average geosynttistinage layer. A detailed description of the /-

cle inventory is shown in Annex C.1.4.

Tab. 2.3 shows important key figures of the produncof an average geosynthetic drainage layer.

Tab. 4.3: Selected key figures referring to the pro  duction of 1 kg geosynthetic drainage layer used in landfill sites

Unit Value

Raw materials ka/kg 1.03

Water kag/kg 44

Lubricating oil kg/kg 8.05*10°

Electricity kWh/kg 1.00

Thermal energy MJ/kg 0.03

Fuel for forklifts MJ/kg 0.08

Building hall m®/kg 8.59*10°

4.4 Life Cycle Impact Assessment
4.4.1 LCIA of Landfill Construction

In this section the environmental impacts of Adrainage layer in a landfill are evaluated. Tie diycle
includes the provision of raw materials as weltr@sconstruction and disposal phases.

In Fig. 4.2 the environmental impacts over the fitdl cycle of the landfill drainage layer are show he
environmental impacts of the case with higher emrmental impacts (case 3A) are scaled to 100 %. The
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total impacts are divided into the sections lahdfdw materials (gravel, geosynthetic layers),lding
machine (construction requirements), transportsgaf materials to construction site) and dispo$déhe

landfill (includes transports from the constructsite to the disposal site and impacts of the diapof
the geosynthetic materials).
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Fig. 4.2:  Environmental impacts of the life cycle o f1 m? mineral drainage layer (case 3A) and a geosyntheti ¢ drainage
layer (case 3B). For each indicator, the case with  higher environmental impacts is scaled to 100%.

Case 3B causes lower environmental impacts comparedse 3A in all impact categories considered.
The non-renewable cumulative energy demand ofahstouction and disposal of 1 square meter drainage
layer is 194 MJ-eq in case 3A and 86 MJ-eq in &&s€lhe cumulative greenhouse gas emissions amount
to 10.9 kg C@-eq in case 3A and 3.6 kg G@q in case 3B. Correspondingly, the cumulativegheuse

gas emissions of the drainage layer of a landfilhvan area of 30'000 are 320t in case 3A and @0 t
case 3B respectively.

The most relevant aspects concerning the life oyttee mineral drainage layer (case 3A) are theex
tion and transportation of gravel. Impacts of gtasdraction derive mainly from its mining (highegdiel
and electricity consumption). A considerably higherount of material (in particular gravel, see T4R)
needs to be transported to the construction sidase 3A.

With regard to the life cycle of the geosynthetiaidage core (case 3B), the production of the gebsy-
ics (including raw material supply) causes the égjlburdens in most indicators. The environmemntal i
pacts of the drainage layer are about 10 % higheoapared to the impacts of the glued filter arwd p
tection layer together. Impacts of the filter amdtpction layer are discussed in case 1 (Secti3Rand
impacts of the drainage layer are discussed bebmotion 4.4.4).

The disposal of the drainage layer contributesiogmtly with regard to global warming only, with
share of 21.7 % and 2.6 % for case 3B and 3A, oispedy. This is due to the incineration of plastia

waste incineration, which leads to fossil £€nissions. In both cases, land competition isgtsoinflu-
enced by the direct land use of the landfill.
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The main driving forces for the difference betweases 3A and 3B is the extraction and transpontatio
gravel used in case 3A. For all indicators excaptlicompetition, the impacts of the conventionalrdr

age layer are more than twice as high as compar#aet environmental impacts from the geosynthetic
drainage layer.

4.4.2 Sensitivity Analysis

In a sensitivity analysis (cases 3AS1 and 3BSljs ianalysed how the results of the drainage layer

change, when a Euro5 lorry (>32 t) is used fortthasportation of the materials to the constructibe
instead of an average European lorry (>16 t).

Fig. 4.3 reveals that if a Euro5 lorry with lowethaust emissions is used for the transportatiose&a
3AS1 and 3BS1), the environmental impacts of thesgethetic based drainage layer are not changed sig
nificantly (less than 1 %), whereas the environmkemhpacts of the conventional drainage layer are d
creased between 0.02 % and 37.8 % (land compeamohneutrophication, respectively). The higher the
share of transportation to the overall resultshigéer is the influence of using lorries with lowesthaust
emissions. In particular regarding acidificationtrephication, and particulate matter formationhhig-
provements with more than 30 % reduction potermial be achieved, if a Euro5 lorry is used instdad o
an average one.

This leads to a lower relative difference betwdes ¢ases. Nevertheless, the sequence of the tws cas
does not change and the difference is still sigaitt.
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Fig. 4.3:  Sensitivity analysis: Environmental impac  ts of the life cycle of 1 m 2 mineral drainage layer (case 3A) and a geo-
synthetic drainage layer (case 3B). 3AS1 and 3BS1r efer to the sensitivity analysis with a Euro5 lorry transporta-
tion. For each indicator, the case with highest env  ironmental impacts is scaled to 100 %.
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4.4.3 Uncertainty Analysis (Monte Carlo Simulation)

In order to determine the reliability of the resudbbove, a Monte Carlo simulation for the full lifgcle of
the drainage layer is performed. In the Monte Cartoulation a random value within the uncertainty
range specified is taken for every inventory entnytotal 1000 Monte Carlo runs are calculatedatonf
an uncertainty distribution. The life time of theaohage layer and the dimensions are not subjeittio
uncertainty analysis.

The Monte Carlo Simulation reveals a more than 98.probability that the geosynthetic drainage layer
has lower environmental impacts than the mineraihdige layer for all indicators investigated exdapd
competition. Regarding land competition, the proligtithat geosynthetic drainage layer has lower im
pacts than the mineral drainage layer is 62 %.€&Sthe difference in land competition between the tw
alternatives is very small (see Fig. 4.2), they barconsidered as equivalent. This becomes cleanwh
taking into consideration that land competition &ogs are dominated by the land occupation of thé-la
fill, which is equal in both alternatives.

4.4.4 Contribution Analysis Geosynthetic Drainage L ayer

In this section the environmental impacts of 1 kggynthetic drainage layer are evaluated. The @gain
layer is between the filter and protection laya&vhjch are discussed in Section 2.4.3. The life €ynt
cludes the provision and use of raw materials, worknaterials, energy carriers, infrastructure drsd
posal processes. The category geosynthetic indHgcomprises the direct burdens of the geosyitheti
production. This includes land occupied to prodtiee geosynthetic as well as process emissions (e.g.
NMVOC, particulate and COD emissions) from the pi@itbn process but not emissions from electricity
and fuel combustion.

In Fig. 4.4 the environmental impacts of the gedisgtic layer are shown. The cumulative greenhoase g
emissions amount to 2.7 kg &@q per kg.

Environmental impacts are mostly dominated by the material provision and electricity consumption.
Raw material includes plastics and chemicals. Rlaatv materials are responsible for between 0.1 %
(land competition) and 85 % (CED non-renewable)hef overall impacts. The impacts of chemicals are
negligibly small.

Country-specific electricity mixes are modelled gach company and thus impacts of electricity con-
sumption depend not only on the amount of eletyriceeded but also on its mix. The high share et-el
tricity in CED renewable can be explained by the afhydroelectric power plants in several eletiric
mixes. And the relatively high share in eutrophmais mainly due to electricity from lignite.

Heating energy and fuel consumption for forklifte @f minor importance. The burdens of infrastruetu
are so small that they are not even visible ingtagh. With regard to land competition the geossgtith
production plays an important role. The impacts dominated by the direct land use, i.e. land wich
occupied by the manufacturer plant in which thesgathetic is produced. Indirect land uses, i.ed lac
cupation stemming from upstream processes, ardisamly lower because no land occupation is répor
ed in the inventories of plastic feedstock andamalintensive products such as wood are used sidzon
erable amounts.

Water consumption is included in the working matistiAs a consequence, this category bears mane tha
80°% of the total amount of water used.

The share in environmental impacts caused by teelslectricity in the manufacture of the geoswiith
layer used in case 3 is similar to the one usezhge 1. Less electricity is required in case 3alsd less
raw materials, leading to similar shares as in das&/ater consumption is obviously higher in these
compared to the other cases. Companies producgepsynthetic drainage layer use considerably less
thermal energy. Furthermore, more infrastructubesidings) are required in case 3 compared to thero
cases.
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The case 3 geosynthetic layer causes less greaenlgagsemissions per kilogram compared to the ones
used in cases 1, 2 and 4.

100% f il I | F | T ' — T T ] ——

O Disposal

90% - O Infrastructure

80% | H Other energy
O Electricity

0/ |

70% O Working materials

60% - B Raw materials
O Geosynthetic

50% A

40% A

30% A

20% -

10% -

O% - T T T T T T T

Fig. 4.4:  Environmental impacts of the life cycle o f 1 kg geosynthetic layer. Geosynthetic includes di rect burdens of the
geosynthetic production. Raw materials include plas tic, extrusion if necessary and additives, working materials
include water (tap and deionised) and lubricating o il, other energy includes thermal energy and fuels, infrastruc-
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types of waste.

4.4.5 Discussion and Data Quality Considerations

Compared to a conventional drainage layer in afinthe use of geosynthetics leads to lower emwir
mental impacts of drainage layer construction Inralicators investigated, except land competitidbhe
specific climate change impact of the constructibra landfill site’s drainage layer (1°rsurface area
with a hydraulic conductivity (k-value) of 1 mm/s more and life time of 100 years) using geosyithet
is about 7.8 kg C@eq per rf lower compared to a conventional alternative. Tfference is equal to
about 69 % of the overall climate change impadhefconstruction and disposal efforts of a conwoeat
drainage layer.

If a Euro5 lorry with lower exhaust emissions tl@naverage fleet lorry is used, the environmemtal i
pacts of the geosynthetic drainage layer are rem@éd significantly, whereas the impacts of thevean
tional drainage layer are decreased more distimgtly reductions of more than 30 % regarding some i
dicators. Nevertheless the sequence of the twes mes not change and the difference in envirorathent
impacts is still significant.

Landfills constructed within Europe may differ inoss section and materials used depending on the
wastes landfilled. Thus, generalising assumptioesnecessary to model a typical drainage layera Dat
about gravel extraction and the use of building m@es are based on generic data and knowledge of in
dividual civil engineering experts.

Comparative Life Cycle Assessment of Geosynthetics versus Conventional Construction Materials 36



Case 3 — Landfill Construction

Based on the uncertainty analyses, it can be safabgd that the geosynthetics drainage layerisolut
shows lower environmental impacts than the grax@hedge level. Despite the necessary simplification
and assumptions, the results of the comparisonargdered to be significant and reliable.
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5 Case 4 — Slope Retention

5.1 Characterisation of the Alternatives

It may be necessary in some cases, especiallyeindhstruction of traffic infrastructure, to buig-very
steep batters or walls. For such walls, supporsimgctures are necessary. The retaining walls teed
meet defined tensile and shear strengths. Retawatlg reinforced with concrete (case 4A) are coraga
to soil slopes reinforced with geosynthetics (c#8g In Fig. 5.1 the retaining wall is 50 meteradaand
3 meters high with a steepness of 5:1. In fact|ehgth of the wall has no influence on the LCAtlas
functional unit refers to 1 meter standard crosti@e (see Subchapter 5.2).

The average of 3 types of different geogrids islueaepresent its performance, namely
* extruded stretched grids,
* layed grids, and
» woven / knitted grids.

Polyethylene and PET granules are used as baserialah case 4B. In this case a long-term strewdjth
14 kN/m must be achieved. Back calculated from &mak applying the typical reduction factor A1-A4 pe
raw material the average weight of the polymererned as:

» Polyethylene (100kN/m) with 750 g/m?
* PET (35kN/m) with 280 g/m?
The concrete used in case 4A is classified in tifeagth class B300.

Fig. 5.1:  Scheme of retaining walls: the concrete r  einforced wall (case 4A, left) versus the geosynthe tics reinforced wall
(case 4B, right)

Tab. 5.1 shows specific values of the retainingsMalr both alternatives. The material on sitessdias

fill material, wall embankments and cover matenmtase 4B. A drainage layer made of gravel with a
thickness of at least 30 érnehind the concrete lining is necessary. To beistant with case 4A, a grav-
el layer thickness of 80 cm is assumed in bothsca®eund gravel is used for drainage purpbses

” Personal communication Klaus Oberreiter, EAGM4Z8)10
8 Personal communication Nicolas Laidié, EAGM, 22040
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Tab.5.1: Specification of reinforced concrete wall (case 4A) and geosynthetic reinforced soil support ing structure (case
4B).

Description Unit Case 4A |Case 4B Material

length of the wall m 50 50

height of the wall m 3 3

excavation fundament m? 109

base compaction m? 121 262 On-site material

formwork fundament m? 83 Laminated board

cleanness layer m? 120 Lean mix concrete

concrete fundament m® 80 Concrete, sole plate

reinforcement fundament kg 2400 Reinforcing steel

formwork wall face work m? 153 Laminated board

formwork wall coarse m? 150 Laminated board

concrete wall m? 105 Structural concrete, with de-icing contact
reinforcement wall kg 5250 Reinforcing steel

Building gaps m? 21 Polystyrene foam slab

insulating coat cold m? 154 Bitumen

drainage m 62 72 Polyethylene HDPE

filter gravel m? 10 11 Gravel

frost wall backfilling m? 219 Gravel and on-site material

compaction backfilling m? 500 Gravel and on-site material

excavation sub-base m? 79 On-site material

sub-base fill material m? 79 On-site material

form work, support m? 153 Laminated board

geosynthetics delivery and laying m? 1960 Geosynthetic

wall embankment m? 480 On-site material

compaction layers m? 1550 Gravel and on-site material
Sprayed-concrete lining m? 155 Structural concrete, with de-icing contact
covering material m? 45 On-site material

The typical life time is estimated in both casethvtiO0 years. This is in line with EBGEO (DeutsGe
sellschaft fir Geotechnik 2010) and the Britishn8td “Code of practice for strengthened/reinforced
soils and other fills” (British Standard 1995).

5.2 Functional Unit and Definition of the System

The function of the fourth case is to provide gsloetention with a very steep and stable wall. fline-
tional unit is defined as the construction and aspp of 1 m slope retention with a 3 meters high, we-
ferring to a standard cross-section. Thus, thetfonal unit is independent of the length of thelwal

5.3 Life Cycle Inventory

A detailed description of the life cycle inventasf/the case 4A and case 4B slope retention andehe
ogrid is placed in the Annex C.2. A general desmipof the infrastructure element and the geoggid
given in the following sections.

5.3.1 LCI of Infrastructure Element

Some important key figures of the construction ogiaforced concrete wall (case 4A) and a geosyiathe
reinforced soil supporting structure (case 4B)sammarized in Tab. 5.2. The information refers e o
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meter of slope retention infrastructure and a foaeod of 100 years. Diesel is used in building hiaes

for the excavation of the foundation and the cortipacf the ground. The NMVOC emissions shown are

released from the bitumen used to seal the conai@tgcase 4A). The use of recycled gravel is cmwt-
sidered, since usually no onsite recycled gravih gpecific properties is available when buildinglape
retention.

Tab.5.2: Selected key figures referring to the con  struction of a reinforced concrete wall (case 4A) a  nd a geosynthetic re-
inforced soil supporting structure (case 4B) (life time = 100a)

Unit Case 4A  |Case 4B
Concrete, sole plate and foundation m*/m 1.60 -
Lean mix concrete m¥m 0.24 -
Structural concrete m¥m 2.10 0.31
Reinforcing steel kg/m 153 -
Gravel t/m 4.3 4.3
Bitumen kg/m 2.84 -
Three layered laminated board m¥m 0.01 -
Geosynthetic m?/m - 39.2
Polystyrene foam slab kg/m 0.25 -
Polyethylene kg/m 1.74 2.02
Diesel in building machine MJ/m 11.6 53.9
Transport, lorry tkm/m 701 265
Transport, freight, rail tkm/m 33.2 6.9
Land use m?/m 1.0 0.6
NMVOC g/m 20 -

5.3.2 LCI of Geogrid

In total 6 questionnaires concerning the productibgeogrids used in slope retention are includéu
quality of the data received is considered to lmeite. The level of detail is balanced before riode
an average geogrid. A detailed description of ifieeclycle inventory is shown in Annex C.4.4.

Tab. 5.3 summarizes most important key figuresherproduction of an average geogrid.

Tab.5.3: Selected key figures referring to the pro  duction of 1 kg geogrid used in slope retention.

Unit Value

Raw materials ka/kg 1.02

Water kag/kg 0.86

Lubricating oil kg/kg 7.30%10°

Electricity kWh/kg 0.73

Thermal energy MJ/kg 1.24

Fuel for forklifts MJ/kg 0.13

Building hall m®/kg 6.32*10°°

5.4 Life Cycle Impact Assessment
5.4.1 LCIA of Slope Retention

In this section the environmental impacts of 1 apslretention with a height of 3 m over the fuk lcy-
cle are evaluated. The life cycle includes the isiom of raw materials as well as the construcaon
disposal phases.

In Fig. 4.1 the environmental impacts over the ki cycle of the slope retention are shown. Theie

ronmental impacts of the case with higher enviramaampacts (case 4A) are scaled to 100 %. Tl tot
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impacts are divided into the sections wall, rawemats (concrete, gravel, geosynthetic layers foeting
steel, bitumen, wooden board), building machinegtaction requirements), transports (of raw materi
to construction site) and disposal of the walll(ides transports from the construction site todisposal
site and impacts of the disposal of the differeatemals).

100%

90% 1 —

80% T

70%

60%

50%

40%

30%

20%

10%

0%

without geosynthetic
(4A)
with geosynthetic
(4B)
without geosynthetic
(4A)
with geosynthetic
(4B)
without geosynthetic
(4A)
with geosynthetic
(4B)
without geosynthetic
(4A)
with geosynthetic
(4B)
without geosynthetic
(4A)
with geosynthetic
(4B)
without geosynthetic
(4A)
with geosynthetic
(4B)
without geosynthetic
(4A)
with geosynthetic
(4B)
without geosynthetic
(4A)
with geosynthetic
(4B)
without geosynthetic
(4A)
without geosynthetic
(4B)

Acidification Eutrophication Global warming Photochemical | CED non-renewable| CED renewable Particulate matter | Land competition | Water use
2007 (GWP100) oxidation

O Slope retention B Concrete OGravel B Geosynthetic O Reinforcing steel B Bitumen BWooden board DO Plastic OBuilding machine O Transport O Disposal

Fig. 5.2:  Environmental impacts of the life cycle o f 1 m slope retention, cases 4A and 4B. For each in dicator, the case
with higher environmental impacts is scaled to 100° %.

Case 4B causes lower environmental impacts comparedse 4A in all impact categories considered.
The non-renewable cumulative energy demand of dinstouction and disposal of 1 meter slope retention
with a height of 3 meters is 12’700 MJ-eq in ca8eathd 3'100 MJ-eq in case 4B. The cumulative green-
house gas emissions amount to 1.3 +-€@in case 4A and 0.2 t G@q in case 4B. Correspondingly, the
cumulative greenhouse gas emissions of 300 m gkgpation are 400 t in case 4A and 70t in case 4B,
respectively.

