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Abstract

Within the Architecture Implementation Pilot (AIB-2of GEOSS, we have developed a scenario called
“environmental impact assessment of the producti@msportation and use of energy for the photawIl{PV)
sector through Life Cycle Assessment (LCA)". It airat providing decision-makers and policy-planneith
reliable and geo-localized knowledge of severaldatp induced by various technologies of the PVasedthe
scenario is implemented in the GEOSS Common Infragtre (GCI) and benefits from the GEOSS interapiity
arrangements. The FP7-co-funded EnerGEO projectidas a GEOSS compliant Catalogue Service for theb W
(CSW) that permits to discover the Web Processieyi€ (WPS) allowing computation of the environtaén
impact. A WebGIS client provided by the FP7-co-feddsENESIS platform allows users to interact witogpatial
data and computation processes. This scenario fa®mpto be an efficient tool to disseminate knalgke on
environmental impacts related to PV because ol8©SS capabilities in interoperability.

1. Introduction

Worldwide energy use is growing and should incrdasmore than 40% from 2007 to 2030 (IEA, 2010),
therefore implying considerable pressures on their@mment through energy production, its
transportation and use. There is a crucial neeaytéar reliable and precise information in ordehtp
stakeholders in assessing current and future impmacenvironment and human health at global aral loc
scales.

Renewable energies are considered as part of thieosowhen aiming at reducing the environmental
impacts of energy use. Recent reports on renevaigegies promote their green aspect compared with
fossil based sources (EWEA, 2009; Greenpeace angp&an Renewable Energy Council, 2008). For
example, electricity generated from renewable éesris considered as GGree over its use phase
(Global Wind Energy Council 2010).
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However, if examined beyond direct emissions anthfa life cycle perspective, renewable energies do
have environmental impacts (such as “indirect, @@issions”), for example during the manufactuiong
fabrication phase of an installation. It is therefoecessary to consider impacts over the fulldifele of
renewable energies, especially when aiming at cangpdifferent energy pathways.

Life Cycle Assessment (LCA) is a useful tool dedlil to evaluate the environmental and human
health impacts over all the life stages of a prodiycproviding a “cradle-to-grave” environmentabie.

It takes into account the extraction and processihgaw materials, the manufacturing processes, the
transportation, the distribution, the use phase ptbssible reuse of the finished product and tldeodife
recycling and waste management. LCAs have beeadinted in the 1970s and are used more widely
since the methodology was standardized in the 18040 series (ISO, 2006a, 2006b). Methodological
improvements on LCA are continuously developed shgvithe high interest for this approach (Fava,
2002; Finnveden et al., 2009; Kléppfer, 2006; Rbose&im et al., 2008).

Using LCA, the environmental performance of rendeadystems is highly variable. For instance,
Lenzen and Munksgaard (2002) show, in a LCA litamtsurvey, that C£eqg. emissions per kWh for
wind turbines could range from 7.9 g/kWh to 123/k\Vgh. Environmental performances of photovoltaic
(PV) systems also show significant environmentafgumance variability. For example, the evaluated
level of CQ eqg. emissions is ranging from 5.4 to 201.3 g./&@Wh over a significant sample of
publications (Pacca et al., 200There are many reasons, which explain this higél lef variability, such
as the broad technological possibilities that steoms the international development of industry I(Be-
Saint-Pierre et al., 2009). Environmental perforoesnof renewable energy systems are also highly geo
dependent (Blanc et al., 2008; Jungbluth et aD820and driven by external factors influencingcaieity
production over the PV installations life time.

This wide variability in environmental performancesn lead policy makers to consider LCA as an
inconclusive method (Reap et al., 2008). To improwafidence in LCA results, it is thus necessary to
make these wide-ranging results comprehensive gpldie the variability sources through meta-analysi
by identifying the main parameters influencing #mvironmental performance of the system.

Another important step to expand the use of LCAfustry and to support decision—-making is to
provide access to a simple tool which present cehmmsive evaluation of renewable energies
environmental impacts. Simple and easy accesshiwstanvironmental performances evaluation would
be useful, for example, to identify the most sugdbcations for renewable energy systems.