The most relevant aspects concerning the envirotahenpacts of the life cycle of the reinforced eon
crete retaining wall (case 4A) are concrete, recifg steel, transportation and disposal. This oofleel-
evance changes depending on the impact categoigatods. The high share of concrete in the global
warming indicator can be explained by the producioocess of clinker. During its calcination praces
geogenic CQarise. Reinforcing steel consists of 63 % prinsteel and 37 % recycled steel. Most envi-
ronmental impacts of the reinforcing steel arigerirthe fuel consumption and the emissions durireg th
sinter and pig iron production in the supply chairthe primary steel. Disposal includes the dispasa
well as transports from the construction site ® disposal site in case the material is not redydla-
pacts of disposal are dominated by the high amoiuconcrete which is landfilled. While direct emass

of landfilling concrete are negligible, the constian of the landfill and the transport of concratethe
landfill site are important. The land competitiowicator is strongly influenced by the direct largk of
the slope retention as well as by the wooden bosed in the formworks. Gravel is responsible fepa-
siderable share of the total amount of water ugedlise substantial amounts of water are neededvn g
el production.
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Concrete, the geosynthetic and transportation synastise the highest burdens of the life cycle ef th
slope retention reinforced with geosynthetics (e&88g The share of the geogrid to the overall intpas
relatively high because on one hand several layerd,thus a considerable amount of geogrid, are re-
quired. On the other hand most materials useddrctmstruction of the slope retention are available
site and thus do not cause substantial environmenpacts (compare Tab. 5.1). The disposal gains im
portance in the categories eutrophication and ¢dbaming. The global warming impacts of disposa a
caused by burning geogrids in waste incineratiamtsl which leads to fossil G@missions. Gravel dom-
inates the water use indicator and the direct laselof the slope retention wall during its usedmuohat-

ing land competition.

The main driving forces for the difference betweasses 4A and 4B are the higher amount of concrete
used in case 4A as well as the use of reinforciegl swhich additionally leads to higher transpext
penditures. With regard to CED renewable and laymdpetition the wooden board additionally increases
the difference in total impacts because wood isreewable resource with a high direct land occupatio
Direct land competition is lower for the case 4Bduese the sprayed concrete lining in case 4B mnéhni
than the concrete wall in case 4A and the embankarah backfilling area is not considered as ocalipie
land.

The share of the geosynthetic material on the dveraironmental impacts is between 3 % and 44 %
(water use and CED non-renewable, respectively).

5.4.2 Sensitivity Analysis

In a sensitivity analysis (cases 4AS1 and 4BSljs inalysed how the results of the slope retention
change, when a Euro5 lorry (>32 t) is used fortthasportation of the materials to the constructibe
instead of an average European lorry (>16 t).

Fig. 5.3 reveals that if a Euro5 lorry with lowethaust emissions is used for the transportatiose&a
4AS1 and 4BS1), the environmental impacts of thesgethetic based slope retention are reduced be-
tween 0.1 % and 22.8 % (land competition and etioapion respectively), whereas the environmental
impacts of the conventional slope retention araeaised between 0.2 % and 13.2 % (land competition
and eutrophication respectively). The use of a &doory leads among others to lower N®missions
which influences eutrophication. Land competitisnobviously not influenced much by using another
type of lorry.
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Fig. 5.3:  Sensitivity analysis: Environmental impac  ts of the life cycle of 1 m slope retention, cases 4A and 4B. 4AS1 and
4BS1 refer to the sensitivity analysis with a Euro5 lorry transportation. For each indicator, the case with highest
environmental impacts is scaled to 100%.

5.4.3 Uncertainty Analysis (Monte Carlo Simulation)

In order to determine the reliability of the resudibove, a Monte Carlo simulation of the life cyalehe
slope retention alternatives is performed. In thenM Carlo simulation a random value within thearnc
tainty range specified is taken for every inventenyry. In total 1000 Monte Carlo runs are calcedatio
form an uncertainty distribution. The life time tbie slope retention and its dimensions are notesulp
this uncertainty analysis.

The Monte Carlo simulation shows a probability 6026 that the environmental impacts of the conven-
tional slope retention are higher compared to therenmental impacts of the geosynthetic sloperrete
tion with regard to all indicators.

It can be concluded that it is reliable that the asgeosynthetics instead of a conventional stepention
leads to lower environmental impacts.

5.4.4 Contribution Analysis Geogrid

In this section the environmental impacts of 1 kgg@yid are evaluated. The life cycle includes tlwvip
sion and use of raw materials, working materiatgergy carriers, infrastructure and disposal praeess
The category geosynthetic in Fig. 5.4 comprisesdinect burdens of the geosynthetic productionsThi
includes land occupied to produce the geosyntlaetiovell as process emissions (e.g. NMVOC, particu-
late and COD emissions) from the production probegsiot emissions from electricity and fuel combus
tion which are displayed separately.

The environmental impacts of the geogrid are showfig. 5.4. The cumulative greenhouse gas emis-
sions amount to 3.4 kg G€q per kg.
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Environmental impacts are mostly dominated by the material provision and electricity consumption.
Raw material includes different types of plasti€suntry-specific electricity mixes are modelled &ach
company and thus impacts of electricity consumptiepend not only on the amount of electricity nelede
but also on its mix. The higher share of electyiait CED renewable can be explained by the useyof h
droelectric power plants in several electricity gsx And the relatively high share in eutrophicati®n
mainly due to electricity from lignite.

The share of heating energy and fuel consumptioofalifts is between 0.01 % (land competition)dan
2.8 % (global warming) and is thus not considereld of primary importance.

With regard to land competition the geosynthetiodpiction plays an important role. The impacts are
dominated by the direct land use, i.e. land whichdcupied by the manufacturer plant in which tee-g
synthetic is produced. Indirect land uses, i.ed laccupation stemming from upstream processesigie
nificantly lower because no land occupation is reggbin the inventories of plastic feedstock andamul
intensive products as e.g. wood are used in cardfEeamounts.

Water consumption is included in the working matisti As a consequence, this category bears abiut 5
of the total amount of water used.

The share of electricity on the overall environragimpacts of the geogrid used in case 4B is smalie
compared to the one used in the other cases. Fhisdause less electricity is required on one laawd
because different raw materials are used on ther.oBolypropylene (PP) is the basic material intmos
other cases whereas mainly PET and PE are usedé®. According to the PlasticEurope life cyole i
ventory data used in this study, the supply of k& ET and PE granules causes higher environmental
impacts than the supply of 1 kg PP.

The case 4 geogrid causes similar amounts of goemsehgas emissions per kg compared to the geosyn-
thetics used in cases 1 and 2.
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Fig. 5.4:  Environmental impacts of the life cycle o f 1 kg geogrid. Geosynthetic includes direct burden s of the geosynthet-
ic production. Raw materials include plastic, extru sion if necessary and additives, working materials include wa-
ter (tap and deionised) and lubricating oil, other energy includes thermal energy and fuels, infrastru cture con-
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cerns the production plant and disposal comprises w astewater treatment and disposal of different types of
waste.

5.4.5 Discussion and Data Quality Considerations

The use of geosynthetics leads to lower environatémipacts of slope retention in all indicatorseasti-
gated. The specific climate change impact of thestraction of the slope retention (1 m slope rétent
with a 3 meters high wall) using geosyntheticshew 1 ton C@eq per meter lower compared to a con-
ventional alternative. This difference is equabtut 84 % of the overall climate change impacthef
construction and disposal efforts of an entire eotwnal slope retention system during its 100 yéiéa-
time.

If a Euro5 lorry with lower exhaust emissions tleamaverage fleet lorry is used for the transpamatif
materials, the environmental impacts of both casessomewhat reduced regarding some indicators.
However, this does not affect the overall conclasiof the comparison.

Slope retentions are individual solutions in a ipafar situation. The height of slope retention le/and

the horizontal loads on it may differ, which magdeto differences in thickness and reinforcemehtsT
generalising assumptions were necessary to motgdieal slope retention. Data about on-site makeria
used, gravel extraction, concrete and the use dflibg machines are based on generic data and
knowledge of individual civil engineering experts.

Based on the uncertainty assessment it can bey saéted that the geosynthetics reinforced slopenre
tion shows lower environmental impacts than thecoete wall. Despite the necessary simplificationd a
assumptions, the results of the comparison aradmnes! to be significant and reliable.
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6 Overall Conclusions and Recommendations

Geosynthetic materials are used in many differgplieations in the civil and underground enginegrin
They are used, among other applications, in fiiger construction, in foundation stabilisationjandfill
construction and in slope retention. In most céiseg are used instead of minerals based matetialsas
concrete, gravel, cement or lime. In this studyeaheironmental performance of four cases of getsgnt
ics application is compared to the performanceoafigeting construction materials used.

Geosynthetic layers and geogrids can contributeivib engineering constructions causing signifidant
lower climate change impacts in all cases consttlefbe use of geosynthetic layers also leads terdow
environmental impacts such as acidification, euticgtion, and to lower cumulative energy demands,
compared to conventional solutions.

A filter layer with geosynthetics has lower environmental impacts compared to a eatnenal alterna-
tive (gravel). The difference is considerable ftrizdicators (more than 85 %) and reliable. Thiei
ence in the environmental impacts arises mainlyabse the applied geosynthetic substitutes gravel,
which causes considerably higher impacts when ebetlaand transported to the place of use. At laast
layer of 8 cm of gravel must be replaced by gedsstigs used as a filter layer in order to causeséiree

or lower environmental impacts regarding all intlica.

When comparing the use géosynthetics irroad construction in order to reinforce the road foundation
(case 2B) and the conventional road constructiasg@A), the environmental impact is reduced fbr al
indicators when using geosynthetics. When roadtoectton using geosynthetics (case 2B) and the road
construction with cement/lime stabilised foundatfoase 2C) are compared, a trade-off between #esca
2B and 2C can be observed. On the one hand, thefuseement/lime stabiliser causes higher climate
change impacts mainly because of the geogenicdb@ssions from the production process of cemedt an
quicklime. On the other hand, the use of a geosyiutistabiliser shows higher environmental impaets
lated to eutrophication, particulate matter andewaise because of the emissions and the resounee co
sumption related to the production and transpamaif the additional amount of gravel required. Tise

of quick lime only (case 2CS1) causes higher emwrental impacts than the use of cement (case 2CS2)
for the stabilisation of the road foundation. Aadéea layer of 25 cm of gravel in a conventionaldronust

be replaced by geosynthetics used in road foundati@rder to cause the same or lower environmental
impacts regarding all indicators.

The uncertainty analysis shows that results are reliable for all indicatetsen comparing case 2A and
2B and that the results are stable for the indisgdbotochemical oxidation, global warming, landhpe-
tition and CED renewable when comparing the casaB2C. Regarding the other indicators the differ-
ence is not reliable.

The main driving forces for the difference betwée®m geosynthetidrainage layer in a landfill site and
the conventional gravel drainage layer is the ekitva and transportation of gravel used in the eonv
tional case. For all indicators except land contipetj the impacts of the conventional drainage are
more than twice as high as compared to the imgemts the geosynthetic drainage layer. From the nce
tainty analysis it can be concluded that the resaré reliable regarding all indicators except leochpeti-
tion.

A geosynthetiaeinforced wall used for slope retention constitutes a differgatean compared to a con-
crete reinforced wall. Nevertheless, both systemsige the same function by enabling the build-@ip o
steep walls. Compared to the conventional slogntiein, the geosynthetic reinforced wall substgutes

use of concrete and reinforcing steel, which resodtween 63 % and 87 % lower environmental impacts
Compared to the use of geosynthetics as foundatialpiliser and separator, the geosynthetic used for
slope retention has a considerably higher shatleerotal environmental impacts of the system betwe

3 % and 44 %. The Monte Carlo analysis revealagladonfidence in the higher environmental impacts
of the conventional slope retention with regardltondicators.

The main share of the environmental impacts ofnlagufacture and disposal @éosynthetic layersare
caused by the raw materials and electricity consiompHowever, the share of the environmental intpac
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in the total share of the four cases consideredieaadl, except in case 4 where it can have an itapor
contribution in some indicators. The variation imvieonmental impacts of geosynthetics manufacture
does not affect the overall results as could bevehwith the Monte Carlo simulations. Hence the Itssu
shown in this report are valid for the productswoy particular manufacturer.

The life cycle assessments of the four cases fdiger, foundation stabilisation, landfill consttion and
slope retention are defined in a way that theyespnt commonly applied new constructions. Data tabou
materials, building machines and transport modesl ase based on generic data and knowledge of indi-
vidual civil engineering experts. Despite the nsaeg simplifications and assumptions, the resdlthe
comparison are considered to be significant andbiel. Nevertheless construction methods may vary
from one EU member state to the other. Thus thescabould be perceived as exemplary models of
common and frequent applications of geosynthetitenzads.

The results of the LCAs do not allow answering gloestion whether or not constructions based on geo-
synthetic materials are generally the environméntakferable option. The specific situation and gar-
ticular construction in which the geosynthetic malds being used and the particular alternatipgams
available should be taken into account.

Key parameters influencing the overall environmepi&formance of foundation stabilisation such as
amounts of cement or lime, and of gravel needed,teamsport distances should be investigated, when
deciding about the environmentally appropriate toiesion in a particular case.

It is recommended to establish key parameter mddelsach of the four cases, which allow for an-ind
vidual assessment of alternatives of any partiottgastruction. This is particularly true for casemvhere
actual situations may ask for highly specific tachhsolutions. In such key parameter models theama
determining factors such as amount of gravel, céncemcrete or geosynthetics needed, can be ertiered
calculate the environmental impacts of the consvo@lternatives at issue.
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A Annex A: Life Cycle Assessment (LCA) Methodology

The life cycle assessment (LCA) — sometimes aldecc@cobalance — is a method to assess the environ
mental impacts of a proddatncompassing the whole life cycle. . Hence, thérenmental impacts of a
product are evaluated from cradle to grave, whielams from resource extraction to material produogtio
product manufacturing, use of the product up to disposal of the product and also the production
wastes.

The general procedure of conducting an LCA is stagided in ISO 14040 (International-Organization-
for-Standardization-(ISO) 2006a) and ISO 14044efimitional-Organization-for-Standardization-(ISO)
2006Db).

An LCA consists of the following four phases (Figu):

1. Goal and Scope Definition
2. Inventory Analysis

3. Impact Assessment

4. Interpretation

/ Life cycle assessment framework \
) )

Goal
and scope
-
definition
4 . . N
I Direct applications :
- Product development

and improvement

Inventory . .
- Strategic planning

M

analysis Interpretation

- Public policy making
- Other

Impact

—>
assessment  jeE—
=

Fig. 7.1 The four phases of the life cycle assessme nt (LCA) framework according to International Organ ization for
Standardization

TheGoal and Scope Definitiofphase 1) includes a description of the goal efstiudy and covers the de-
scription of the object of investigation. The inled audience is determined. The environmental &spec
be considered in the impact assessment and theret&tion and the functional unit, to which allism
sions and resource uses are referred to and whtehndines the basis for the comparison, are defined

® The term product also encompasses services
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Annex A: Life Cycle Assessment (LCA) Methodology

The elementary flow§ occuring in a process, the amount of semi-finispemtlucts, auxiliary materials
and energy of the processes involved in the lifelecyare determined and inventoried in theentory
Analysis(phase 2). These data are set in relation tolifexof investigation, expressed by the functional
unit. The final outcome consists of the cumulatiesource demands and the cumulative emissionsl-of po
lutants.

The Inventory Analysis provides the basis for lilmpact Assessmefphase 3). Applying current impact
assessment methods, such as climate change inguaetiag to IPCC (2007), on the inventory results
leads to impact indicator results that are usedrefsired to in the interpretation.

The results of the inventory analysis and the irhpasessment are analysed and commented Intdre
pretation (phase 4) according to the initially defined gaatd scope of the LCA. Final conclusions are
drawn and recommendations stated.

19 Resource extraction and emission of pollutants
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Annex B: Impact Assessment Result Tables

B Annex B: Impact Assessment Result Tables
B.1.1 Casel

Building
Case 1A Unit Filter system Grawel machine Geosynthetic  Transport Disposal Total
Acidification kg SO2 eq 0.00E+00 1.64E-02 1.42E-03 0.00E+00 2.48E-02 0.00E+00 4.27E-02
Eutrophication kg PO4--- eq 0.00E+00 2.81E-03 3.05E-04 0.00E+00 5.43E-03 0.00E+00 8.54E-03]
Global warming 2007 (GWP10(kg CO2 eq 0.00E+00 2.99E+00 1.87E-01 0.00E+00 4.60E+00 0.00E+00 7.78E+00|
Photochemical oxidation kg C2H4 0.00E+00 6.33E-04 3.63E-05 0.00E+00 7.40E-04 0.00E+00 1.41E-03
CED non-renewable MJ-eq 0.00E+00 5.14E+01 2.77E+00 0.00E+00 7.65E+01 0.00E+00 1.31E+02
CED renewable MJ-eq 0.00E+00 3.08E+00 9.05E-03 0.00E+00 9.36E-01 0.00E+00 4.03E+00
Particulate matter kg PM10 eq 1.28E-03 7.10E-03 7.58E-04 0.00E+00 1.16E-02 0.00E+00 2.08E-02]
Land competition m2a 3.00E+01 3.68E-01 5.44E-04 0.00E+00 6.83E-02 0.00E+00 3.04E+01
Water use m3 0.00E+00 9.73E-01 2.54E-04 0.00E+00 1.80E-02 0.00E+00 9.91E-01
Building
Case 1AS1 Unit Filter system Grawel machine Geosynthetic  Transport Disposal Total
Acidification kg SO2 eq 0.00E+00 2.19E-02 1.90E-03 0.00E+00 3.31E-02 0.00E+00 5.69E-02
Eutrophication kg PO4--- eq 0.00E+00 3.74E-03 4.07E-04 0.00E+00 7.24E-03 0.00E+00 1.14E-02
Global warming 2007 (GWP10(kg CO2 eq 0.00E+00 3.98E+00 2.49E-01 0.00E+00 6.13E+00 0.00E+00 1.04E+01
Photochemical oxidation kg C2H4 0.00E+00 8.44E-04 4.84E-05 0.00E+00 9.87E-04 0.00E+00 1.88E-03
CED non-renewable MJ-eq 0.00E+00 6.85E+01 3.69E+00 0.00E+00 1.02E+02 0.00E+00 1.74E+02
CED renewable MJ-eq 0.00E+00 4.11E+00 1.21E-02 0.00E+00 1.25E+00 0.00E+00 5.37E+00
Particulate matter kg PM10 eq 1.70E-03 9.46E-03 1.01E-03 0.00E+00 1.55E-02 0.00E+00 2.77E-02]
Land competition m2a 0.00E+00 4.91E-01 7.25E-04 0.00E+00 9.11E-02 0.00E+00 5.83E-01
Water use m3 0.00E+00 1.30E+00 3.39E-04 0.00E+00 2.40E-02 0.00E+00 1.32E+00
Building
Case 1AS2 Unit Filter system Grawel machine Geosynthetic  Transport Disposal Total
Acidification kg SO2 eq 0.00E+00 1.10E-02 9.49E-04 0.00E+00 1.65E-02 0.00E+00 2.84E-02
Eutrophication kg PO4-- eq 0.00E+00 1.87E-03 2.03E-04 0.00E+00 3.62E-03 0.00E+00 5.70E-03|
Global warming 2007 (GWP10(kg CO2 eq 0.00E+00 1.99E+00 1.24E-01 0.00E+00 3.07E+00 0.00E+00 5.18E+00|
Photochemical oxidation kg C2H4 0.00E+00 4.22E-04 2.42E-05 0.00E+00 4.93E-04 0.00E+00 9.40E-04
CED non-renewable MJ-eq 0.00E+00 3.43E+01 1.85E+00 0.00E+00 5.10E+01 0.00E+00 8.71E+01
CED renewable MJ-eq 0.00E+00 2.06E+00 6.03E-03 0.00E+00 6.24E-01 0.00E+00 2.69E+00
Particulate matter kg PM10 eq 8.51E-04 4.73E-03 5.05E-04 0.00E+00 7.75E-03 0.00E+00 1.38E-02
Land competition m2a 0.00E+00 2.45E-01 3.62E-04 0.00E+00 4.55E-02 0.00E+00 2.91E-01]
Water use m3 0.00E+00 6.49E-01 1.69E-04 0.00E+00 1.20E-02 0.00E+00 6.61E-01
Building
Case 1B Unit Filter system Grawel machine Geosynthetic  Transport Disposal Total
Acidification kg SO2 eq 0.00E+00 0.00E+00 7.30E-04 1.65E-03 4.00E-05 2.13E-05 2.44E-03
Eutrophication kg PO4--- eq 0.00E+00 0.00E+00 1.57E-04 2.12E-04 5.51E-06 6.05E-06 3.80E-04
Global warming 2007 (GWP10(kg CO2 eq 0.00E+00 0.00E+00 9.58E-02 5.58E-01 4.67E-03 1.51E-01 8.10E-01
Photochemical oxidation kg C2H4 0.00E+00 0.00E+00 1.86E-05 1.04E-04 7.51E-07 2.27E-06 1.25E-04
CED non-renewable MJ-eq 0.00E+00 0.00E+00 1.42E+00 1.72E+01 7.76E-02 4.72E-02 1.88E+01
CED renewable MJ-eq 0.00E+00 0.00E+00 4.64E-03 3.02E-01 9.49E-04 8.04E-04 3.09E-01
Particulate matter kg PM10 eq 0.00E+00 0.00E+00 3.89E-04 5.19E-04 1.18E-05 1.00E-05 9.29E-04
Land competition m2a 3.00E+01 0.00E+00 2.79E-04 1.10E-01 6.93E-05 3.93E-04 3.01E+01
Water use m3 0.00E+00 0.00E+00 1.30E-04 2.27E-03 1.83E-05 8.99E-05 2.51E-03
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Annex B: Impact Assessment Result Tables

B.1.2 Case 2

Geosyntheti Building
Case 2A Unit Road Bitumen Gravel C machine Transport Cement Lime Disposal Total
Acidification kg SO2 eq 0 5.85E-01 8.08E-01 0.00E+00 1.37E+00 1.23E+00 0.00E+00 0.00E+00 0.00E+00 3.99E+00|
Eutrophication kg PO4-- eq 0 1.40E-01 3.38E-01 0.00E+00 3.15E-01 3.24E-01 0.00E+00 0.00E+00 0.00E+00 1.12E+00|
Global warming 2007 (GWP100) kg CO2 eq 0 1.80E+02 1.47E+02 0.00E+00 1.79E+02 2.28E+02 0.00E+00 0.00E+00 0.00E+00 7.34E+02
Photochemical oxidation kg C2H4 0 6.00E-02 3.11E-02 0.00E+00 3.49E-02 3.67E-02 0.00E+00 0.00E+00 0.00E+00 1.63E-01
CED non-renewable MJ-eq 0 1.62E+04 2.53E+03 0.00E+00 2.66E+03 3.80E+03 0.00E+00 0.00E+00 0.00E+00 2.52E+04]
CED renewable MJ-eq 0 2.77TE+01 1.52E+02 0.00E+00 8.70E+00 4.64E+01 0.00E+00 0.00E+00 0.00E+00 2.34E+02]
Particulate matter kg PM10 eq 0.062753 2.19E-01 3.51E-01 0.00E+00 7.29E-01 5.77E-01 0.00E+00 0.00E+00 0.00E+00 1.94E+00|
Land competition m2a 360 6.02E-01 1.81E+01 0.00E+00 5.23E-01 3.39E+00 0.00E+00 0.00E+00 0.00E+00 3.83E+02
Water use m3 0 1.22E+00 4.78E+01 0.00E+00 2.44E-01 8.91E-01 0.00E+00 0.00E+00 0.00E+00 5.02E+01]
Geosyntheti  Building
Case 2B Unit Road Bitumen Gravel [ machine Transport Cement Lime Disposal Total
Acidification kg SO2 eq 0 5.85E-01 5.79e-01 4.97E-02 1.38E+00 8.87E-01 0.00E+00 0.00E+00 6.23E-04 3.48E+00
Eutrophication kg PO4-- eq 0 1.40E-01 2.42E-01 1.65E-02 3.17E-01 2.34E-01 0.00E+00 0.00E+00 1.25E-02 9.62E-01]
Global warming 2007 (GWP100) kg CO2 eq 0 1.80E+02 1.05E+02 1.68E+01 1.81E+02 1.64E+02 0.00E+00 0.00E+00 4.42E+00 6.51E+02)]
Photochemical oxidation kg C2H4 0 6.00E-02 2.23E-02 3.12E-03 3.52E-02 2.64E-02 0.00E+00 0.00E+00 6.63E-05 1.47E-01
CED non-renewable MJ-eq 0 1.62E+04 1.81E+03 4.97E+02 2.68E+03 2.73E+03 0.00E+00 0.00E+00 1.38E+00 2.39E+04]
CED renewable MJ-eq 0 2.77TE+01 1.09E+02 1.60E+01 8.77E+00 3.35E+01 0.00E+00 0.00E+00 2.35E-02 1.95E+02]
Particulate matter kg PM10 eq 0.044984 2.19E-01 2.51E-01 1.58E-02 7.34E-01 4.16E-01 0.00E+00 0.00E+00 2.93E-04 1.68E+00|
Land competition m2a 360 6.02E-01 1.30E+01 2.46E+00 5.27E-01 2.44E+00 0.00E+00 0.00E+00 1.15E-02 3.79E+02]
Water use m3 0 1.22E+00 3.43E+01 6.80E-02 2.46E-01 6.42E-01 0.00E+00 0.00E+00 2.63E-03 3.65E+01]
Geosyntheti  Building
Case 2BS1 Unit Road Bitumen Gravel [ machine Transport Cement Lime Disposal Total
Acidification kg SO2 eq 0 5.85E-01 6.90E-01"  4.97E-02 1.40E+00 1.12E+00 0.00E+00 0.00E+00 6.23E-04 3.84E+00
Eutrophication kg PO4-- eq 0 1.40E-01 2.88E-01 1.65E-02 3.21E-01 2.95E-01 0.00E+00 0.00E+00 1.25E-02 1.07E+00|
Global warming 2007 (GWP100) kg CO2 eq 0 1.80E+02 1.25E+02 1.68E+01 1.83E+02 2.07E+02 0.00E+00 0.00E+00 4.42E+00 7.17E+02|
Photochemical oxidation kg C2H4 0 6.00E-02 2.66E-02 3.12E-03 3.56E-02 3.34E-02 0.00E+00 0.00E+00 6.63E-05 1.59E-01
CED non-renewable MJ-eq 0 1.62E+04 2.16E+03 4.97E+02 2.72E+03 3.45E+03 0.00E+00 0.00E+00 1.38E+00 2.50E+04]
CED renewable MJ-eq 0 2.77E+01 1.29E+02 1.60E+01 8.88E+00 4.23E+01 0.00E+00 0.00E+00 2.35E-02 2.24E+02]
Particulate matter kg PM10 eq 0.053562 2.19E-01 2.99E-01 1.58E-02 7.44E-01 5.25E-01 0.00E+00 0.00E+00 2.93E-04 1.86E+00|
Land competition m2a 360 6.02E-01 1.54E+01 2.46E+00 5.34E-01 3.08E+00 0.00E+00 0.00E+00 1.15E-02 3.82E+02]
Water use m3 0 1.22E+00 4.08E+01 6.80E-02 2.49E-01 8.11E-01 0.00E+00 0.00E+00 2.63E-03 4.32E+01]
Geosyntheti  Building
Case 2BS2 Unit Road Bitumen Gravel C machine Transport Cement Lime Disposal Total
Acidification kg SO2 eq 0 5.85E-01 5.79E-017  3.00E-02 1.37E+00 8.86E-01 0.00E+00 0.00E+00 6.23E-04 3.45E+00]
Eutrophication kg PO4-- eq 0 1.40E-01 2426017  1.16E-02 3.15E-01 2.34E-01 0.00E+00 0.00E+00 1.25E-02 9.54E-01]
Global warming 2007 (GWP100) kg CO2 eq 0 1.80E+02 1.05E+02" 1.01E+01 1.80E+02 1.64E+02 0.00E+00 0.00E+00 4.42E+00 6.43E+02)
Photochemical oxidation kg C2H4 0 6.00E-02 2.23E-02"  1.88E-03 3.49E-02 2.64E-02 0.00E+00 0.00E+00 6.63E-05 1.46E-01
CED non-renewable MJ-eq 0 1.62E+04 1.81E+03"  2.90E+02 2.67E+03 2.73E+03 0.00E+00 0.00E+00 1.38E+00 2.37E+04]
CED renewable MJ-eq 0 2.77TE+01 1.09E+027  1.24E+01 8.71E+00 3.34E+01 0.00E+00 0.00E+00 2.35E-02 1.91E+02|
Particulate matter kg PM10 eq 0.044984 2.19E-01 2.51E-017 9.52E-03 7.30E-01 4.16E-01 0.00E+00 0.00E+00 2.93E-04 1.67E+00|
Land competition m2a 360 6.02E-01 1.30E+01"7  1.14E+00 5.23E-01 2.44E+00 0.00E+00 0.00E+00 1.15E-02 3.78E+02]
Water use m3 0 1.22E+00 3.43E+017  4.08E-02 2.44E-01 6.42E-01 0.00E+00 0.00E+00 2.63E-03 3.64E+01]
Geosyntheti  Building
Case 2C Unit Road Bitumen Gravel C machine Transport Cement Lime Disposal Total
Acidification kg SO2 eq 0 5.85E-01 4.46E-01 0.00E+00 1.38E+00 7.23E-01 1.68E-01 2.23E-01 0.00E+00 3.52E+00|
Eutrophication kg PO4-- eq 0 1.40E-01 1.87E-01 0.00E+00 3.17E-01 1.93E-01 3.82E-02 3.36E-02 0.00E+00 9.07E-01
Global warming 2007 (GWP100) kg CO2 eq 0 1.80E+02 8.12E+01 0.00E+00 1.81E+02 1.34E+02 1.18E+02 2.55E+02 0.00E+00 9.49E+02)
Photochemical oxidation kg C2H4 0 6.00E-02 1.72E-02 0.00E+00 3.51E-02 2.17E-02 6.23E-03 4.30E-02 0.00E+00 1.83E-01
CED non-renewable MJ-eq 0 1.62E+04 1.40E+03 0.00E+00 2.68E+03 2.23E+03 5.25E+02 1.42E+03 0.00E+00 2.44E+04]
CED renewable MJ-eq 0 2.77E+01 8.38E+01 0.00E+00 8.76E+00 2.86E+01 2.96E+01 8.39E+01 0.00E+00 2.62E+02]
Particulate matter kg PM10 eq 0.03467 2.19E-01 1.94E-01 0.00E+00 7.33E-01 3.39E-01 6.85E-02 1.02E-01 0.00E+00 1.69E+00|
Land competition m2a 360 6.02E-01 1.00E+01 0.00E+00 5.26E-01 2.04E+00 7.98E-01 1.78E-01 0.00E+00 3.74E+02
Water use m3 0 1.22E+00 2.64E+01 0.00E+00 2.46E-01 5.32E-01 3.70E-01 1.87E-01 0.00E+00 2.90E+01]
Geosyntheti  Building
Case 2CS2 Unit Road Bitumen Gravel C machine Transport Cement Lime Disposal Total
Acidification kg SO2 eq 0 5.85E-01 4.46E-01 0.00E+00 1.37E+00 7.14E-01 3.37E-01 0.00E+00 0.00E+00 3.45E+00|
Eutrophication kg PO4-- eq 0 1.40E-01 1.87E-01 0.00E+00 3.14E-01 1.90E-01 7.63E-02 0.00E+00 0.00E+00 9.07E-01
Global warming 2007 (GWP100) kg CO2 eq 0 1.80E+02 8.12E+01 0.00E+00 1.79E+02 1.32E+02 2.36E+02 0.00E+00 0.00E+00 8.09E+02)]
Photochemical oxidation kg C2H4 0 6.00E-02 1.72E-02 0.00E+00 3.49E-02 2.14E-02 1.25E-02 0.00E+00 0.00E+00 1.46E-01
CED non-renewable MJ-eq 0 1.62E+04 1.40E+03 0.00E+00 2.66E+03 2.20E+03 1.05E+03 0.00E+00 0.00E+00 2.35E+04]
CED renewable MJ-eq 0 2.77TE+01 8.38E+01 0.00E+00 8.70E+00 2.79E+01 5.92E+01 0.00E+00 0.00E+00 2.07E+02]
Particulate matter kg PM10 eq 0.03467 2.19E-01 1.94E-01 0.00E+00 7.28E-01 3.34E-01 1.37E-01 0.00E+00 0.00E+00 1.65E+00|
Land competition m2a 360 6.02E-01 1.00E+01 0.00E+00 5.22E-01 2.00E+00 1.60E+00 0.00E+00 0.00E+00 3.75E+02)
Water use m3 0 1.22E+00 2.64E+01 0.00E+00 2.44E-01 5.23E-01 7.41E-01 0.00E+00 0.00E+00 2.92E+01]
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B.1.3 Case 3

Building
Case 3A Unit Landfill Gravel Geosynthetic _machine Transport Cement Disposal Total
Acidification kg SO2 eq 0.00E+00 1.76E-02 3.30E-03 3.18E-03 3.26E-02 0.00E+00 3.05E-05 5.67E-02
Eutrophication kg PO4--- eq 0.00E+00 3.14E-03 4.24E-04 6.82E-04 7.13E-03 0.00E+00 7.44E-06 1.14E-02
Global warming 2007 (GWP100) |kg CO2 eq 0.00E+00 3.08E+00 1.12E+00 4.17E-01 6.03E+00 0.00E+00 2.85E-01 1.09E+01
Photochemical oxidation kg C2H4 0.00E+00 6.48E-04 2.08E-04 8.16E-05 9.76E-04 0.00E+00 1.16E-06 1.91E-03
CED non-renewable MJ-eq 0.00E+00 5.22E+01 3.44E+01 6.23E+00 1.01E+02 0.00E+00 3.89E-02 1.94E+02
CED renewable MJ-eq 0.00E+00 2.78E+00 6.05E-01 2.38E-02 1.26E+00 0.00E+00 7.27E-04 4.67E+00
Particulate matter kg PM10 eq 1.67E-03 7.93E-03 1.04E-03 1.69E-03 1.53E-02 0.00E+00 1.40E-05 2.76E-02
Land competition m2a 1.00E+02 4.59E-01 2.21E-01 1.28E-03 9.02E-02 0.00E+00 5.08E-05 1.01E+02
Water use m3 0.00E+00 1.27E+00 4.55E-03 6.28E-04 2.41E-02 0.00E+00 1.28E-04 1.30E+00
Building
Case 3B Unit Landfill Gravel Geosynthetic _machine Transport Cement Disposal Total
Acidification kg SO2 eq 0.00E+00 0.00E+00 7.88E-03 2.68E-03 1.95E-04 0.00E+00 1.06E-04 1.09E-02
Eutrophication kg PO4--- eq 0.00E+00 0.00E+00 9.08E-04 5.75E-04 3.88E-05 0.00E+00 2.99E-05 1.55E-03
Global warming 2007 (GWP100) |kg CO2 eq 0.00E+00 0.00E+00 2.46E+00 3.51E-01 3.62E-02 0.00E+00 7.35E-01 3.58E+00
Photochemical oxidation kg C2H4 0.00E+00 0.00E+00 4.72E-04 6.88E-05 6.71E-06 0.00E+00 1.11E-05 5.59E-04
CED non-renewable MJ-eq 0.00E+00 0.00E+00 7.99E+01 5.25E+00 6.22E-01 0.00E+00 2.36E-01 8.60E+01
CED renewable MJ-eq 0.00E+00 0.00E+00 1.36E+00 2.01E-02 1.80E-02 0.00E+00 4.03E-03 1.40E+00
Particulate matter kg PM10 eq 0.00E+00 0.00E+00 2.45E-03 1.43E-03 8.79E-05 0.00E+00 4.97E-05 4.01E-03
Land competition m2a 1.00E+02 0.00E+00 7.19E-01 1.08E-03 9.74E-04 0.00E+00 1.92E-03 1.01E+02
Water use m3 0.00E+00 0.00E+00 3.47E-02 5.29E-04 2.07E-04 0.00E+00 4.39E-04 3.59E-02
B.1.4 Case 4
Reinforcing Building
Case 4A Unit Slope retention Concrete Gravel Geosynthetic_steel Bitumen Wood Plastic machine Transport Disposal Total
Acidification kg SO2eq 0.00E+00 1.63E+00 8.45E-02 0.00E+00 7.80E-01 5.52E-03 2.31E-02 1.84E-02 8.19E-03 5.14E-01 4.20E-01 3.48E+00
Eutrophication kg PO4---eq 0.00E+00 2.67E-01 1.51E-02 0.00E+00 1.05E-01 8.97E-04 4.13E-03 1.39E-03 1.75E-03 1.12E-01 8.88E-02 5.96E-01
Global warming 2007 (GWP100)|kg CO2 eq 0.00E+00 8.91E+02 1.48E+01 0.00E+00 2.27E+02 1.69E+00 4.15E+00 5.10E+00 1.07E+00 9.50E+01 7.52E+01 1.32E+03
Photochemical oxidation kg C2H4 0.00E+00 6.09E-02 3.11E-03 0.00E+00 1.24E-01 5.63E-04 1.87E-03 2.92E-03 2.10E-04 1.55E-02 1.45E-02 2.24E-01
CED non-renewable MJ-eq 0.00E+00 5.28E+03 2.50E+02 0.00E+00 3.45E+03 1.52E+02 7.97E+01 1.71E+02 1.60E+01 1.59E+03 1.73E+03 1.27E+04
CED renewable MJ-eq 0.00E+00 3.31E+02 1.33E+01 0.00E+00 8.94E+01 2.72E-01 1.67E+02 3.44E+00 6.13E-02 2.08E+01 1.51E+01 6.41E+02]
Particulate matter kg PM10 eq 0.00E+00 6.72E-01 3.81E-02 0.00E+00 6.98E-01 2.06E-03 1.02E-02 5.40E-03 4.35E-03 2.40E-01 2.03E-01 1.87E+00
Land competition m2a 1.01E+02 1.37E+01 2.20E+00 0.00E+00 7.35E+00 5.80E-03 8.42E+01 1.75E-01 3.30E-03 1.46E+00 8.55E+00 2.18E+02)]
\Water use |m3 0.00E+00 1.45E+01 6.09E+00 0.00E+00 2.63E+00 1.16E-02 3.38E-02 1.26E-02 1.61E-03 3.86E-01 1.23E+00 2.49E+01]
Reinforcing Building
Case 4B Unit Slope retention Concrete Gravel Geosynthetic_steel Bitumen Wood Plastic machine Transport Disposal Total
Acidification kg SO2eq 0.00E+00 1.54E-01 8.45E-02 1.55E-01 0.00E+00 0.00E+00 9.17E-03 1.70E-02 3.79E-02 1.93E-01 3.78E-02 6.88E-01
Eutrophication kg PO4---eq 0.00E+00 2.49E-02 1.51E-02 1.74E-02 0.00E+00 0.00E+00 1.64E-03 1.26E-03 8.11E-03 4.21E-02 9.06E-03 1.20E-01
Global warming 2007 (GWP100)|kg CO2 eq 0.00E+00 8.95E+01 1.48E+01 4.78E+01 0.00E+00 0.00E+00 1.65E+00 4.69E+00 4.96E+00 3.57E+01 2.82E+01 2.27E+02
Photochemical oxidation kg C2H4 0.00E+00 5.75E-03 3.11E-03 1.02E-02 0.00E+00 0.00E+00 7.41E-04 1.41E-03 9.71E-04 5.79E-03 1.50E-03 2.94E-02
CED non-renewable MJ-eq 0.00E+00 4.80E+02 2.50E+02 1.35E+03 0.00E+00 0.00E+00 3.16E+01 1.68E+02 7.42E+01 5.97E+02 1.45E+02 3.09E+03
CED renewable MJ-eq 0.00E+00 2.75E+01 1.33E+01 3.69E+01 0.00E+00 0.00E+00 6.64E+01 3.70E+00 2.84E-01 7.66E+00 1.34E+00 1.57E+02
Particulate matter kg PM10 eq 0.00E+00 6.33E-02 3.81E-02 4.84E-02 0.00E+00 0.00E+00 4.04E-03 5.07E-03 2.02E-02 9.03E-02 1.81E-02 2.87E-01
Land competition m2a 6.07E+01 1.18E+00 2.20E+00 7.74E+00 0.00E+00 0.00E+00 3.34E+01 2.01E-01 1.53E-02 5.42E-01 7.43E-01 1.07E+02)]
\Water use |m3 0.00E+00 1.21E+00 6.09E+00 2.35E-01 0.00E+00 0.00E+00 1.34E-02 1.16E-02 7.47E-03 1.44E-01 1.13E-01 7.82E+00
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C Annex C: Life Cycle Inventory Analyses

How to read the tables with unit process raw data

Thelight green fields describe the name of the product/process, it®ng@.g. RER stands for Europe)
and the unit data it refers to. It is the outpuidorct (the reference output) of the process andysw
equals '1'. Thgellow fields show the inputs and outputs of the respectiveqases. Thgrey fields spec-
ify whether it is an input from or an output to un& or technosphere and the compartment to whpti-a
lutant is emitted. For each product, additionakdesive information is given in separate tables.