Our efforts are currently orientated to contribideand to develop this type of tool with the suppmir
GEO (Group on Earth Observation) / GEOSS (GlobaftiEeéObservation System of Systems)
interoperability arrangements (Singh Kalsa et20Q9). GEO is an intergovernmental organizatiothat
ministerial level. The GEO vision is to realize wiure wherein decisions and actions for the beréfit
humankind are informed via coordinated, comprehensand sustained Earth observations and
information. The GEO is coordinating efforts in erdo build a Global Earth Observation System of
Systems or GEOSS. GEOSS is composed of contrilktaeith observation systems, ranging from primary
data collection systems to systems concerned Wwétcteation and distribution of information product
GEOSS aspires to encompass all areas of the wattifo include all manner of observations, whether
space-based, airborne, or in situ. Technical requeénts on contributed systems from a system
architecture and data management perspective amvrknas “interoperability arrangements”.
Interoperability arrangements define interactioesMeen components provided by GEO members and
participating organizations. Contributed componémisract between each other by exchanging stredtur
messages over network communication services. TE®OSS architecture principles define how
contributed components fit together in order todoice an overall system capable of providing
information and data of added values compared diviotlual components operating in isolation and
meeting societal needs. GEOSS interoperabilityngements favour non-proprietary open and recognized
standards with preference given to formal inteoratl standards such as ISO.
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We took the opportunity to develop a tool for PVsteyns during Phase 3 of the Architecture
Implementation Pilot (AIP-3) (GEOSS, 2011) orgadizey GEOSS through a scenario called
“environmental impact assessment of the productramsportation and use of energy for the photaimlt
(PV) sector through Life Cycle Assessment (LCA)" gihvérd, 2011). This scenario aims at providing
decision-makers and policy-planners with reliabie grecise knowledge of several impacts induced by
the various technologies used in the PV sector,cam$equently at helping them in selecting the most
appropriate technologies or identifying the mosévant locations for PV installations. Potentiatcais
that would fully benefit from this AIP-3 energy segio range from high-level end-users like policy
planners, who need synthetic assessment and mgodr energy operators, who conduct top-level
studies, down to installers of renewable energyesys.

This paper is reporting in detail the methodologyptovide environmental impacts assessment of PV
systems through LCA and how this specific energsnado has been designed through technological
choices and interactions between the AIP-3 prgadmners. Finally, outcomes are provided througeta
of parameters and maps of geo-localized PV syseswisonmental performances, which are available on
a geographic WebGIS client.

2. Assessing environmental impacts of electricity production by photovoltaic system
through Life Cycle Assessment

Based on the work of Ness and co-workers (Nesk,&Q®7), indicating that LCA is the most estalidid

and well-developed product-related sustainabilisgegsment tool, we choose to assess herewith the
electricity production by photovoltaic system. LG#\a tool that covers all life stages of a systéve.
distinguish four phases in a LCA study accordingh ISO 14040 series: the goal and scope deimitio
the life cycle inventory calculation, the life cgcimpact assessment and the interpretation. Aclitde
inventory is a compilation of the inputs (resoujcasd the outputs (emissions) from the product ager
life cycle. Impact assessment aims at evaluatiegmgnitude and significance of the potential intgpac
(on the environment and on human health) of thdistlisystems. Inventories are converted into these
impacts with specific life cycle impact assessnmathods covering different categories of environtalen
damages such as the consumption of non-renewaddernees, the contribution to the greenhouse effect,
or the modifications created in the ecosystemsyedisas the impacts on human health.

This GEOSS AIP-3 energy scenario works by the lyekaf several inputs coming from databases,
from impact models as well as from user inputs patars. Key databases for environmental impacts
assessment of photovoltaic systems have been pbbigl MINES ParisTech and the ecoinvent Centre.

The HelioClim3 database built by MINES ParisTecha(® et al., 2011) provides a Web based on-line
access to surface solar irradiance (SSI) valuearfgrsite and any instant within a large geograglacea
and a large period of time. The spatial coveragtudes Europe, Africa, and the Atlantic Ocean and
exploits the enhanced capabilities of the MeteSgabnd Generation series of satellites to deliadwes
of SSI every 15 min, with a nadir spatial resolntiof 3 km, in near real-time. In the GEOSS AIP-3
energy scenario the HelioClim3 dataset is limidbnthly means of the year 2005.

The ecoinvent Centre provides life cycle inventfir€l) data of recognized quality with the database
ecoinvent data v2.2 (ecoinvent Centre, 2010). Taalzhse contains international industrial life eycl
inventory data on energy supply, resource extractimaterial supply (chemicals, metals, plastics,
paper/board, glass, construction materials, anctrel@cs), agriculture, waste management serviaedg,
transport services. In the GEOSS AIP-3 energy steoaly the subset of ecoinvent data v2.2 reldted
photovoltaic systems has been used.