The location codes (an extended ISO alpha-2 cogidraee the following meaning:

GLO Global

RER Europe

UCTE Union for the Co-ordination of Transmission of &lecity
CH Switzerland

C.1 Case 1 — Filter Construction

We consider two different filter types. Case 1Aisixed grain filter whereas case 1B is a geosyicthe
based filter, which uses geosynthetics as a sepafar each case one LCI dataset of the consbrucii
the filter and one LCI dataset of the disposaheffilter are created. The unit process raw dagashown
in Tab. 7.1. The EcoSpold meta information is d@igpt in Tab. 7.2.

C.1.1 Construction

A filter with an area of 1 fistandard cross-section is considered. The taitaribss of the case 1A filter
is 300 mm, whereas the total thickness of the t&smad is equivalent to the geosynthetics thicknes
The irregular effects on the edges are disregaftdatie advantage of case 1A).

The case 1A filter consists of 300 mm pure gravhk use of geosynthetics in case 1B reduces tblke-thi
ness of the filter, because it consists of the gabetic only.

The LCI refers to a life time of 30 years whichaiso the expected life time of the binder courseed
land use is not included in this LCI because tipetgf land use under which the filter is being tulis
not known.

For the gravel used, a mix of 21 % crushed grandl 29 % round gravel is considered (according o th
corresponding ecoinvent dataset) and the elegtmeix and the transport modes are adjusted to the-E
pean situation.

During the filter construction, diesel is used floe operation of various building machines. Applysta-
tistical fuel consumption data published by ScHaff& Keller (2008) and assuming a digging effiagn
of 100 ni/h, the average energy consumption is 4.4 Mdfigging with a hydraulic excavator (power size
between 75 and 130 kW).

For the transportation by lorry of gravel an averdgtance of 50 km to the construction site isiaes.
Geosynthetics are transported typically around 680 the place of use.We assume that 400 km is
covered by rail and 200 km by lorry.

1 personal communication with Henning Ehrenberg GEIProject Working Group (31. January 2010)
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Case 1A
asphalt layer
Kep > K frost- and base course layer — surface level of road flxed
k., > ki ; filter stable — formation drainage layer
2 T3 — formation, local silty clayey soils
2.00m 1.50m 10.00m 1.50m 2.00m
o k2 e
granular filter layer = ug) S
o ] .
™ o o
o
Case 1B
asphalt layer
, >k —— frost- and base course layer _ surface level of road fixed
k,' > k,' « filter stable — formatlon dralnage layer
2° 3 — formation, local silty clayey soils
2.00m 1.50m 10.00m 1.50m 2.00m
@NW"’/--_-- 13 TN .
= e, : k«_z :
“Yof- — 1
L K, c 4]
eotextile, 175g/m? é S
wn N~
o [=]

Fig. 7.2:  Cross section of the mineral filter (case 1A, top) and geosynthetic filter system (case 1B, bottom)

C.1.2 Disposal

The asphalt and gravel in road infrastructure isallg reused after removal of a road. Accordingtas-
ticsEurope (2009) in 2008 16 % of plastics usechimstruction are recycled, 52 % are sent to landfid
32 % are sent to municipal incineration. These eshare applied for the disposal of the geosynthetic
The standard transport distance to the landfill dtwedmunicipal waste incinerating plant is 20 km.

Comparative Life Cycle Assessment of Geosynthetics versus Conventional Construction Materials 57



Annex C: Life Cycle Inventory Analyses

C.1.3 Unit process raw data of the infrastructure e

Tab. 7.1:

product

technosphere

Unit process raw data of cases 1A and 1B

Name

Location
InfrastructureProcess
Unit
filter layer, gravel, 0.3m, without geotextile
filter layer, geotextile, 175 g/m2

disposal, filter layer, gravel, 0.3m, without geotextile

disposal, filter layer, geotexile, 175 g/m2
life cycle, filter layer, gravel, 0.3m, without geotextile
life cycle, filter layer, geotextile, 175 g/m2

gravel, unspecified, at mine
c1, geosynthetic, average, road construction

diesel, burned in building machine

transport, lorry >16t, fleet average

transport, freight, rail
disposal, polypropylene, 15.9% water, to municipal
incineration

disposal, polypropylene, 15.9% water, to sanitary
landfill

Particulates, > 10 um

Particulates, > 2.5 um, and < 10um

filter layer, gravel, 0.3m, without geotextile

filter layer, geotextile, 175 g/m2

disposal, filter layer, gravel, 0.3m, without geotextile

disposal, filter layer, geotexile, 175 g/m2

Location

RER
RER

RER
RER

RER
RER

RER

GLO

RER

CH

CH

RER

RER

RER

RER

InfrastructureProcess

O RrRrER B RBR

Unit

m2
m2

m2

m2

m2
kg
m2

Ml

tkm

kg
kg
kg
kg
m2
m2
m2

m2

filter layer,
gravel,
0.3m,
without
geotexile

6.90E+2

2.04E+0

3.45E+1

4.83E-3

1.28E-3

filter layer,
geotextile,
175 g/m2

3
N

© ocoo o ko

1.00E+0

1.04E+0

3.50E-2

7.00E-2

disposal,
filter layer,  disposal,
gravel, filter layer,
0.3m, geotextile,
without 175 g/m2
geotextile
RER RER
1 1
m2 m2
0 0
0 0
1 0
0 1
0 0
0 0
- 2.94E-3
- 5.60E-2
- 9.10E-2

life cycle,
filter

without
geotextile

1.00E+0

1.00E+0

life cycle, &
filter 2
lay 2
yer,  c
geotextile &
175 8
c
g/im2 >
RER
1
m2
0
0
0
0
0
1
- 1
- 1
- 1
- 1
- 1
- 1
- 1
- 1
- 1
- 1
1.00E+0 1
- 1
1.00E+0 1

GeneralComment

StandardDeviation95%

1.07 (2,1,1112);

(3,1,1,1,1,5); uncertainty set to
1.05: 5% cuttings and other
(2,3,3,1,1,5); asphalt mixture,
compaction, distribution etc.

1.05
1.25

(4,5,na,na,na,na); gravel and
bitumen: 50 km; geosynthetics:
2.09 200 km; disposal: 40 km to
recycling plant, 20 km to municial
incineration and landfill

(4,5,na,na,na,na); geosynthetics:
400 km

(4,1,1,1,1,5); 32 % of
geosynthetic

(4,1,1,1,1,5); 52 % of
geosynthetic

(2,3,4,3,1,5); due to loading and
tipping of gravel

(2,3,4,3,1,5); due to loading and
tipping of gravel

1.00 (1,1,1,1,1,1); uncertainty setto 1

=
w
o

2.10

1.00 (1,1,1,1,1,1); uncertainty setto 1
1.00 (1,1,1,1,1,1); uncertainty setto 1

1.00 (1,1,1,1,1,1); uncertainty setto 1
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Tab. 7.2: EcoSpold meta information of cases 1A and 1B
. filter layer, gravel, filter layer, disposal, filter
S:ferenceFuncn Name 0.3m, without geotextile, 175 layer, gravel, 0.3m,
geotextile g/m2 without geotextile

Geography Location RER RER RER
ReferenceFunctio InfrastructureProcess 1 1 1
ReferenceFunctio Unit m2 m2 m2

Thls GRS . This dataset .

includes material, . . This dataset

includes material, .
energy and water includs the

IncludedProcesses

GeneralComment

Infrastructurelncluded
Category
SubCategory
StartDate

EndDate

TimePeriod

DataValidForEntirePeriod

OtherPeriodText

Geography Text

Technology Text

Representativene Percent
ProductionVolume
SamplingProcedure
Extrapolations

UncertaintyAdjustments

Details

OtherDetails

consumption as
well as
infrastructure and
land use for the
construction of a
gravel based filter
layer without
geosynthetics.

The LCl reflects a
filter layer with 0.3

energyand water
consumption as
well as
infrastructure and
land use for the
construction ofa
filter layer based
on a geotextile.

excavation and
disposal of the
materials from the
dismantling of a
gravel based filter
layer without
geosynthetics.

The LCl reflects a
filter layer based
on geotextile 0.175

The LCl reflects a
filter layer with 0.3

disposal, filter
layer, geotextile,

life cycle, filter
layer, gravel, 0.3m,

175 g/m2 without geotextile
RER RER
1 1

m2 m2
This dataset
includs the
excavation and
disposal of the This dataset
materials from the includes
dismantling of a construction and
filter layer based  disposal of a
on a geotextile,as gravel based filter
well as the layer without
transportation of  geosynthetics.

the materials to the
place of disposal
orreuse.

The LCl reflects a
filter layer based
on geotextile 0.175

The LCl reflects a
filter layer with 0.3

life cycle, filter
layer, geotextile,
175 g/m2

RER
1
m2

This dataset
includes
construction and
disposal of a filter
layer based on a
geotextile.

The LCl reflects a
filter layer based
on geotextile 0.175

m thickness. kg/m2 m thickness. kg/m2 m thickness. kgim2

1 1 1 1 1 1
transportsystems transportsystems transportsystems transportsystems transportsystems transportsystems
road road road road road road

[2006 [2006 [2006 [2006 [2006 [2006 ]
[2010 |2010 [2010 |2010 |2010 |2010 |
1 1 1 1 1 1

Data for a situation
in Europe.

Conventional
construction with
building machines.

0
unknown
unknown
none
none

07.10.2011
\ServenE\ESU-

Docs\Projekte
laufend\319
Okobilanz
Geotex\Berechnun
gen\Case 1\[319-
ecospold-filter-
construction-case-
1-0.2.X4sX]%-
Process

Data for a situation Data for a situation
in Europe. in Europe.

Construction ofa  Excavation by

geosynthethics hydraulic

with building excavator,
machines. transport by lorry
0 0

unknown unknown
unknown unknown

none none

none none
07.10.2011 07.10.2011
\Server\E\ESU- \Serven\E\ESU-
Docs\Projekte Docs\Projekte
laufend\319 laufend\319
Okobilanz Okobilanz

Geotex\Berechnun Geotex\Berechnun

Data for a situation Data for a situation Data for a situation

in Europe. in Europe.
Excavation b .
. Y Conventional
hydraulic X "
construction with
excavator,

transport by lorry

building machines.

0 0

unknown unknown
unknown unknown

none none

none none
07.10.2011 07.10.2011
\Serven\E\ESU- \Serven\E\ESU-
Docs\Projekte Docs\Projekte
laufend\319 laufend\319
Okobilanz Okobilanz
Geotex\Berechnun Geotex\Berechnun

gen\Case 1\[319-
ecospold-filter-
construction-case-
1-0.2 XIsX]X-
Process

gen\Case 1\[319-
ecospold-filter-
construction-case-
1-0.2.4sXX-
Process

gen\Case 1\[319-
ecospold-filter-
construction-case-
1-0.2 XIsX]X-
Process

gen\Case 1\[319-
ecospold-filter-
construction-case-
1-0.2.4sXX-
Process

in Europe.

Construction of a
geosynthethics
with building
machines.

0
unknown
unknown
none
none

07.10.2011
\\Serven\E\ESU-

Docs\Projekte
laufend\319
Okobilanz
Geotex\Berechnun
gen\Case 1\[319-
ecospold-filter-
construction-case-
1-0.2 XIsX]X-
Process
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Tab. 7.3:

Name

Location
InfrastructureProcess
Unit
filter layer, gravel, 0.4m, without geotextile
filter layer, gravel, 0.2m, without geotextile

disposal, filter layer, gravel, 0.4m, without geotextile

disposal, filter layer, gravel, 0.2m, without geotextile

life cycle, filter layer, gravel, 0.4m, without geotextile
life cycle, filter layer, gravel, 0.2m, without geotextile

gravel, unspecified, at mine

diesel, burned in building machine

transport, lorry >16t, fleet average

Particulates, >10 um

Particulates, > 2.5 um, and < 10um

filter layer, gravel, 0.4m, without geotextile

filter layer, gravel, 0.2m, without geotextile
disposal, filter layer, gravel, 0.4m, without geotextile

disposal, filter layer, gravel, 0.2m, without geotextile

Location

RER

RER

RER

Unit process raw data of the filter layer

InfrastructureProcess

s in the cases 1AS1 and 1AS2

Unit

m2
m2

m2

m2

m2
m2

kg

tkm

kg
kg
m2
m2
m2

m2

[
0

9.20E+2

2.71E+0

4.60E+1

6.44E-3

1.70E-3

[
0

4.60E+2

1.36E+0

2.30E+1

3.22E-3

8.51E-4

1

oo o

o

oo k

o

o

ok

1.00E+0

1.00E+0

0
0
0
1
- 1107 (21,1,1,1,2;3,1.05);
_ 1 125 (233.1,152,1.05); asphalt mixture,
" compaction, distribution etc.
(4,5,na,na,na,na;5,2); gravel and bitumen:
B 1 209 50 km; geosynthetics: 200 km; disposal: 40
"7 km to recycling plant, 20 km to municial
incineration and landfill
_ 1163 (2,3,4,3,1,5;18,1.5); due to loading and
tipping of gravel
_ 210 (2,3,4,3,1,5;19,2); due to loading and tipping
“ " ofagravel
- 1 (1,1,1,1,1,1;9,3); uncertainty setto 1
1.00E+0 1 (1,1,1,1,1,1;9,3); uncertainty setto 1
= 1 (1,1,1,1,1,1;9,3); uncertainty setto 1
1.00E+0 1 (1,1,1,1,1,1;9,3); uncertainty setto 1
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Tab. 7.4: EcoSpold meta information of the filter|  ayers in the cases 1AS1 and 1AS2
filter layer, gravel, filter layer, gravel, disposal, filter disposal, filter life cycle, filter life cycle, filter
ReferenceFunction Name 0.4m, without 0.2m, without layer, gravel, 0.4m, layer, gravel, 0.2m, layer, gravel, 0.4m, layer, gravel, 0.2m,
geotextile geotextile without geotextile  without geotextile  without geotextile  without geotextile
Geography Location RER RER RER RER RER RER
ReferenceFunction InfrastructureProcess 1 1 1 1 1 1
ReferenceFunction Unit m2 m2 m2 m2 m2 m2
This dataset This dataset
includes material, includes material, This dataset This dataset
energy and water energy and water includs the includs the This dataset This dataset
consumptionas  consumption as  excavation and excavation and includes includes
well as well as disposal of the disposal of the construction and  construction and
IncludedProcesses infrastructure and infrastructure and materials from the materials from the disposal of a disposal ofa
land use for the land use for the dismantling ofa  dismantling ofa  gravel based filter gravel based filter
construction ofa  construction ofa  gravel based filter gravel based filter layer without layer without
gravel based filter gravel based filter layer without layer without geosynthetics. geosynthetics.
layer without layer without geosynthetics. geosynthetics.
geosynthetics. geosynthetics.
The LClreflectsa TheLClreflectsa TheLClreflectsa TheLClreflectsa TheLClreflectsa The LClreflects a
GeneralComment filter layer with 0.4 filter layer with 0.2 filter layer with 0.4 filter layer with 0.2 filter layer with 0.4 filter layer with 0.2
m thickness. m thickness. m thickness. m thickness. m thickness. m thickness.
InfrastructureIncluded 1 1 1 1 1 1
Category transportsystems transportsystems transportsystems transportsystems transportsystems transportsystems
SubCategory road road road road road road
TimePeriod StartDate [2006 [2006 [2006 [2006 [2006 [2006 ]
EndDate [2010 |2010 |2010 |2010 |2010 |2010 |
DataValidForEntirePeriod 1 1 1 1 1 1
OtherPeriodText
Data for a situation Data for a situation Data for a situation Data for a situation Data for a situation Data for a situation
Geography Text . . . . . .
in Europe. in Europe. in Europe. in Europe. in Europe. in Europe.
Conventional Conventional Exgavalt.lon by Exgavalt.lon by Conventional Conventional
Technology Text construction with  construction with yarautic yarautic construction with  construction with
- . - . excavator, excavator, - . - .
building machines. building machines. building machines. building machines.
transportbylorry  transport by lorry
Representativeness Percent 0 0 0 0 0 0
ProductionVolume unknown unknown unknown unknown unknown unknown
SamplingProcedure unknown unknown unknown unknown unknown unknown
Extrapolations none none none none none none
UncertaintyAdjustments none none none none none none
Details 05.10.2011 05.10.2011 05.10.2011 05.10.2011 05.10.2011 05.10.2011
L\ESU- L\ESU- L\ESU- L\ESU- L\ESU- L\ESU-
Docs\Projekte Docs\Projekte Docs\Projekte Docs\Projekte Docs\Projekte Docs\Projekte
laufend\319 laufend\319 laufend\319 laufend\319 laufend\319 laufend\319
Okobilanz Okobilanz Okobilanz Okobilanz Okobilanz Okobilanz
Geotex\Berechnun Geotex\Berechnun Geotex\Berechnun Geotex\Berechnun Geotex\Berechnun Geotex\Berechnun

OtherDetails

gen\Case 1\[319-
ecospold-filter-
construction-case-
1-sensitivity-

gen\Case 1\[319-
ecospold-filter-
construction-case-
1-sensitivity-

gen\Case 1\[319-
ecospold-filter-
construction-case-
1-sensitivity-

gen\Case 1\[319-
ecospold-filter-
construction-case-
1-sensitivity-

gen\Case 1\[319-
ecospold-filter-
construction-case-
1-sensitivity-

gen\Case 1\[319-
ecospold-filter-
construction-case-
1-sensitivity-

0.2.XIsx]X-Process 0.2.XIsx]X-Process 0.2.Xsx]X-Process 0.2.Xsx]X-Process 0.2.Xsx]X-Process 0.2.Xsx]X-Process

C.1.4 Geosynthetic layer

In total 13 questionnaires are included in calecngathe average life cycle inventory of a geosytithe
layer used in the filter application.

The quality of the data received is consideredetadcurate. The level of detail was balanced befare-
elling an average geosynthetic layer, i.e. inforamabn water consumption, lubricating oil consuropfi
etc. need to be added for some companies and iofbemation deleted (packaging). In the followirget
life cycle inventory and assumptions are described.

Raw materials

Some of the companies start the production witlygropylene granules, the others with polypropylene
fibres. Three companies provided further data tdehthe fibre production. Other intermediate goads
modelled with data referring to the extrusion dgtic films from granulates (ecoinvent Centre (3010
based on information derived from PlasticsEurope).
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To the authors knowledge it is not possible to poeda geosynthetic layer without plastic wasteg. (e.
cutting waste or rejects). Thus, it is not possthit the input material equals the product outpbere-
fore, an average share of cutting wastes of 4.8°&@lded in case 100 % material efficiency is irtdidan
the questionnaire. This share is calculated usiagaverage of those companies (more than 3) imolicat
cutting wastes. These wastes are mostly recyclad. tb the allocation approach used in this stude (s
also Section 1.9.2) no burdens and no credits|i@aged to such wastes. Thus, it is not possig the
input material equals the product output.

The UV stabiliser and surface treatment used imthaufacture of the geosynthetic material is medell
as organic chemicals. Master batch is modelledasdip granulate.

Raw materials need to be transported to the fastoBtandard distances as defined in Frischknectit e
(2004) are used to estimate transportation expamrditi.e. 100 km by lorry >16t and 600 km by train

Working materials

To balance the level of detail of the data reportethe questionnaires standard values are incldaoled
lubricating oil and water where unknown. These d&ad values are calculated using the average ektho
companies indicating water and lubricating oil aanption. However, some companies do not use water
in the production. These companies are includetlaraverage. A small part of the questionnairesasion
information about packaging material. As the mam#rébution of packaging is less than 3 %, packagin
material is excluded from the average geosyntleyer inventory.

Energy consumption

Electricity consumption is modelled with countryesgic electricity mixes. In case the productiocde
tion is unknown, UCTE electricity mix is includeHeating energy is included where known. However,
its influence on the environmental impacts of getisgtic layer production is relatively small. Noven
ronmental burdens are allocated to district was, hlike for instance heat from a waste incinerati
plant or a cement plant (see Subchapter 1.9). iierigtorking with LPG are modelled with the opeacati

of a natural gas passenger car.

Airborne emissions

It is assumed that 100 % of the electricity constingseconverted to waste heat and that 100 % of the
waste heat is released to air. Some companiestregdion emissions. These are assumed to be non me-
thane volatile organic compounds (NMVOC). Data dbather airborne emissions are taken from the
guestionnaires. Not reported emissions are clagsds unkown emissions and thus are not included in
calculating the average geosynthetic. It is assuthatlithe manufacturing plants are located in an ur
ban/industrial area. Thus, the pollutants are caiegd as emanating in a high population densisar

Emissions to water

Some companies provide information of BOD and C@Dcentrations in the water effluent. These efflu-
ents are modelled with the ecoinvent wastewatatrirent tool. The concentration of pollutants in ¢fie
fluent is comparable to those of the effluent af gtoinvent process describing the treatment aitpot
starch. Thus, the potato starch effluent treatrdatdset is used to model the wastewater treatmeatsie
no company specific information is available.

Solid waste

Wastes, such as household, plastic and sludge svastevell as spent lubricating oil, are considened
those cases, where data are provided. Dependintgeonountry, these wastes are either incinerated or
landfilled. Material, which is recycled, is neith&rarged with burdens nor credits (see also Sett@R).
Commonly recycled materials are cutting waste(imal or external recycling) and paper.

Infrastructure and land use

The participating companies provide informationtbe area of the production site and the number of
floors of the buildings. Buildings are assumeddwdna lifetime of 80 years.
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Selected key figures

Tab. 7.17 summarizes most important key figureh®fproduction of an average geosynthetic layer.

Tab. 7.5: Selected key figures referring to the pro  duction of 1 kg geosynthetic layer used in filter a pplication

Unit Value
Raw materials ka/kg 1.05
Water ka/kg 2.16
Lubricating ol ka/kg 0.0026
Electricity kWh/kg 1.14
Thermal energy MJ/kg 1.49
Fuel for forklifts MJ/kg 0.09
Building hall m%/kg 2.51*10°

C.2 Case 2 — Road construction

We consider three different types of a class IlHd.oCase 2A is a conventional road, case 2B isd, ro
which uses geosynthetics as a stabiliser betweefotimdation and the subgrade and case 2C is a road
stabilised with a cement/quicklime mixture. Forleaase one LCI dataset of the construction of el r

and one LCI dataset of the disposal of the roaccerated. The unit process raw data are shownlin Ta
7.6. The EcoSpold meta information is displayedab. 7.7.

C.2.1 Construction

A road of class Il with 1 m length and 12 m widshconsidered. The total thickness of the casedad r
is 1200 mm, whereas the total thickness of the 2Bspad is 852 mm and the total thickness of the
case 2C road is 650 mm.

The foundation stabilisation is not needed for ¢baventional construction of a class Ill road, the
foundation layer of sandy gravel is considerabigiér compared to a stabilised foundation.

The foundation stabilisation of the case 2B roaddkieved with a geosynthetic. Thereon, a 600 mm
foundation layer of sandy gravel is established: Tibe of geosynthetics in case 2B substitutesgbei
cement or quicklime.

The foundation stabilisation of the case 2C roaatlseved by mixing cement and lime into the sdihw
in a layer of 250 mm thickness. On top of this ioyad soil, a foundation layer of 320 mm sandy dgrave
is created.

Furthermore, all three road types have a 150 mifagiadtructure made from gravel and a 180 mm asphal
layer that is made from gravel, sand and 5 % bitume

The LCI refers to a road life time of 30 years, e¥his also the expected life time of the foundatowl

the geosynthetic layer. The foundation has a difertime of 30 years, because of the demandinglieon
tions of the weak soil ground. The life time of tt0 mm binder course (30 years) and 40 mm surface
layer (15 years) are considered to be the sanretas cases 1A and 1B.

With the information above and a bitumen and graleglsity of 2.3 t/ry the total amount of gravel and
bitumen used for the construction of one meter fachses 2A, 2B and 2C is calculated. For the 2Bse
12 nt geosynthetics per meter road are required.

For the gravel used, a mix of 21 % crushed grandl 29 % round gravel is considered (according o th
corresponding ecoinvent dataset) and the elegtmaix and the transport modes are adjusted to the-E
pean situation.

During the road construction, diesel is used fer dperation of various building machines. Applysig-
tistical fuel consumption data published by ScHaff& Keller (2008) and assuming a digging effiagn
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of 100 n¥/h, the average energy consumption is 4.4 MJ gatigging with a hydraulic excavator (power
size between 75 and 130 kW).

Hot mixing practises in central mixing facilitieseamost common for mixing gravel and bitumen indroa
constructior?. According to Frischknecht et al. (1994), the diesonsumption for hot mixing of gravel
and bitumen amounts to 9 kg per ton, which equabntenergy consumption of 385 MJ/t. This is in the
same order of magnitude like the 260 MJ/t publishgdreiter (1983) for the operation of a mixing fa
cility and the 288 MJ/t specified by Daniel Kasti hot mixing in a central mixing facility. Therefore,
we take into account an energy consumption of 30& kdr hot mixing. Furthermore, 0.27 MJ/t are in-
cluded for the spreading of the foundation matefiad7 MJ/t are used for the compaction of the &aun
tion, and 17.4 MJ/t are used for the compactioniatebration of the pavement (Breiter 1983). Thi¢ so
stabiliser (cement or quicklime) is mixed with il by applying a disc harrow, which mixes 86 mma-
terials per hout’ The diesel consumption of the disc harrow is atersid with 11.4 MJ/h as reported for
a rotary hallow (Nemecek et al. 2007).

The diesel consumption of mounting the geosynthésiconsidered with about 1.0 M3/as reported by
Egloffstein & Burkhard (2006), who assume an 8 hase of an excavator with a fuel consumption of
461 MJ per hour and a 3 hour use of a wheel loattara fuel consumption of 500 MJ per hour, having
5000 nj of geosynthetics mounted per day.

For the transportation by lorry of bitumen and glaan average distance of 50 km to the construsiten
is assumed. For the transportation of cement,ralatd distance of 100 km by lorry and 100 km byisai
considered (Frischknecht et al. 2007b). Geosyruhetie typically transported around 600 km to theg
of use'® We assume that 400 km is covered by rail and 200 lorry.

In cases 2A, 2B and 2C the transportation of theerias to the construction site is considered \aith
average dataset of European rail freight transportaand a dataset of a European fleet averagg lorr
(<16t).

NMVOC emissions in road construction originate fréime use of bitumen. In this study, we apply an
emission factor of 7.2 kg NMVOC/t bitumen, as psibéd in BUWAL (2000). The particulate matter
emissions from the combustion of diesel are induthethe dataset of the operation of the buildirgr m
chines, whereas the particulate emissions from amgchl processes and activities are considered sepa
rately. According to Spielmann et al. (2007) 7 myéaparticles (>1@m) and 1.8 g coarse particles (2.5-10
um) per ton of gravel moved are emitted due to meichhprocesses.

For the case 2B a sensitivity analysis is perforniedhe case 2BS1 the frost sensitive soil is eated
and replaced by gravel and in case 2BS2 no separatd filter geosynthetic is used for the consinac

In addition to the case 2C standard scenario witkeraent/lime stabiliser, a sensitivity analysipes-
formed. For the case 2CS1 a stabiliser with quieglonly and for the case 2CS2 a stabiliser withezgm
only is considered. According to a civil enginegraxpert, milled quicklime is commonly used asabst
liser and the amount of 5 — 10 mass percentagélague is typically required in order to stabiliseeak
soil.** The same transport distances are considered alsefaement stabiliser. The inventory data of the
quicklime stabiliser are also presented in Tah. 7.8

C.2.2 Disposal

The asphalt and gravel in road infrastructure isallg reused after removal of a road. Accordingptas-
ticsEurope (2009) in 2008 16 % of plastics usechimstruction are recycled, 52 % are sent to landfid
32 % are sent to municipal incineration. These eshare applied for the disposal of the geosynthetic

12 personal communication with Daniel Késtli, manggiirector of the Késtlibau AG (17. September 2010)
13 personal communication with Henning Ehrenberg GEProject Working Group (31. January 2010)
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The standard transport distance to the landfill #red municipal waste incinerating plant is 20 krheT
soil improved with cement is left onsite and natpaised of.

C.2.3 Unit process raw data of the infrastructure e  lement

Tab. 7.6:  Unit process raw data of cases 2A, 2Band 2C

e cycie, . "
] disposal,  disposal, mz,;, ez, e, §
g road road road road,  foundatio 00 4% & F
s & road., . y . . : n foundatio foundatio g 5
Name g ;sj E comemonal win  wih swbiisaton swbiisaio swbiisat N 0 § & ceneralComment
S E . geosyntheti cementlim , without n, with on, . : g B
3 geosynthetics cs e geosynthetic geosyntheti without CRCTE - LTI B k]
g geosynth cementli 5 ¢
£ S e geo.s)flm etics me %
Location RER RER RER RER RER RER RER RER
Infras tructureProcess 1 1 1 1 1 1 1 1
Unit m m m m m m m m
product road, conventional without geosynthetics RER 1 m 1 0 0 0 0 0 0 0
road, reinforced with geosynthetics RER 1 m 0 1 0 0 0 0 0 0
road, stabilised with cementlime RER 1 m 0 0 1 0 0 0 0 0
disposal, rgad‘ foundation stabilisation, without RER 1 i@ 0 0 0 1 0 0 0 0
geosynthetics
disposal, road, foundation stabilisation, with RER 1 m 0 0 0 0 1 0 0 0
life cycle, road, foundation stabilisation, without RER 1 m 0 0 0 0 0 1 0 0
life cycle, road, i ilisation, with geosy i RER 1 m 0 0 0 0 0 0 1 0
life cycle, road, i ilisation, with i RER 1 m 0 0 0 0 0 0 0 1
technosphere bitumen, at refinery CH o0 kg 3.04E+2 3.04E+2 3.04E+2 1 122 (23,1,1,15;31.05);
gravel, unspecified, atmine RER 0 kg 3.39E+4 2.43E+4 187E+4 - - - - - 1107 (21,1,1,1,2;31.05);
c2, geosynthetic, average, road construction RER 0 m2 - 1.20E+1 - 17105 (31,1,1,1,5;3,1.05); uncertainty
cl, geosynthetic, average, road construction RER 0 m2 - 1.20E+1 - - - - - - 17105 (3.1,1,1,1,5;3,1.05); uncertainty
B diesel, burned in building machine GLO 0 L) 1.96E+3 1.97E+3 1.97E+3 - - - - - 1 1.25 (2.3,3,1,1,5;2,1.05); asphalt
transport, lorry >16t, fleet average RER 0 tkm 171E+3 123E+3  9.94E+2 - 8.60E-2 - - - 1 209 (4,5nanananas5,2); gravel and
. (33,1,1,1,5;3,1.05); uncertaintyis
cement, unspecified, at plant CH 0 kg - - 155E+2 - - - - - 1 133 33% according to the
quickime, milled, loose, at plant CH 0 kg . . 259E+2 . . . . - 1)1a3 @11.11531.05) unceriaintyis
B 33% according to the
B transport, freight, rail RER 0 tkm - 2.05E+0 4.14E+1 - - - 1 2.09 (45,nana,nana5,2);
.dis.pusal.‘ polyprop: , 15.9% water, to CH o kg R R R R 164E40 R R R 1130 (4‘1‘1‘1‘1‘5.‘6‘1 05);32 % of
incineration geosynthetic
disposal, polypropylene, 15.9% water, to sanitary landfill CH 0 kg - - - - 2.66E+0 - - - 1 130 (4‘1‘1‘1‘1‘5.‘6‘1 05);52.% of
geosynthetic
emission resource, Transformation, from unknown - - m2 1.20E+1 1.20E+1 1.20E+1 - - - - - 1/1.00 (25,1,1,na5:8,2); uncertainty set
Transformation, to traffic area, road network - - m2 1.20E+1 1.20E+1 1.20E+1 - - - - - 1/1.00 (25,1,1,na5:8,2); uncertainty set
Occupation, traffic area, road network - - m2a 3.60E+2 3.60E+2 3.60E+2 - - - - - 1,100 (25,1,1,na5;7,15); uncertainty
emlssm.lt\ air, NMVDC.‘ nunrn?e.thanevnlanle organic compounds, R R kg 219E+0 210E40 219E+0 R R R R R 1 158 (2.3.331516,15);
unspecified unspecified origin
Particulates, > 10 um - - kg 2.37E-1 1.70E-1 131E-1 - - - - - 1 1.63 (2,3,4,3,1,5:18,15);due to
Particulates,> 2.5 um, and < 10um - - kg 6.28E-2 4.50E-2 347E-2 - - - - - 1 2.10 (2:3,4,3,1,5:19,2); due to loading
road, jonal without g i RER 1 m - - - - - 100E+0 - - 1 60 (1,1,1,1,1,1;9,3); uncertainty set to
road, reinforced with geosynthetics RER 1 m - - - - - - 1.00E+0 1/1.00 (1,1,1,1,1,1;93); uncertaintyset to
| road, stabilised with cementlime RER 1 m - - - - - - 100E+0 1 1.00(1,1,1,1,1,1;9,3); uncertaintyset to
disposal, rgad‘ foundation stabilisation, without RER 1 i@ R R R R R 1.00E40 R 100E+0 11,00 (1,1,1,1,1,1;9,3); uncertainty set to
geosynthetics 1
disposal, road, foundation stabilisation, with RER 1 m - - - - - - 1.00E+0 - 17100 (1,1,1,1,1,1;93); uncertaintyset to
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Tab. 7.7: EcoSpold meta information of cases 2A, 2B and 2C

ReferenceFuncti

Name
on
Geography Location

ReferenceFunctio InfrastructureProcess
ReferenceFunctio Unit

IncludedProcesses

GeneralComment

Infrastructureincluded

Category

SubCategory
TimePeriod StartDate

EndDate

DataValidForEntirePeriod

OtherPeriodText

Geography Text

Technology Text

Representativene Percent
ProductionVolume
SamplingProcedure
Extrapolations
UncertaintyAdjustments
Details

OtherDetails

. dlsposal,.road, disposal, road, B e, .road, life cycle, road, life cycle, road,
road, conventional . - foundation . foundation . .
. road, reinforced road, stabilised PR foundation Lo foundation foundation
without . ) ) N stabilisation, L . stabilisation, L . L .
. with geosynthetics  with cementlime . stabilisation, with . with with
geosynthetics without N without L o
. geosynthetics .
geosynthetics geosynthetics
RER RER RER RER RER RER RER RER
1 1 1 1 1 1 1 1
m m m m m m m m
This dataset Thls G
A . . includs the
This dataset This dataset includs the .
A A . . . . excavation and
This dataset includes material, includes material, excavation and disposal of the
includes material, energyand water energyand water disposal of the ma?en'a]s from the This dataset This dataset
energyand water consumption as consumption as materials from the dismantling of a This dataset includes includes
consumptionas  well as well as dismantling ofa 9 . includes construction and  construction and
. X class 3 roadwith . N N
well as infrastructure and  infrastructure and class 3 road cosynthetic construction and  disposal ofa class disposal of a class
infrastructure and  land use for the land use for the cement stabilised Stabil?;ed disposal of a 3 road with 3 road with
land use for the construction ofa  construction ofa  foundation, as well ) conventional road geosynthetic cementlime
. ) ) foundation, as well - .
construction ofa  class 3road with  class 3road with  as the as the class 3. stabilised stabilised
conventional road geosynthetic cement/lime transportation of foundation. foundation.

transportation of
the materials to the
place of disposal
or reuse.

class 3. stabilised stabilised the materials to the
foundation. foundation. place of disposal
orreuse.

The LClreflects a The LClreflects a The LClreflects a The LClreflects a The LClreflectsa The LClreflects a The LClreflects a The LClreflects a
class 3road of 12 class 3road of 12 class 3road of 12 class 3 road of 12 class 3road of 12 class 3road of 12 class 3road of 12 class 3 road of 12
m widthand 0.9 m m width and 0.93 mwidth and 0.93 m widthand 0.9 m m widthand 0.93 m widthand 0.9 m m width and 0.93 m width and 0.93

thickness. m thickness. m thickness. thickness. m thickness. thickness. m thickness. m thickness.

1 1 1 1 1 1 1 1
transportsystems  transport systems  transportsystems transportsystems transport systems transportsystems transportsystems transportsystems
road road road road road road road road
|2006 [2006 [2006 |2006 [2006 |2006 [2006 [2006 |
|2010 |2010 |2010 |2010 |2010 |2010 |2010 |2010 |
1 1 1 1 1 1 1 1

Data for a situation Data for a situation Data for a situation Data for a situation Data for a situation Data for a situation Data for a situation Data for a situation

in Europe. in Europe. in Europe. in Europe. in Europe. in Europe. in Europe. in Europe.
. Constructionofa  Construction ofa  Excavation by Excavation by . Construction ofa  Construction of a
Conventional road . . " . Conwentional road h .
. ) geosynthethics geosynthethics hydraulic hydraulic ) ) geosynthethics geosynthethics
construction with . - . - construction with . I . -
i . road with building  road with building  excavator, excavator, - . road with building road with building
building machines. . N building machines. . .
machines. machines. transportbylorry  transport by lorry machines. machines.
0 0 0 0 0 0 0 0
unknown unknown unknown unknown unknown unknown unknown unknown
unknown unknown unknown unknown unknown unknown unknown unknown
none none none none none none none none
none none none none none none none none
05.10.2011 05.10.2011 05.10.2011 05.10.2011 05.10.2011 05.10.2011 05.10.2011 05.10.2011
Z\ESU- Z\ESU- Z\ESU- Z\ESU- Z\ESU- Z\ESU- Z\ESU- Z\ESU-
Docs\Projekte Docs\Projekte Docs\Projekte Docs\Projekte Docs\Projekte Docs\Projekte Docs\Projekte Docs\Projekte
laufend\319 laufend\319 laufend\319 laufend\319 laufend\319 laufend\319 laufend\319 laufend\319
Okobilanz Okobilanz Okobilanz Okobilanz Okobilanz Okobilanz Okobilanz Okobilanz
Gec echnun  Gec echnun  Gec echnun  Gec echnun  Gec echnun  Gec echnun  Gec hnun  Gec echnun

gen\Case 2\[319- gen\Case 2\[319- gen\Case 2\[319- gen\Case 2\[319- gen\Case 2\[319- gen\Case 2\[319- gen\Case 2\[319- gen\Case 2\[319-
ecospold-case 2- ecospold-case 2- ecospold-case 2- ecospold-case 2- ecospold-case 2- ecospold-case 2- ecospold-case 2- ecospold-case 2-
road-construction- road-construction- road-construction- road-construction- road-construction- road-construction- road-construction- road-construction-
Vv0.4.X4sx]X-Process V0.4.Xsx]X-Process V0.4.XIsX]X-Process v0.4.Xsx]X-Process V0.4.xIsx]X-Process v0.4.XIsxX-Process v0.4.Xsx]X-Process V0.4.Xsx]X-Process
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Tab. 7.8:

Name

Location
InfrasructureProces s
Unit

road, reinforced with geosynthetics, soil replacement
road, reinforced with geosynthetics, no separation
geosynthetic

road, stabilised with quicklime

road, stabilised with cement

dis posal, road, foundation stabilisation, without
geosynthetics

dis posal, road, foundation stabil
geosynthetics

dis posal, road, foundation stabil
geosynthetics, without separation

life cycle, road, foundation stabilisation, with
geosynthetics, soil replacement

life cycle, road, foundation stabilisation, with
geosynthetics, no separation

Iife cycle, road, foundation stabilis ation, with quicklime
Iife cycle, road, foundation stabilis ation, with cement
bitumen, at refiner

gravel, unspecified, at mine

ation, with

ation, with

2, geosynthetic, average, road construction
c1, geosynthetic, average, road construction

diesel, burned in building machine.

excavation, skid-steer loader

transport, lory >161, fleet average

cement, unspecified, at plant

quickime, milled, loose, at plant
trans port, freigh, rail

disposal, polypropylene, 15.9% water, to municipal
incineration

disposal, polypropylene, 15.9% water, to sanitarylandiil
Transformation, from unknown

Transformation, to traffic area, road network

Oceupation, trafiic area, road network

NMVOC, non-methane volatile organic compounds,
unspecified origin

Particulates, >10 um

Particulates, >2.5 um, and < 10um
road, reinforced with geosynthetics, soil replacement
road, reinforced with geosynthetics, no separation

road, stabilised with quick lime
road, stabilis ed with cement
disposal, road, foundation stabilisation, without
geosynhetics

disposal, road, foundation stabilisation, with
geosynhetics

disposal, road, foundation stabilisation, with
geosynthetics, without s eparation

Location

[N E R InfrastructureProcess

© cokrkr M

Unit

3 33 3 3

3

3 33 3 388 &

3

© oo o ~

199E+3
202E+0

156E+3

120E+1

120E+1

360E+2

219E+0

2.03E-1
5.36E-2

Unit process raw data of the cases 2BS1,

© oo ~ o

196E+3

123E+3

120E+1

120E+1

360E+2

219E+0

170E-1
4.50E-2

2BS2, 2CS1 and 2CS2

o or o o

°

3.04E+2
187E+4.