Several recent and recognized environmental impaethods have been integrated in the AIP-3 Web
service: IMPACT 2002+, IPCC 2007, Cumulative Eneymand (CED), and Eco-Indicator 99. This
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selection offers the user methods ranging fromiléetsenvironmental impact indicators to aggregated
single indicator:

« The IPCC 2007 method reports the global warmirtemqél (GWP) of greenhouses gases (GHG)
following the method developed by the InternatidAahel on Climate Change (IPCC) (Forster
et al., 2007). The climate effects of a greenhayse depends on its ability to absorb heat
radiation, on how long the gas remains in the aphese and on the amount of gas emitted in
the atmosphere. Since the greenhouse gases eiffdnient dwell times in the atmosphere one
can calculate the GWP for different time intervdilss common to use a time perspective of a
hundred years. Three time ranges are proposee Wb service: 20, 100 and 500 years. The
greenhouse gases are normalized using carbon diasithe reference gas.

e The Cumulative Energy Demand method (CED) (Higchkieal., 2010) aggregates the energy
resources with relevant characterization factorgddd in 5 impact categories: (1) Non
renewable, fossil (2) Non renewable, nuclear (3pdéRe&ble, biomass (4) Renewable, wind,
solar, geothermal (5) Renewable, water. The inotusif CED is useful since non-renewable
cumulative energy demand explains a significantppriion of the environmental impacts
variation between products (Huijbregts et al., 2006

« Eco-indicator 99 proposes a single aggregatectanali (Dreyer et al., 2003; Goedkoop et al,
2001). Eco-indicator 99 is both a science-basedaghpssessment method for LCA and a
pragmatic eco-design method. It offers a way tosusavarious environmental impacts, and
shows the final result in a single score. Damagelalsowere developed that link inventory
results to three damage categories (endpointsOnté@ninology): (1) Damage to human health
(2) Damage to ecosystem quality (3) Damage to ressuA weighting scheme has then been
applied to these damages based on panellists espires different perspectives: (1) Hierarchist
(2) Individualist (3) Egalitarian. Such aggregatabres should always be used for internal
purposes and are not suitable to use in public eoisgns, marketing and eco-labelling, as they
lack the necessary transparency.

e The IMPACT 2002+ life cycle impact assessment im@dhogy (Jolliet et al., 2003) proposes a
feasible implementation of a combined midpoint/dgenapproach, linking all types of life
cycle inventory results (elementary flows and ofh&grventions) via 14 midpoint categories to
four damage categories: human health (expressBd\irY = Disability Adjusted Life Years)
climate change (expressed in g ££9), resources (expressed in MJ) and ecosystenityqual
(expressed in PDF Tiyear = Potentially Disappeared Fraction).

The scope of the PV electricity production alteirest selected for the AIP-3 PV scenario is the
following: a grid-connected PV system installat@in3 kW, on a slanted roof. Several technologies are
considered: multi-crystalline, mono-crystalline ah¢h film technologies. Inverters of 2500 W arexdis
for this installation and each has a lifetime ofyBEars. Energy production performances of diffef@yit
systems vary depending on its technology. Life§inoé 20, 25 and 30 years have been considered
allowing for the computation of the electricity preced by different PV systems.

Inputs, models and outputs chain, which are necgegsaimplement the AIP-3 scenario, can be
described as follows. Life Cycle Inventories (aabik thanks to ecoinvent data v2.2) are selected
according to the inputs related to the PV systdecten (power, technology and energy efficiende
electricity production is modelled integrating deoalized data (solar irradiation on a specifie)sias
well as the orientation and slope of the PV syst@mfinal results, these inventories are conveittal
impacts (thanks to a selected impact model) redtito the electricity produced over the lifetimeigg
electricity environmental impacts (per kWh) as atp
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3. Implementation of the scenario in the GEOSS Common Infrastructure (GClI)

This scenario relies heavily on data exchange antbmation as well as distributed computation dher
network in order to obtain value added informatiGhoosing interoperability arrangements promoted by
GEOSS was a guarantee to reach our goals regatuinfinal implementation of the scenario. GEOSS
fosters the demonstration of interoperability medsms by issuing Calls For Participation (CFP)gdiot
projects. The opportunity to demonstrate such mashes and common practices has been realized in the
framework of our scenario response to GEOSS AIF-B.CThe GEOSS Common Infrastructure (GCI)
(Figure 1) (Concept, 2008) includes the core coraptsiand functions that link the various resouafes
GEOSS together.
The GCI includes three major capabilities:
* Registries of GEOSS components, services, standaglsrements, and best practices,
* A common search facility, known as the GEOSS Otegmduse, that simplifies search across all
offered and registered resources, and
« A web portal that provides human users a “one saggeéss to all GEOSS resources
The GEOSS AIP-3 energy scenario is aligned with GEOSS interoperability arrangements
requirements and has made an extensive use of camizoand capabilities of the GCI.