1.97E+43

1.00E+3

o

5.18E+2
5.18E+1

1.20E+1
1.20E+1
3.60E+2
2.19E+0

131E-1
3.47E-2

o ko o o

°

3.04E+2
187E+4.

1.96E+3

9.83E+2

3.11E+2

o
311E+L

1.20E+1
1.20E+1
3.60E+2
2.19E+0

131E-1
34762

» oo o o

© oo o o

B.60E-2

164E+40

2.66E+0

© oo o o

0050688

9.65E-1

157E40

© oo o o

1.00E+0

© oo o o

100E+0

© oo o o

°

or o

100E+0

100E+0

© oo o o

100E+0
100E+0

-

122 (2311153,1.05);
107 (21,1,112:3,1.05),

(3,1,1,1,1,5:3,1.05); uncertainty set to 1.05: 5% cutings
and other excess material
125

(3.1,1,1,1,5:3,1.05); uncertainty set to 1.05: 5% cutings
and other excess material
(2.33,1,1,5:2,1.05); asphalt mixture, compaction,
distribution etc.
105 (11,1,1112,1.08)

(45.na,na na,nas.2); gravel and bitumen: 50 km;
209 geosynthetics: 200 km; disposal: 40 km to recycling
plant, 20 km to municial incineration and landfill

-

(4,1,1,1,1,5;3,1.05); uncertainty is 33% according to the
s pecification EAGM provided
209 (4,5,na,nananas.2). geosynthetics: 400 km

(3.3,1,1,1,5:3,1.05); uncertainty is 33% according to the
specification EAGM provided

-

130 (411115:

.05); 32 % of geosynthetic

-

(4.1,1,1.1,56,1.05); 52 % of geos ynthetic

130
(2551,1na,58 2); uncertaintysetto 1 as there is no
uncertainty concerning the land use of the road.
(2551,1na,58 2); uncertaintysetto 1 as there is no

158

uncertainty concerning the land use of the road.
(2,5,1,1,na,5;7,1 5); uncertainty setto 1 as there is no
uncertainty concerning the land use of the road.

(233315:1615);

163 (2,3,4,3,1.5:18,1 5); due to loading and tipping of gravel

210 (2,3,4,315:19,2); due toloading and tipping of gravel
(1,1,1,1,1,1:9,3); uncertainty setto 1

(1,1,1,1,1,1:9,3); uncertainty setto 1

1
1
1
1 (1,1,1,1,1,1:9,3); uncertainty set o 1
1
1 (1,1,1,1,1,1:9,3); uncertainty set to 1
1

(1,1,1,1,1,1:9,3); uncertainty setto 1
1 (1,1,1,1,1,1:9,3); uncertainty setto 1

1 (1,1,1,1,1,1:9,3); uncertainty set to 1
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Tab. 7.9: EcoSpold meta information of the cases 2B S1, 2BS2, 2CS1 and 2CS2

disposal, road, disposal, road, life cycle,road, life cycle, road,
road, reinforced P disposal, road, P o o life cycle, road, e cycle, road,
road, reinforced foundation foundation foundaton foundation
with geosynthetics,  road, stabilised  road, stabilised foundation foundation foundation
ReferenceFunction  Name with geosynthetics, stabilisation, with with with
no separation with quick lime with cement stabilisation, with stabilisation, with  stabilisation, with
soil replacement without soil no
geosynthetic geosynthetics quicklime cement
geosynthetics without separation  replacement separation
Geography Location RER RER RER RER RER RER RER RER RER RER RER
1 1 1 1 1 1 1 1 1 1 1
ReferenceFunction  Unit m m m m m m m m m m m
This dataset This dataset This dataset
This dataset 'S catase! includes the includes the
includes material,
includes material, 1 * ° %" This dataset This dataset This dataset exavatonand  excavation and
energyand water vy includes material, includes material, includes the disposal ofthe  disposal ofthe  This dataset
consumption as This dataset This dataset
consumption as energyand water energyand water excavationand  materials from the materials from the includes This dataset
wellas includes includes
wellas consumptionas  consumptionas disposal of the ofa ofa and includes
infrastructure and construction and construction and
infrastructure and wellas wellas materials from the class 3 roadwith  class 3 roadwith  disposal ofa construction and
land use for the disposal ofa class disposal ofa class
IncludedProcesses landuse forthe o 4SS O E and and ofa dass g ey disposal of a class
construction of a land use forthe  land use forthe  class 3road stabilised stabilised 3 road without 3 road with cement
class 3 road with geosynthetic quicklime
class 3roadvith ¢ o> 31950 constructionofa  construction ofa  without foundation, as well foundation, as well geosynthetic e e stabilised
geosynthetic Zlahll)l';‘ed road class 3 road class 3 geosyntetic as the as the stabilised o e o S foundation.
stabilised ot vithno Stabilisedwith  stabilised with  stabilised transportation of  transportation of  foundation. - -
foundation with quicklime. cement. foundation. the materials to the the materials to the
separation
sail replacement place ofdisposal  place of disposal
geosynthetic.
or reuse. or reuse.

The LClreflects a The LClreflects a The LClreflects a The LClreflects a The LClrefiects a The LClreflects a The LClreflects a The LClreflects a The LClreflects a The LClreflects a  The LCl reflects a
class 3road of 12 class 3road of 12 class 3road of 12 class 3road of 12 class 3road of12 class3roadof12 class3roadof12 class3roadof12 class 3roadof12 class 3roadof12 class 3road of 12

CALCTe L TS mwidth and 09 m m width and093 m widthand0.9m m widthand 0.9 m m width and 0.93 m widthand 0.9m m widthand 0.9 m m widthand 0.93 m widthand 0.93 m widthand 0.93 m width and 0.93

thickness. m thickness. thickness. thickness. m thickness. thickness. thickness. m thickness. m thickness. m thickness. m thickness.
Infrastructurelncluded 1 1 1 1 1 1 1 1 1 1 1
Category transportsystems transportsystems transportsystems transportsystems transport systems transportsystems transportsystems transportsystems transportsystems transportsystems transport systems
SubCategory road road road road road road road road road road road

TimePeriod StartDate 2006 |2006 [2006 [2006 [2006 [2006 [2006 [2008 [2008 [2008 [2008 |
EndDate |2010 |2010 |2010 |2010 |2010 |2010 |2010 | 2010 | 2010 |2010 | 2010 |
DataValidForEntrePeriod 1 1 1 1 1 1 1 1 1 1 1
OtherPeriodText

Data for asituation Data for a situation Data for a situation Data for a situation Data for a situation Data for a situation Data for a situation Data for a situation Data for a situation Data for a situation Data for a situation

Geography Text

in Europe. in Europe. in Europe. in Europe. in Europe. in Europe. in Europe. in Europe. in Europe. in Europe. in Europe.
Constructionofa  Constuctionofa  COnSTuctonofa  Constuconofa oy i by gcavatonby  Excavationby G ofa C ofa C ofa C ofa
cementflime cementflime

rechnology _— geosynthethics  geosynthethics  co i e SERERARS. | hydraulic hydraulic hydraulic

road with building  road with buiding ot T wits building excavator, excavator, excavator, road with building  road with building  road with building  road with building
machines. machines. transportbylorry  transportbylorry  transportbylorry  machines. machines. machines. machines.
machines. machines.

Representatieness  Percent 0 0 0 0 0 0 0 0 0 0 0
ProductionVolume unknown unknown unknown unknown unknown unknown unknown unknown unknown unknown unknown
samplingProcedure unknown unknown unknown unknown unknown unknown unknown unknown unknown unknown unknown
Extrapolations none none none none none none none none none none none
UncertaintyAdjustments none none none none none none none none none none none
Details 05.10.2011 05.10.2011 05.10.2011 05.10.2011 05.10.2011 05.10.2011 05.10.2011 05.10.2011 05.10.2011 05.10.2011 05.10.2011

Z\ESU- Z\ESU- Z\ESU- Z\ESU- Z\ESU- Z\ESU- Z\ESU- Z\ESU- Z\ESU- Z\ESU- Z\ESU-

D i D DocsProjekie D i D D D i D D D i D i

laufend\319 laufend\319 laufend\319 laufend\319 laufend\319 laufend\319 laufend\319 laufend\319 laufend\319 laufend319 laufend\319

Okobilanz Okobilanz Okobilanz Okobilanz Okobilanz Okobilanz Okobilanz Gkobilanz Gkobilanz Gkobilanz Gkobilanz

OtherDetails

gen\Case 2319- gen\Case 2[319- gen\Case 2[319- gen\Case 2(319- gen\Case 2(319- gen\Case2\[319- gen\Case2\[319- gen\Case 2319- gen\Case 2319 gen\Case 2319 gen\Case 2\[319-
pold 2 pold 2 pold 2 pold 2 pold 2 pold 2 pold 2 pold 2 pold-case 2- pold 2. pold 2.

sensitivity- sensitivity- sensitivity- sensitivity- sensitivity- sensitivity- sensitivity- sensitivity- sensitivity- sensitivity- sensitivity-

0.7 XI5XX-P 0.7 XXX V0.7 XISXX-P V0.7 XISXX-Pr V0.7 XXX V0.7 XIS XX V0.7 XS XX V0.7 XIS XX V0.7 ASXX-Pr V0.7 AS XX V0.7 ASXX-P

C.2.4 Geosynthetic layer

In total 7 questionnaires are included in calcatpthe average life cycle inventory of a geosyntHater
used in foundation stabilisation of a road.

The quality of the data received is consideredetadxurate. The level of detail was balanced befare-
elling an average geosynthetic layer, i.e. inforamabn water consumption, lubricating oil consuropfi
etc. need to be added for some companies and iofbemation deleted (packaging). In the followirget
life cycle inventory and assumptions are described.

Raw materials

Some of the companies start the production witlstiglagranules, the others with intermediate goods
(yarns, straps, etc.). The production of such megtiate goods are modelled with data referrindnéoetx-
trusion of plastic films from granulates (ecoinv&sntre (2010), based on information derived frdasP
ticsEurope).

To the authors knowledge it is not possible to poeda geosynthetic layer without plastic wasteg. (e.
cutting waste or rejects). Thus, it is not possthit the input material equals the product outpbere-
fore, an average share of cutting wastes of 2.1i5°&tlded in case 100 % material efficiency is iatkd

in the questionnaire. This share is calculatedgutie average of those companies (more than 3jatdi
ing cutting wastes. These wastes are mostly redy@ee to the allocation approach used in thisystud
(see also Section 1.9.2) no burdens and no craditallocated to such wastes

Additives used in the manufacture of the geosyitmséaterial are modelled as organic chemicals.

Raw materials need to be transported to the fastoBtandard distances as defined in Frischkneclit e
(2004) are used to estimate transportation expamrditi.e. 100 km by lorry >16t and 600 km by train
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Working materials

To balance the level of detail of the data reportethe questionnaires standard values are incldaed
lubricating oil where unknown. This standard vakiealculated using the average of those compamies
dicating lubricating oil consumption. A small paftthe questionnaires contain information aboukpge
ing material. As the mass contribution of packagsigss than 3 %, packaging material is excludechf
the average geosynthetic material inventory.

Energy consumption

Electricity consumption is modelled with countryesgiic electricity mixes. In case the productiocde
tion is unknown UCTE electricity mix is includedekiting energy is included where known. No environ-
mental burdens are allocated to district waste, likatfor instance heat from a waste incinerapéant or

a cement plant (see Subchapter 1.9). Howevenflteence on the environmental impacts of geosyithet
material production is relatively small. To balariee level of detail of the questionnaires standeaides
are included for diesel consumption of forklifts eva unknown and where not included in the eletyrici
consumption. These standard values are calculaiad the average of those companies (more tham 3) i
dicating diesel consumption.

Airborne emissions

It is assumed that 100 % of the electricity consdinseconverted to waste heat and that 100 % of the
waste heat is released to air. Some companiestregdron emissions. These are assumed to be non me-
thane volatile organic compounds (NMVOC). Data a@dacther airborne emissions are taken from the
guestionnaires where provided and measured. Nottezgpemissions are classified as unkown emissions
and thus are not included in calculating the averggosynthetic. It is assumed that the manufagturin
plants are located in an urban/industrial area sTthe pollutants are categorized as emanatinghigla
population density area.

Emissions to water

No information on wastewater characteristics isilalsée. Thus, wastewater treatment is modelled with
the ecoinvent dataset “treatment, sewage, unpdllibevastewater treatment, class 3.

Solid waste

Wastes, such as household, plastic and sludge svastavell as spent lubricating oil, are considened
those cases, where data are provided. Dependitgeonountry, these wastes are either incinerated or
landfilled. Material, which is recycled, is neitherarged with burdens nor credits (see also Sett@).
Commonly recycled materials are cutting waste(ial or external recycling) and paper.

Infrastructure and land use

The participating companies provide informationtbe area of the production site and the number of
floors of the buildings. Buildings are assumedawéa lifetime of 80 years. To balance the levelatil

of the questionnaires standard values are incléigieshfrastructure where unknown. These standatd va
ues are calculated using the average of those coegémore than 3) indicating infrastructure anala
use.

Selected key figures

Tab. 7.17 summarizes most important key figuresHerproduction of an average geosynthetic layer.
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Tab. 7.10: Selected key figures referring to the pr  oduction of 1 kg geosynthetic layer used in foundat ion stabilisation

Unit Value

Raw materials ka/kg 1.02

Water kag/kg 0.50

Lubricating oil kg/kg 3.62*10™

Electricity kWh/kg 1.76

Thermal energy MJ/kg 1.75

Fuel for forklifts MJ/kg 0.15

Building hall m®/kg 1.41*10°

C.3 Case 3 — Landfill Construction

We consider two different types of drainage layarthe construction of a landfill. Case 3A is a 50t
gravel drainage layer; whereas case 3B is a gaostyntdrainage layer with the same hydraulic conduc
tivity of at least 1 mm/s (k-value). Furthermorethbcases include a filter geotextile and a pratedex-

tile each. In case 3B, these two textile layersadr@ched directly to the geosynthetic drainagerland
the three layers are mounted in one step. In cemtite geotextile layers and the gravel drainagerlin
case 3A are mounted in separate steps.

For each case one LCI dataset of the construcfittmreadrainage layer and one LCI dataset of theadial
of the drainage layer are created. The unit procssdata are shown in Tab. 7.11. The EcoSpold meta
information is displayed in Tab. 7.12.

C.3.1 Construction

One square meter of a drainage layer in a landfébnsidered, since both cases have the sameufigdra
conductivity. The case 3A drainage layer consifts %00 mm layer of round gravel, a protection greot
tile below the gravel and a filter geotextile at tbp. The case 3B drainage layer consists of teesyn-
thetic layers with a geosynthetic drainage layeghemiddle.

Other layers of the landfill, such as the recutima layer, the mineral sealing, the gas drainafe, are
not included in the inventory, but are equal fothbaliternatives. The inventories refer to a lifegiof 100
years for both cases.

From the thickness of the gravel drainage layer0@@®@n) in case 3A and a gravel denSitpf
1'800 kg/n, the total amount of gravel used for the consioncdf one square meter drainage is calculat-
ed.

For the case 3B 1Trgeosynthetic drainage is required. And in bottesak m of filter geotextile and

1 nt of protection geotextile is used. The productiérihe geosynthetic drainage layer is described in
Annex C.3.4. The filter and protection geosyntteetice considered with the geosynthetics from c&se 1
as described in Annex C.1.4.

For the round gravel used the electricity mix ame transport modes in the corresponding ecoinvant d
taset are adjusted to the European situation.

During the road construction, diesel is used fer dperation of various building machines. Applysig-
tistical fuel consumption data published by ScHaff& Keller (2008) and assuming a digging effiagn

of 100 n¥/h, the average energy consumption is 4.4 MJ gatigging with a hydraulic excavator (power
size between 75 and 130 kW). Furthermore, 0.27 Bi&tincluded for the spreading of the foundation
material (Breiter 1983).

14 http://www.verkehrsportal.de/board/index.php?sh@iete4612%(access on 12. April 2010)
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The diesel consumption of mounting the filter ggble and the protection textile in case 3A is adns
ered with about 1.0 MJ/nas reported by Egloffstein & Burkhard (2006), véssume an 8 hour use of an
excavator with a fuel consumption of 461 MJ perrhamd a 3 hour use of a wheel loader with a fual co
sumption of 500 MJ per hour, having 5000 ohgeosynthetics mounted per day. The diesel coption

of mounting the geosynthetic drainage layer is ©amed with the same data, but a lower output of
3000 i per year, resulting in a fuel consumption of IMBnT (Egloffstein & Burkhard 2006).

For the gravel transportation by lorry an averaggadce of 50 km to the construction site is asslme
Geosynthetics are transported typically around 680 the place of usé.We assume that 400 km is
covered by rail and 200 km by lorry.

The particulate matter emissions from the combunstiodiesel are included in the dataset of the afjman

of the building machines, whereas the particulatessions from mechanical processes and activities a
considered separately. According to Spielmann.gR807) 7 g large particles (>10n) and 1.8 g coarse
particles (2.5-1Qum) per ton of gravel moved are emitted due to meichhprocesses.

C.3.2 Disposal

The gravel in the drainage layer is reused aft@oxral. According to PlasticsEurope (2009) in 20684
of plastics used in construction are recycled, 5argsent to landfill, and 32 % are sent to muicip-
cineration. These shares are applied for the digmishe geosynthetics. The standard transpotamte
to the landfill and the municipal waste incinergtpiant is 20 km.

15 personal communication with Henning Ehrenberg GEIProject Working Group (31. January 2010)
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C.3.3 Unit process raw data of the infrastructure e

Tab. 7.11: Unit process raw data of cases 3A and 3B

Name

Location

InfrastructureProcess
Unit

landfill, mineral sealing (0.5m)

landfill, geosynthethic sealing

disposal, landfill, mineral sealing (0.5m)

disposal, landfill, geosynthethic sealing

lite cycle, landfill, mineral sealing (0.5m)

life cycle, landfil, geosynthethic sealing

product

technosphere gravel, round, at mine

3, geosynthetic, average, landfil

c1, geosynthetic, average, road construction

diesel, burned in building machine

transport, lorry >16t, fleet average

transport, freight, rail

disposal, polypropylene, 15.9% water, to municipal

incineration

disposal, polypropylene, 15.9% water, to sanitary landfil

landfill, mineral sealing (0.5m)
landill, geosynthethic sealing

disposal, landfill, mineral sealing (0.5m)
disposal, landfill, geosynthethic sealing

resource, land Transformation, from unknown

‘emission resource,
land

Transformation, to traffic area, road network

Occupation, traffic area, road network

Particulates, > 10 um
Particulates, > 2.5 um, and < 10um

Location

InfrastructureProcess

© oo oooo

Unit

m2
m2
m2
m2
m2
m2

m2

m2

M

m2
m2
m2
m2
m2

m2

kg
kg

landfill, mineral
sealing (0.5m)

3.8
cooocor3ofm
)

9.00E+2

2.00E+0

4.53E+0

451E+1

1.40E-1

1.00E+0

1.00E+0

1.00E+2

6.30E-3
1.67E-3

landfill,
geosynthethic
sealing

3.8
o cocooro3of
)

1.00E+0

2.00E+0

3.82E+0

1.70E-1

3.40E-1

1.00E+0

1.00E+0

1.00E+2

disposal, landfill, disposal, landfill,
mineral sealing  geosynthethic

(0.5m) sealing
RER RER
0 0
m2 m2
0 0
0 0
1 0
0 1
0 0
0 0
7.00E-3 1.70E-2
112E-1 2.72E-1

- 4.42E-1

lement

life cycle,
landfill, mineral
sealing (0.5m)

3.8
. oroococo3ofm
)

1.00E+0

1.00E+0

life cycle,
landfill,
geosynthethic
sealing

3.8
. rooooo3ofm
)

1.00E+0

1.00E+0

2
]
s 5
5 8
§ 2 GeneralComment
5 B
ez
§
2]
1 107 (21,1,1,1,2;31.05);
(1,1,1,1,1,1;3,1.05); uncertainty set to
1 1.05: 5% cuttings and other excess
material
(1,2,1,1,1,1;3,1.05); uncertainty set to
1 1.05: 5% cuttings and other excess
erial
1 125 (23,31,1521.05);
(4,5,na,na,na,na;5,2); gravel: 50 km;
1 209 Ueosynthetics: 200 km; disposal: 40
% km to recycling plant, 20 km to
municial incineration and landfill
(4,5,na,na,na,na;5,2); geosynthetics:
1299 4g0km
y -329
1 130 (4111156,1.05);32% of
geosynthetic
1 130 (41.111561.05);52% of
geosynthetic
1 (2,4,1,1,1,5;3,1.05); uncertainty set to
1
1 (2,4,1,1,1,5;3,1.05); uncertainty set to
1
1 (2,4,1,1,1,5;3,1.05); uncertainty set to
1
1 (2,4,1,1,1,5;3,1.05); uncertainty set to
1
1 (2/4,1,1,1,5;8,2); uncertainty set to 1
as there is no uncertainty concerning
1 (2/4,1,1,1,5;8,2); uncertainty set to 1

as there is no uncertainty concerning
(2,3,1,1,3,5;7,1.5); uncertainty set to
1 1 as there is no uncertainty
conceming the land use of the
(2.3,33,1,5/18,1.5)
(23,4,3,1,5/19,

1 158
210
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Tab. 7.12: EcoSpold meta information of cases 3Aan d 3B
. . . landfill, disposal, landfill, disposal, landfill, life cycle, landfill, life cycle, landfill,
ReferenceFuncti landfill, mineral . k X X . X .
Name . geosynthethic mineral sealing geosynthethic mineral sealing geosynthethic
on sealing (0.5m) . . .
sealing (0.5m) sealing (0.5m) sealing
Geography Location RER RER RER RER RER RER
ReferenceFunctic InfrastructureProcess 0 0 0 0 0 0
ReferenceFunctic Unit m2 m2 m2 m2 m2 m2

TimePeriod

Geography

Technology

IncludedProcesses

GeneralComment

Infrastructurelncluded
Category

SubCategory

StartDate

EndDate
DataValidForEntirePeriod
OtherPeriodText

Text

Text

Representativene Percent

ProductionVolume
SamplingProcedure
Extrapolations
UncertaintyAdjustments

DataGeneratorAn Person

DataPublishedIn
ReferenceToPublishedSour
ce

This dataset
includes material,
and energy
consumption as
well as
infrastructure and
land use for the
construction of a
drainage layer
without
geosynthetics in a
landfill
construction.

The drainage layer

This dataset
includes material,
and energy
consumption as
well as
infrastructure and
land use for the
construction of a
geosynthetic
drainage layer in a
landfill
construction.

The drainage layer

This dataset
includs the
excavation and
disposal of the
materials from the
dismantling of a
drainage layer
without
geosynthetics in a
landfill
construction.

The drainage layer

This dataset
includs the
excavation and
disposal of the
materials from the
dismantling of a
geosynthetic
drainage layer in a
landfill
construction.

The drainage layer

This dataset
includes
construction and
disposal of a
drainage layer
without
geosynthetics in a
landfill
construction.

The drainage layer

This dataset
includes
construction and
disposal of a
geosynthetic
drainage layer in a
landfill
construction.

The drainage layer

consists of 50 cm CEIEES € consists of 50 cm CEIEIEHS Gl consists of 50 cm CEIEIEES @
gravel! polyropylene gravel polyropylene oravel! polyropylene
drainage core. drainage core. drainage core.

1 1 1 1 1 1

waste waste waste waste waste waste
management management management management management management
landfill landfill landfill landfill landfill landfill
‘ 2006 2006 2006 2006 2006 2006
2010 2010 2010 2010 2010 2010

1 1 1 1 1 1

Data for a situation Data for a situation Data for a situation Data for a situation Data for a situation Data for a situation

in Europe.

Conventional
landfill
construction with
building machines.

0
unknown
unknown
none
none

44

2

41

in Europe.

Alternative landfill
construction with
building machines.

0

unknown

unknown

none
\none

44

2

41

in Europe.

Conventional
landfill
construction with
building machines.

0

unknown

unknown

none
\none

44

2

41

in Europe.

Alternative landfill
construction with
building machines.

0
unknown
unknown
none
none

44

2

41

in Europe.

Conventional
landfill
construction with
building machines.

0

unknown

unknown

none
\none

44

2

41

in Europe.

Alternative landfill
construction with
building machines.

0
unknown
unknown
none
none

44

2

41

C.3.4 Geosynthetic drainage layer

In total 3 questionnaires are included in calcatatine average life cycle inventory of a geosymthet

drainage layer used in landfill sites. This inveptonly includes the geospacer (drainage layerg géo-

synthetics which are glued on the geospacer afeded in the landfill construction dataset (see énn

C.3.1).

The quality of the data received is considerede@dcurate. Is is not necessary to balance thedéde-
tail in this case. In the following the life cydleventory and assumptions are described.

Raw materials

The production starts with plastic granules. Todbéhors knowledge it is not possible to produgeae-
synthetic layer without plastic wastes (e.g. cattivaste or rejects). Thus, it is not possible thatinput
material equals the product output. Therefore,\ename share of cutting wastes of 2.5°% is addedse
100 % material efficiency is indicated in the qumstaire. This share derives from plastic extrugoo:

cess inventories in ecoinvent. These wastes aréymesycled. Due to the allocation approach used i

this study (see also Section 1.9.2) no burdensarwtedits are allocated to such wastes.

Additives used in the manufacture of the geosyrtmaterial are modelled as organic chemicals.

Raw materials need to be transported to the fastoBtandard distances as defined in Frischknectit e

(2004) are used to estimate transportation expamediti.e. 100 km by lorry >16t and 600 km by train
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Working materials
The working materials include water and lubricatinilg
Energy consumption

Electricity consumption is modelled with countryesgiic electricity mixes. In case the productiocde
tion is unknown UCTE electricity mix is includedekting energy is included where known. However, its
influence on the environmental impacts of geosymntheaterial production is relatively small. Theiem
sions of forklifts working with LPG are modelledttvithe operation of a natural gas passenger car.

Airborne emissions

It is assumed that 100 % of the electricity constingseconverted to waste heat and that 100 % of the
waste heat is released to air. No process spexifissions are reported.

Emissions to water

No information on wastewater characteristics isilalsée. Thus, wastewater treatment is modelled with
the ecoinvent dataset “treatment, sewage, unpdllibevastewater treatment, class 3.

Solid waste

Wastes, such as household, plastic and sludge svastavell as spent lubricating oil, are considened
those cases, where data are provided. Dependintgeonountry, these wastes are either incinerated or
landfilled. Material, which is recycled, is neitherarged with burdens nor credits (see also Sett@).
Commonly recycled materials are cutting waste(ial or external recycling) and paper.

Infrastructure and land use

The participating companies provide informationtbe area of the production site and the number of
floors of the buildings. Buildings are assumeddwdna lifetime of 80 years.

Selected key figures

Tab. 7.13 summarizes most important key figuregerproduction of an average geosynthetic drainage
layer.

Tab. 7.13: Selected key figures referring to the pr  oduction of 1 kg geosynthetic drainage layer used i n landfill sites

Unit Value

Raw materials ka/kg 1.03

Water kag/kg 44

Lubricating oil kg/kg 8.05*10°

Electricity kWh/kg 1.00

Thermal energy MJ/kg 0.03

Fuel for forklifts MJ/kg 0.08

Building hall m?®/kg 8.59*10°°

C.4 Case 4 — Slope Retention

In this study a slope retention reinforced with aate (case 4A) is compared to a slope retention re
forced with geosynthetics (case 4B). The constouctf each type as well as its disposal is modetied
separate LCI datasets. The LCI refers to 1 metéryaar of slope retention. The life time of thepgae-
tention is assumed to be 100 years. The main speaiins of the cases 4A and 4B slope retentiordare
rived from a calculation example published by TeleGaeosynthetics Austria in 2001. The unit process
raw data are shown in Tab. 7.15. The EcoSpold m&temation is displayed in Tab. 7.16.
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C.4.1 Construction

The amounts of different materials used for th&embnstruction with a length of 50 m are listadriab.
7.14. The sprayed concrete lining has a thicknéd9 @m. For the insulating coat, 0.3 ¥ivitumen are
used per coating and three coatings are apgpibiiumen density: 1.025 kgfas described by Jungbluth
(2007)). For round gravel, a density of 1'800 kgimassumed. For the formwork, 5.4 kg/frwood are
used and a reuse of 5 times is assumed as recorachbprdKBOB (2009). For polystyrene foam, a densi-
ty of 40 kg/ni is applied. The drainage is made with 1.4 Kgpmiyethylene drainage pipes, produced in a
plastic extrusion process.

Tab. 7.14: Material consumption for the constructio n of a 50 m slope retention

Material Slope retention compound |Unit Case 4A Case 4B
Concrete, sole plate Concrete foundation m® 80 -
and foundation
Lean mix concrete Cleanness layer m? 12 -
Structural concrete, Concrete wall (4A) m? 105 155
with de-icing contact Sprayed concrete lining (4B)

Reinforcing steel Reinforcement foundation kg 7'640 -
Reinforcement wall
Bitumen Insulating coat kg 142.1 -
Gravel Filter gravel m? 120 120
Frost wall backfilling
On-site material Sub-base fill material m® 604
Wall embankment
Covering material
Geosynthetic Geosynthetic layers m? - 1'960
Laminated board Formwork fundament m® 0.74 0.29
Formwork wall face work
Formwork wall coarse
Formwork, support
Polystyrene foam slab | Building gaps PS 15 kg 12.6 -
Polyethylene HDPE Drainage kg 86.8 100.8

The material on site is used as backfill matenad)l embankments and cover material in case 4B. A
drainage layer made of gravel with a thicknesso€®!® behind the concrete lining is necessary. A grav-
el layer thickness of 80 cm is assumed to be c@misvith case 4A, since the depth of frost petietna

in Central Europe is about 80 cm. Round gravesedufor drainage purposés

In the construction process, hydraulic excavatoesuged for the excavation of the foundation afigrdi

ent building machines are used for the ground catignra Statistical fuel consumption data publishgd
Schaffeler & Keller (2008) combined with a diggiaficiency of 100 nYh results in an average energy
consumption of 4.4 MJ/ffrmaterial moved with a hydraulic excavator (powategory of 75-130 kW).
The ground compaction requires 0.17 Mfiesel fuel used in building machines such asation
plates, universal barrels and vibration poundehss Value is derived from the fuel consumption ped
formance data of manufacturéfsThe base area, the backfilling area, and each fyease 4B slope re-
tention are compacted by these building machinke.diesel consumption of mounting the geosynthetics

18 http://www.schroer-ahlen.de/isolieranstrich.hitcess on 12. April 2010)
Y http://www.verkehrsportal.de/board/index.php?sh@iete4612%access on 12. April 2010)
18 personal communication, Klaus Oberreiter, 29.4201

19 personal communication, Nicolas Laidié, 29.4.2010
20 hitp://www.wackerneuson.cofaccess on 12. April 2010)
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is considered with about 1.0 MJ/@as reported by Egloffstein & Burkhard (2006), véssume an 8 hour
use of an excavator with a fuel consumption of W&llper hour and a 3 hour use of a wheel loader avith
fuel consumption of 500 MJ per hour, having 50G0ofrgeosynthetics mounted per day.

Concrete, gravel and laminated board are trangp&@ekm by lorry to the construction site. Metatsl a
plastics are transported 100 km by lorry and 20lmail (Frischknecht et al. 2007b). Geosynthegics
typically transported around 600 km to the placeis#” We assume that 400 km is covered by rail and
200 km by lorry.

The foundation base area is under constructiomgurro month and the completed walls have a lifesti
of 100 years. These time periods are used to duadaitid transformation and land occupation during-c
struction and operation of the slope retention.ifTbase area is classified as road embankmentuaad

type.

NMVOC emissions are released from the use of biturhe this study, we apply an emission factor of
7.2 kg NMVOCI/t bitumen, as published in BUWAL (2000

C.4.2 Disposal

Gravel used in slope retention is reused aftedetsolition. According to the statistics in Appenéiof
Symonds et al. (1999), a share of 70 % landfillamgl 30 % recycling of concrete for the Europeam-ave
age is considered. The landfilling share of comcigtdisposed of in an inert material landfill arahs-
ported 30 km. All reinforcing steel is consideredoe recycled and the laminated boards are asstoned
be reused. According to PlasticsEurope (2009) D826 % of plastics used in construction are resgjcl
52 % are sent to landfill, and 32 % are sent toioy@l incineration. These values are applied an th
waste treatment of drainage, building gaps andygebestic layers. The standard transport distan¢beo
sanitary landfill and the municipal incineratior2®@ km.

2L personal communication with Henning EhrenberdGHB Project Working Group (31. January 2010)
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C.4.3 Unit process raw data of the infrastructure e

Tab. 7.15: Unit process raw data of slope retention

product

technosphere

resource, land

emission resource,
land

emission resource,
land

emission air,
unspecified

technosphere

Name

Location
InfrastructureProcess
Unit
slope protection, retaining wall, concrete
slope protection, soil, reinforced with geosynthetics
disposal, slope protection, retaining wall, concrete
disposal, slope protection, soil, reinforced with
geosynthetics
life cycle, slope protection, retaining wall, concrete
life cycle, slope protection, soil, reinforced with
geosynthetics

diesel, burned in building machine

transport, lorry >16t, fleet average

transport, freight, rail

concrete, sole plate and foundation, at plant

poor concrete, at plant

reinforcing steel, at plant

concrete, exacting, with de-icing salt contact, at plant

bitumen, at refinery

gravel, round, at mine

c4, geosynthetic, average, slope retention

three layered laminated board, at plant

polystyrene foam slab, at plant

polyethylene, HDPE, granulate, at plant
extrusion, plastic pipes

disposal, polystyrene, 0.2% water, to municipal
incineration

disposal, polystyrene, 0.2% water, to sanitary landfill

disposal, polyethylene, 0.4% water, to municipal
incineration

disposal, polyethylene, 0.4% water, to sanitary landfill

disposal, polyethylene terephtalate, 0.2% water, to
municipal incineration

disposal, polyethylene terephtalate, 0.2% water, to
sanitary landfill

disposal, concrete, 5% water, to inert material landfill

Transformation, from unknown

Transformation, to traffic area, road embankment

Occupation, construction site

Occupation, traffic area, road embankment

NMVOC, non-methane volatile organic compounds,
unspecified origin

slope protection, retaining wall, concrete
slope protection, soil, reinforced with geosynthetics

disposal, slope protection, retaining wall, concrete

disposal, slope protection, soil, reinforced with
aeosvnthetics

Location

RER
RER

RER
RER
RER

CH

CH

CH

CH

CH

CH

CH

CH

RER

RER

RER

RER

InfrastructureProcess

PR R PR e

, Case 4A and 4B

slope
slope protection,
= protection, soil,
5 retaining reinforced
wall, with
concrete  geosynthetic
s
RER RER
i i
m m
m 1 [¢]
m [¢] 1
m [¢] [¢]
m 0 [¢]
m [¢] [¢]
m 0 [¢]
Ml 1.16E+1 5.39E+1
tkm 7.01E+2 2.65E+2
tkm 3.32E+1 6.92E+0
m3 1.60E+0 -
m3 2.40E-1 =
kg  153E+2 -
m3 2.10E+0 3.10E-1
kg  2.84E+0 -
kg 4.32E+3 4.32E+3
m2 = 3.92E+1
m3 1.49E-2 5.89E-3
kg  2.52E-1
kg 1.74E+0 2.02E+0
kg 1.74E+0 2.02E+0
kg - -
kg - -
kg - -
kg - -
kg - -
kg - -
kg - -
m2 1.00E+0 6.00E-1
m2 1.00E+0 6.00E-1
m2a  7.17E-1 6.83E-1
m2a  1.00E+2 6.00E+1
kg  2.05E-2 -
m - -
m - -
m - -
m - -

disposal,
slope
protection,
retaining
wall,
concrete

Py
m
Y

© o o roo3k

1.97E+2

8.06E-2

131E-1

5.56E-1

9.03E-1

6.56E+3

lement

disposal,
slope
protection,
soil,
reinforced
with
geosynthetics

Py
m
Y

© © B CcoO3 r

1.61E+1

6.45E-1

1.05E+0

9.41E+0

1.53E+1

5.16E+2

life cycle,
slope
protection,
retaining
wall,
concrete

Py
m
Y

o r © coo3 L

1.00E+0

1.00E+0

life cycle,
slope

protection,
soil,

reinforced
with

geosynthetic
s

Py
m
Y

P ©O © coo3 L

1.00E+0

1.00E+0

Uncertainty Type

-

bR

1

1

StandardDeviation95%

1.09

1.09
1.09

1.00

1.0

153

1.00

1.00

1.00
1.00

GeneralComment

(2,3,3,1,1,5;2,1.05); excavation
of fundament, compaction of
base and layers

(4,5,na,na,na,na;5,2); 20 km to
municial incineration and
landfill, 30 km to inert material
landfill

(4,5,na,na,na,na;5,2);

(2,1,1,1,1,2;3,1.05); fundament

(2,1,1,1,1,2;3,1.05); cleanness

laver
WL L 1,1,4,9,1.U9),

reinforcement fundament and
(2,1,1,1,1,2;3,1.05); concrete
wall (B300) and sprayed
concrete lining

(4,5,na,na,na,na;3,1.05);
insulating coating cold

layer (30 cm drainage),
minimum frost wall backfilling is

an rm
(2,3,1,1,1,1;3,1.05); uncertainty
set to 1.05: 5% cuttings and
other excess material
(2,3,3,1,1,5;3,1.05); formwork
walls (5 times reused)
(2,3,1,1,1,2;3,1.05); building
aaps

(2,3,1,1,1,2;3,1.05); drainage
(2,3,1,1,1,2;3,1.05); drainage

(41,1,1,15;6,1.05);
(41,1,1,15;6,1.05);
(41,1,1,15;6,1.05);

(41,1,1,15;6,1.05);

(4,1,1,1,1,5;6,1.05); 32% of
geosynthetics

(4,1,1,1,1,5;6,1.05); 52% of
geosynthetics

(41,1,1,156,1.05);

(4,5,na,na,na,na;8,2);
uncertainty set to 1 as there is
no uncertainty conceming the
land use of the slope.