User
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Main GEO Web browser e
Web Site T

accesses -
GEOSS
Common
Infrastructure

ACCeSSeS Unregist?red 1
registry items GEQ Web Portal Community Resources

Registries
GEOSS
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Registry Service Registry Web pages
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P e Interoperahility query 10 connect to !
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- h : catalogues all services via |
! Registration Best Practices references metadata !
., clients Wiki r
~ 1
~
e User Requirements [ : —
e Registry Registered components and services

Data and
Service
Catalogues

- - Websites! T
___________________ Portals Senices

{Components})

Figure 1: The GCI and the major relationshipswith external resources

From the GEOSS user perspective, two main requinesrsiould be fulfilled:
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1. Allow Search and Discovery of information resourcdwough the GEO Web Portal
(http://www.geoportal.org) that provides a singféoal ‘front door’ for GEOSS users to search,
discover and access GEOSS resources.

2. Availability of Client “Helper” Applications provithg the user with a way to retrieve and exploit
the discovered resources.

In addition to the core components of the GCI,@EOSS AIP-3 energy scenario relies on components
and services that have been provided by two congaiésmy on-going projects co-funded by the European
Commission (FP7).

EnerGEO (launched in 2009) is a four years projeat aims at developing a strategy for a global
assessment of the current and future environmeaheansystem impacts of energy resources explaitatio
It also plans to demonstrate this strategy forreetyaof energy resources worldwide.

GENESIS (launched in 2008) is a three years prd}eat provides a thematic-independent solution
based on a Service Oriented Architecture (SOA)s Itnade of a generic software package used to
facilitate interoperability between information s providing easy access to databases or sematices
regional, national and European level.

In order to enable search & discovery of resousesvell as making a client application available
allowing end-users to exploit the resources, tlieviing components have been contributed.

The GENESIS Legacy Interconnection Toolbox (codegl® com/p/toolboxenvironment) is a software
component to easily transform legacy applicatios Web services with standard compliant interfaoes
facilitate the integration of existing applicatioméo Service Oriented Architectures (SOA). It pafs
the OGC Web Processing Service (WPS) (Percivalllet2011; Schut, 2005) specification to launch
processing jobs on remote servers.

The GEOSS energy community portal (www.webservioergy.org) offers to the GEOSS community
a place to access on-line energy and environmezitded resources.

The OGC CSW (Catalogue Service for the Web) EnerGEOmmunity catalogue
(energeo.researchstudio.at) provides a standarmaqp using 1ISO metadata (ISO 19119) to describe
resources for dissemination purposes.

The GENESIS Portal is a Portlet (JSR-286) basethPtiat allows to easily generate the user interfa
(client applications) to interact with remote Weén8ces via standard interoperable interfaces ssch
OGC Cataloguing and WPS.

The GENESIS Geodata Visualisation Portlet systeovides a powerful and flexible WebGIS Client
that can be instantiated in various forms and wihying functionality inside any JSR286 compliant
portal or used standalone.

4. Description of the components

During the implementation phase of the AIP-3 scenaeveral components have been either developed
or re-used. This includes a GEOSS community poaalOGC catalogue, WPS and WMS (Web Map
Service) Services, a generic portal and a WebG#dtcIThis communication focuses on two of thera: th
WPS and the WebGIS client.

4.1 OGC Web Processing Service (WPS)

Web Processing Services offer a standard and peeable approach to access, combine and process
remote and spread resources to obtain value-adafedmiation. Access to environmental impact
assessment computation methods has been providedjthsuch a WPS. This WPS implements various
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state-of-the-art impact methods for assessing tiwranmental performance of different PV systems.
Those methods make use of two databases: the swddar irradiance HelioClim3 database and the life
cycle inventories of PV systems from the ecoinwen® database.
To implement and deploy the WPS “impact assessmerd” have used the GENESIS Legacy
Interconnection Toolbox. This Toolbox is a configlle application released under the GNU GPL license
that facilitates the conversion of legacy applmasi into a WPS. On the front end the Toolbox im@gets
the WPS HTTP and SOAP bindings (both approachestexpin 05-007r7 and 08-091r6 are supported).
On the back end it can be connected to GRASS GEdbd@phical Information System) or via shell
scripts to any legacy application. The tool autdcadly downloads any referred remote resource and
translates the incoming input parameters into Bée@mto be used in the scripts that implement ¢neice
logic. The toolbox also provides a Web-based tgstimd monitoring tool allowing, for instance, tstlall
the incoming requests, evaluate their status aspknt the response messages.