(4,5,na,na,na,na;8,2);
uncertainty set to 1 as there is
no uncertainty conceming the
land use of the slope.

(2,4,1,1,1,5;7,1.5); uncertainty
set to 1 as there is no
uncertainty concerning the land
use of the slope.

(2,4,1,1,1,5;7,1.5); uncertainty
set to 1 as there is no
uncertainty concerning the land
use of the slope.

(4,3,3,3,1,5;16,1.5); assumed:
25% of coating is evaporated
solvent

(1,2,1,1,1,1;9,3); uncertainty
setto 1

(1,2,1,1,1,1;9,3); uncertainty
setto 1

(1,2,1,1,1,1;9,3); uncertainty
setto 1

(1,2,1,1,1,1;9,3); uncertainty
setto 1
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Tab. 7.16: EcoSpold meta information of slope reten

tion, Cases 4A and 4B

slope protection,

This dataset
includes material,
energy and water

slope protection,

This dataset
includes material,
energy and water

disposal, slope

This dataset
includs the
excavation and
disposal of the
materials from the

disposal, slope

This dataset
includs the
excavation and
disposal of the

life cycle, slope

This dataset

life cycle, slope

ReferenceFunctio L X i protection, protection, soil, protection, protection, soil,
Name retaining wall, soil, reinforced - X X . X X
n X X retaining wall, reinforced with retaining wall, reinforced with
concrete with geosynthetics . .
concrete geosynthetics concrete geosynthetics
Geography Location RER RER RER RER RER RER
ReferenceFunctiol InfrastructureProcess 1 1 1 1 1 1
ReferenceFunctiol Unit m m m m m m

This dataset

consumption as - - - materials from the includs )
consumption as  dismantling of a . ; - includs
well as . dismantling ofa  construction and .
- well as concrete retaining A ) construction and
IncludedProcesses infrastructure and . geogrid reinforced disposal of a -
infrastructure and  wall for slope disposal of a

GeneralComment

land use for the
construction of a
concrete retaining
wall for slope
protection.

The LCl reflects a
concrete retaining
wall for slope
protection with 3 m
height.

land use for the
construction of a
geogrid reinforced
slope protection.

The LClI reflects a
geogrid reinforced
slope protection
with 3 m height.

protection, as well
as the
transportation of
the materials to
the place of
disposal or reuse.

The LCl reflects a
concrete retaining
wall for slope
protection with 3 m
height.

slope protection,
as well as the
transportation of
the materials to
the place of
disposal or reuse.

The LCl reflects a
geogrid reinforced
slope protection
with 3 m height.

concrete retaining
wall for slope
protection.

The LClI reflects a
concrete retaining
wall for slope
protection with 3 m
height.

geogrid reinforced
slope protection.

The LCl reflects a
geogrid reinforced
slope protection
with 3 m height.

Infrastructurelncluded 1 1 1 1 1 1
Category transport systems _|transport systems |transport systems |transport systems |[transport systems |transport systems
SubCategory road road road road road road
TimePeriod StartDate 2006 2006 2006 2006 2006 2006
EndDate |2010 2010 2010 2010 2010 2010
DataValidForEntirePeriod 1 1 1 1 1 1
OtherPeriodText
Data for a situation Data for a situation Data for a situation Data for a situation Data for a situation Data for a situation
Geography Text - - - - - -
in Europe. in Europe. in Europe. in Europe. in Europe. in Europe.
Conventional Geogrid reinforced Excavation by Excavation by Excavation by Excavation by
Technology Text slope pro_tectlo_n slope pro_tecno_n hydraulic hydraulic hydraulic hydraulic
construction with  construction with  excavator, excavator, excavator, excavator,
building machines. building machines. transport by lorry  transport by lorry  transport by lorry  transport by lorry
Representativenes Percent 0 0 0 0 0 0
ProductionVolume unknown unknown unknown unknown unknown unknown
SamplingProcedure unknown unknown unknown unknown unknown unknown
Extrapolations none none none none none none
C.4.4 Geogrid

In total 5 questionnaires are included in calcatathe average life cycle inventory of a geosyntHater
used in slope retention.

The quality of the data received is consideredetadxurate. The level of detail was balanced befare-
elling an average geosynthetic layer, i.e. inforamabn water consumption, lubricating oil consuropfi
etc. need to be added for some companies and iofbemation deleted (packaging). In the followirget
life cycle inventory and assumptions are described.

Raw materials

Some of the companies start the production witlstiglagranules, the others with intermediate goods
(yarns, straps, etc.). The production of such megtiate goods are modelled with data referrindnéoetx-
trusion of plastic films from granulates (ecoinv€entre 2010), based on information derived froasPlI
ticsEurope).

To the authors knowledge it is not possible to poeda geosynthetic layer without plastic wasteg. (e.
cutting waste or rejects). Thus, it is not possthit the input material equals the product outpbere-
fore, an average share of cutting wastes of 2 &aded in case 100 % material efficiency is indidate
the questionnaire. This share is calculated usiagaverage of those companies (more than 3) imolicat
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cutting wastes. These wastes are mostly recyclad. tb the allocation approach used in this stude (s
also Section 1.9.2) no burdens and no creditsli@ged to such wastes.

Raw materials need to be transported to the fastoBtandard distances as defined in Frischkneclit e
(2004) are used to estimate transportation expamediti.e. 100 km by lorry >16t and 600 km by train

Working materials

To balance the level of detail of the data repoitethe questionnaires standard values are incldoled
lubricating oil where unknown. This standard vakiealculated using the average of those compamies
dicating lubricating oil consumption. A small paftthe questionnaires contain information aboukpge
ing material. As the mass contribution of packagsigss than 3 %, packaging material is excludechf
the average geosynthetic material inventory.

Energy consumption

Electricity consumption is modelled with countryesgiic electricity mixes. In case the productiocde
tion is unknown UCTE electricity mix is includedekting energy is included where known. However, its
influence on the environmental impacts of geosyith@aterial production is relatively small. No &nv
ronmental burdens are allocated to district was,hlike for instance heat from a waste incinerati
plant, a cement plant, etc. To balance the leveletdil of the questionnaires standard valuesredladed

for diesel consumption of forklifts where unknownmdanot included in the electricity consumption. 3&e
standard values are calculated using the averagesé companies (more than 3) indicating dieset co
sumption.

Airborne emissions

It is assumed that 100 % of the electricity constinseconverted to waste heat and that 100 % of the
waste heat is released to air. Some companiestregdron emissions. These are assumed to be non me-
thane volatile organic compounds (NMVOC). Data adacther airborne emissions are taken from the
guestionnaires where provided and measured. Nottezgpemissions are classified as unkown emissions
and thus are not included in calculating the averggosynthetic. It is assumed that the manufacurin
plants are located in an urban/industrial area.sTthe pollutants are categorized as emanatinghigla
population density area.

Emissions to water

No information on wastewater characteristics isilalsée. Thus, wastewater treatment is modelled with
the ecoinvent dataset “treatment, sewage, unpdllibevastewater treatment, class 3.

Solid waste

Wastes, such as household, plastic and sludge svastevell as spent lubricating oil, are considened
those cases, where data are provided. Dependirtgeonountry, these wastes are either incinerated or
landfilled. Material, which is recycled, is neith&rarged with burdens nor credits (see also Sett@).
Commonly recycled materials are cutting waste(ial or external recycling) and paper.

Infrastructure and land use

The participating companies provide informationtbhe area of the production site and the number of
floors of the buildings. Buildings are assumedawéa lifetime of 80 years. To balance the levelatil

of the questionnaires standard values are incléigieshfrastructure where unknown. These standatd va
ues are calculated using the average of those coegémore than 3) indicating infrastructure anala
use.

Selected key figures

Tab. 7.17 summarizes most important key figuresHerproduction of an average geosynthetic layer.

Comparative Life Cycle Assessment of Geosynthetics versus Conventional Construction Materials 79



Annex C: Life Cycle Inventory Analyses

Tab. 7.17: Selected key figures referring to the pr ~ oduction of 1 kg geosynthetic layer used in slope r

Unit Value
Raw materials ka/kg 1.02
Water kag/kg 0.86
Lubricating oil kg/kg 7.30%10°
Electricity kWh/kg 0.73
Thermal energy MJ/kg 1.24
Fuel for forklifts MJ/kg 0.13
Building hall m®/kg 6.32*10°°

etention
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1. Procedural Aspects of this Critical Review

This critical review was ordered by E.A.G.M., the European Association for Geosynthetic
Manufacturer (the “commissioner”) on July 20", 2010. At that time a project outline on
the LCA was available by ESU services, Uster, Switzerland (the “practitioner”). The critical

review can therefore be considered as an accompanying or interactive review [1, 2].

Formally, this critical review is a review by a “panel of interested parties” according to ISO
14040 [3] section 7.3.3 and ISO 14044 section 6.3 [4]. The panel consisted only of the
reviewers who had to safeguard other interested parties issues, even if NGO or other
interested parties from the consumer side of the products were not invited. The broad
coverage of European manufacturers of geosynthetics safeguarded that no individual

company’s interest has driven the results.

A first draft report was sent out by the practitioner on August 16", 2010 followed by a
second draft on August 23™. These drafts contained two of the four cases selected for this
LCA. On August 31%, 2010 commissioner, practitioner and reviewers held a meeting in

Frankfurt and discussed the available report, the data and necessary sensitivities.

The practitioner presented a draft LCA report September 30", 2010. Most comments made
by the reviewers in August were taken into account by the practitioner in the final report,

but new questions surfaced and were discussed within the review panel.

On October 4™, 2010, one of the reviewers (HG) checked the data processing and
modelling. All questions were discussed very openly and all of the issues raised could be

answered sufficiently.

The review panel members submitted their comments to the practitioner October 6%,
2010. The feedback led to various clarifications in the text and new sensitivity scenarios.

Originally this step was not planned thus leading to some delay in the project's schedule.
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On November 2", 2010 the practitioner presented an amended final LCA report for
review. The comments regarding re-phrasing of the text were adequately implemented by
the practitioner leading to much improved transparency in the respective sections.
Uncertainty assessments were broadened, too, giving much more detailed information on
data reliability. The interpretation of the results was given more attention and requested

additional sensitivities improved the information basis for the overall results.

On Nov. 9™, 2010 the final report together with the final review report was submitted to
the commissioner. In the following months E.A.G.M. discussed the cases of the study
internally. Finally, it was decided to amend the first two cases of the study because the
basic set-up of these cases was not agreed upon by all members. In June 2011, E.A.G.M.
asked the practitioner and the reviewers to accept the changes and to re-calculate the
cases and review the updated report. This new draft final report was submitted by the

practitioner Oct. 26", 2011.

On Oct. 31%, 2011 the reviewers commented on the draft final report and provided a draft
review report. Transparency of the LCA report lacked on some issues and some of the
conclusions seemed too optimistic. In the days thereafter the practitioner took the
comments into account and presented the final report on Nov. 10™. In the final review
report submitted on Nov. 30" an assessment of the actual models is also included, based

on data submitted by the practitioner on Nov. 23™.

The reviewers appreciated the open and constructive atmosphere of both parts of the
project. All necessary data were presented to the reviewers and all issues could be
discussed openly. Iterations made by the practitioner in response to reviewers’ concerns

were all well considered and to the point. The final report is of excellent quality.
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2. General Comments

The LCA aims at assessing four sample applications of geosynthetics focussing on the
European market. Each application (called 'case' in the LCA report) takes into account one
conventional construction method and an alternative construction using geosynthetics.
Applications and functional units are carefully considered and defined. It is discussed that
the cases do not reflect refurbishment of constructions but only newly-built constructions.

This limitation was included into the functional unit in the final LCA report.

System boundaries and applied cut-offs are well defined. Data quality is reported in a
satisfactory manner. An average “artificial” geosynthetic product (mix of different brands)
is compared to a conventional solution in all four cases. This may lead to difficulties to
understand whether the results are representative for all applicable brands or not.
However, uncertainty assessments show that the conclusions are valid for the studied

brands. The uncertainty assessment focusses on the various geosynthetics mainly.

In case 1, the driving influence of transport of gravel was discussed. The practitioner
made clear, that dimensional variability as well as transport distance variability were
included in the calculation. However, only newly-built constructions were considered,

which was made transparent in the final LCA report.

While in case 1 a broad variation (sensitivity assessment) in the amount of material used
instead of the geosynthetics was calculated (£ 30%) without leading to a different
conclusion, such variation might lead to significant different results in case 2. On a
construction site it cannot be expected that a layer thickness complies exactly with the
specification of the engineers. For both cases, the final report lists the minimum layer
thickness that needs to be replaced by geosynthetics to yield environmental benefits for

all impact categories.
The system modelling of all applications using the SimaPro® software (including the
different scenarios) was checked for the four cases of the first report and for the first two

cases of the second (the others were not changed). All tests results were to complete
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satisfaction. Obviously, most of the models were already carefully checked internally by

the practitioner prior to the presentation of the results in the final draft review.

Multi-output processes occur in background processes, only. Co-products in the
background are not considered to contribute to the results. Allocation is therefore not a
critical issue in this study. The first report of Nov. 9", 2010 analysed the influence of the
allocation decision on the results by applying a range of allocation rules: cut-off as the
base allocation and 100% credit to the supplying system as sensitivity in one of the
scenarios. These scenarios led to results that were hardly distinguishable, thus justifying

the assumption that allocation is not a critical issue.

The final report of the study does no longer contain any sensitivity assessment of
allocation. Formally, the influence of allocation has to be investigated in order to comply
to the international standards. We as the reviewers, who had access to the first report,
can testify, that the influence was not relevant to the results in that first report. However,

we would have appreciated, if this would have been shown in the final report, too.

The chair of the reviewers estimated the influence for the second case by a re-calculation
of that scenario. The results showed the expected negligible differences. The results for
the avoided burden approach were even slightly better than the base scenarios (because
of credits given). The chosen cut-off allocation can thus be regarded as conservative in

terms of the geosynthetics in view.

The report is well structured and conforms to the requirements for third-party-report and
comparative assertions intended to be disclosed to the public according to ISO 14044

clauses 5.2 and 5.3.
The executive summary concentrates the results in a meaningful way and highlights the

central recommendations. These are plausible according to the line of argument and the

statements are substantiated in the report.
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3. Statements by the reviewers as required by the
international standards

3.1 Introduction
The LCA-framework standard ISO EN 14040 states [3]:

"The critical review process shall ensure that:

- the methods used to carry out the LCA are consistent with the international
Standard;

- the methods used to carry out the LCA are scientifically and technically valid;

- the data used are appropriate and reasonable in relation to the goal of the
study;

- the interpretations reflect the limitations identified and the goal of the study;

- the study report is transparent and consistent.”

In the following sections 3.2 to 3.6 these items are discussed to our best judgement in the
light of the final report of November 2010 and taking into consideration both international
LCA standards ISO 14040 and 14044 [3-5].

3.2 Consistency of the methods with the ISO
standards

The report contains all stages of an LCA. The methodological framework, goal and scope
are described comprehensibly.

The inventory analysis methods applied are consistent with the ISO standards 14040 and
14044. The use of the SimaPro® software facilitates an appropriate modelling of the
systems under considereation. The allocation approach regarding the end of life recycling
is chosen carefully. Even though no different allocation approaches were shown in the
report, results from the first report and estimations by the reviewers showed no significant
influence on the results. The choices of analysed scenarios and of the parameters for
sensitivity analyses meet the goal of the study.

The impact assessment methods chosen are in line with the ISO 14044 standards. The
international standard does not prescribe specific impact categories and indicators, not
even a default list. The choice of impact categories is justified, mainly limited to global and
regional impacts with the exception of land use, which may be considered as a local
impact here. Indicators at mid-point have been applied and are critically discussed,
emphasising weaknesses and shortcomings (but see comments below).
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3.3 Scientific and technical validity of the methods
applied

The inventory models established are scientifically and technically valid.
The impact assessment could be discussed in some more detail.

Indicators at mid-point, well recognized and valid from a scientific and technical point of
view, have been applied.

The description for PM formation could be more explicit; Recipe doesn't provide impact
factors for PM > 10 and in fact in its standard distribution assigns equal impacts to all
fractions of PM under 10 um, regardless of particle size or type/height of emission source.
An explicit listing of impact factors assigned to the fractions listed in the inventories would
be desirable. "Derived from Recipe" is quite vague in this case.

Toxicity is not covered by the study. This limitation may be justified by the lack of agreed
indicators for toxic impacts. Life-cycle inventories do also often suffer from severe data
gaps concerning emissions of toxic substances. It is not unusual that toxicity is omitted.

Local impacts, e.g. noise, are seldom relevant in a study of this type. Noise would be very
interesting, if i.e. road surfaces are under investigation, but for lower layers of that
construction like in case 2 no influence on noise can be expected.

Ozone-layer depletion is normally included in LCA studies like this. But having checked all
calculations, no relevant emissions were found.

Uncertainty assessments have become one of the main parts of the study. Various effects
of uncertainty especially on the various geosynthetic products were investigated and
regarded in result interpretation. The reviewers appreciated the intense discussion of
uncertainty issues and various amendments due to the discussions.

As additional method to investigate the relative degree of impact, normalisation is part of
the study in one of the four cases. The inclusion of normalisation is appreciated by some
of the reviewers since additional information on the relevance of the various indicators
used to describe the environmental performance may be derived from it.
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3.4 Appropriateness of data

Data are well characterised according to the system boundaries (technical, geographical
and time related). Newly gathered data on geosynthetics were laid open to the reviewers
and could be checked. Transparency of the reports lacks, since these confidential data
could not be disclosed to the readers of the report. Data on uncertainty are not entirely
transparent in the report but were presented to the reviewers in the modelling check.

Data symmetry problems could exist for toxic emissions, but toxicity impacts are not
included in the analysis. The same holds for ozone depleting substances, but checks
revealed no relevant emissions (see section 3.3).

The data used in the foreground and in the background are appropriate.

3.5 Assessment of the interpretation in view of
limitations and goal and scope

The report’s interpretation of results deals with all issues from goal and scope sufficiently.
The limitations of the study are discussed in detail and unambiguously. Conclusions are
restricted to the limited coverage of impact categories.

3.6 Transparency and consistency of study report

The inclusion of tables with numerical values of the calculated net indicator results of the
scenarios leads to a considerable increase of transparency. The chapters discussing the
results were changed and thus the transparency of the final report improved significantly.

The reasons for differences of calculated results in the analysed scenarios are discussed.
As a result the line of argument from inventory over impact assessment to interpretation
and recommendations is transparent and comprehensible. The report is complete and
contains all main elements of a life cycle assessment report.
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4. Résumé and recommendations

The study has been performed in full accordance with the international standards ISO EN
14040 + 14044.

Using geosynthetics can have advantages in certain applications. The study gives a
sufficient informational base to decide on the system to use with regard to environmental
issues in various applications.

The reviewers appreciated the comprehensive and broad view on sample construction
systems using geosynthetics. We would like to thank E.A.G.M. having supported this study
in order to gain knowledge on potential environmental improvements in civil engineering.
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