In our scenario, we have implemented a single WiaBHhandles all operations that come from the two
WebGIS client applications. The legacy applicatitmst compute environmental performance maps and
point datasets are developed in the Python progragianguage.

4.2 WebGIS Client Application

As mentioned along this text the goal of this scene to provide the end-user with an easy to use
geographical WebGIS client (“helper application”owing interaction with geospatial data and
computation processes. This has been realisediby thee GENESIS Geodata Visualisation Portlet. This
Portlet deployed within the GENESIS Portal providgsowerful and flexible WebGIS Client that can be
instantiated inside any JSR286 compliant portalsad standalone. The environmental impact assessmen
WPS clients (maps and points) contain customizedgghic Web interface to capture geographic input
into services and to display geographically refeegivesults as maps, tables and charts.

5. Running the environmental impact assessment PV scenario

To start using this WebGIS client, one must actiesSGENESIS Portal (http://gppf.genesis-fp7.euf) an
log-in using the following credentials: login: dempassword: demo. In the “Environmental Impact
Assessment” section, one can access either thebasgm option providing environmental performances
maps covering Europe or the point-based optionigioy environmental performances for specific sites
selected by the user.
To run the AIP3 Energy point-based option, thedfelhgs inputs are to be chosen according to six
steps:
1. The user first has to select among several PV nesdigichnologies (monocrystalline, multicrys-
talline and amorphous silicon as well as thin fiknhnologies: CdTe and CIS)
2. The environmental performances are assessed @/exfiected PV lifetime to be selected (20, 25
or 30 years).
3. A performance ratio to be confirmed by the useaatale from 0.5 to 0.9 with a standard value
set to 0.8 by default.
4. The orientation of the PV is required ranging frofm= South to 180 ° = North. A south orienta-
tion is advised for better performances.
5. The inclination of the PV is required ranging fr@hto 90°. A 35 ° inclination is set by default.
6. Finally, an environmental impact assessing methaxith be selected among the 4 available pos-
sibilities. The method choice will provide diffetetypes of impacts ranging from detailed envi-
ronmental impact indicators to aggregated singléecator.
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Figure 2: Environmental impact assessment of a PV system results from the WebGI S Client

In Figure 2, two locations have been selected:iorike North of France and one in the South-East of
France. For both selections, environmental perfacea are provided and we have highlighted resoitts f
a specific impact issue: climate change. Considétie following characteristics: a South orientatraith
a 35° inclination for a multi-crystalline technologvith a 30 years life time and an installation
performance ratio of 0.9, we get a 88 g,@&0/ kWh performance for the North case while thatl case
has a better performance with 65 g %0/ kWh. Access to all other impacts is easilyadthrough the
available menus. Such comparison between diffdogations is very useful for the previously ideieif
users to choose an optimal location in order tamze environmental impacts.

6. Conclusion

This study has highlighted several key findingsisTihteroperable energy scenario has first proedreta
formidable tool to disseminate knowledge on envimental impacts related to PV scenarios. Users now
have on line access to life cycle environmentafguarances for a wide variety of PV configurations i
terms of technology and implementation, answermgntiny realistic installation implementations over
Europe. Models and data providers (solar irradigtiibe cycle inventories and life cycle impact nets)
also find through the use of web-service technagl@ggneans to simplify and ease dissemination af the
models and data. The possibilities to easily sbapertise and knowledge for modelers and data geosi
(GEOSS, 2007) have revealed the high benefit of ptgimg with the GEOSS interoperability
recommendations. The GEOSS AIP-3 scenario provitledopportunity to test and further develop a
generic geographic Web Processing Service and tGligtem that can be easily customized for specific
processes. The FP7 GENESIS project has contriltotéde elaboration of this system and proved its
added value by lowering the implementation barfierthe deployment of such systems. Extensions to
other renewable energies and technologies are ramthwo be undertaken and could be implemented for
example in the FP7 EnerGEO project to contributentintegrated energy platform.
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