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1 Introduction: Theneed forenvironmental assessment in energy modelling

The EU Energy Union Strategy (COM/2015/080) calls for a decarbonisation of the energy system that allows
Member States to meet the commitments of the Pakigreement. Indeed, decarbonisation of the energy
system is one of the five pillars of the strateljore recent documents, such &suropean Commission 2020)

and (European Council 202@gave presented specifiemission reductiortargets for the EU for 2030 and

2050.A decarboised, renewable energy system is used as a synony a clean and sustainable one but
renewabl ejsed” denae&mrlggn systems have many @kelkaetral. i mp a
2009) In the two documents that form the communication the wal s “ wat er " “biodiwv
materials” do not afisphetiveeen.enetgysystems amgyother hesourtes @ result in
misleading information and misguided policy makif@rouwer et al. 2018)Consequently, it has been
suggested that the definition of sustainable energy transition pathways should consider thedffade
between resources and other environmentalgacts beyond air emissioifgon Stechow et al. 2016)

Administations use energy system models (ESMs) for prospective energy scenario design. EShds have
been very good at predicting the future of renewable energy nor at including sustainability dimefidikas

et al. 2021) In order to solve the first issue, it has been proposed to move away frorsiaeéts-all models

into modelling platforms that can soft link more specific models and that can be tailored to the specifics of
the system under consideratiofNikas et al. 2021 However,the issue of including sustainability in ESM
remains unresolvednd many administrations are not in the position of valuing systemic environmental
effects of energy policies due to this lack.

Some efforts have beemade to evaluatehe sustainability of energy systems mostly from the area of
integrated assessment (1A) and Life Cycle Assessment (LCA). IA modelling suits are formed by a number of
specfic model interconnected in order to assess how changes in one would affect the other one. They have
been criticised, among others, for being opaq(fefenninger 2017)and lacking the full value chain
perspective.

Life cycle assessment (L®A¥ been used to assess the environmental impacts related to the value chain of
renewable energy systems, mostly for emissions, raw materials and laij8ingk et al. 2014, Lausselet et

al. 2017, Oreggioni et al. 2017, Dai et al. 2019, Li et al. 2019, Hollingsworth et aM2820j theseanalyses

refer to a functional unit of 1 KWh, which is useful to compared different energy systems. Hotheyedo

not provide information on emergent, systemic impacts of the system oniséghimplemented. To do this,

an upscaling of LCA results iscessary, which considers tlewmplex configuration of sociecosystems
(Creutzig et al. 2012)

The multiscale integrated assessment of seeimsystem metabolism (MuSIASHE)ampietro et al. 2009)
is a methodological framework for the assessment of wdbed-energy tradeoffs that considers the
complex configuration of sociecosystemgGiampietro et al. 2014a)t has been exnsively used to assess
the bioeconomic viability ofocialsystems with a particular focus on energy systeii@Giampietro et al.
2014b)Mu S | A Evibhnsental impact assessmenmniwstly related to water systemgMadrid-Lopez et
al. 2014)and still theoretical (Lomas and Giampietro 2017, Serrahovar et al. 2019)Its further
development into a more apjed framework requires the integration with other tools that provide
environmental assessment capabilities, like LCA.

In SENTINEL we integrated the vathain and environmental assessment capabilities of LCA with the
systemic approach of MUSIASEM to assthe environmental impacts and biophysical constraints of the
renewable energy transitiorilhe challenge of this integration is posed by the link between the structural,
technologybased approach of LCA with the functiorsagctoriatbased approach of MBIASEM. Some efforts
have been developed within the MuSIASEM community toneoh functions and structures ithe

6
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assessment of sequential pathwa{a Felice et al. 2019, Parra et al. 20&@hout an actual integration with
LCA methods or data.

The LCAMUSIASEM integration is challengedanyinternal and an external factor. The internal factahis
intrinsic difficulties of integratinglifferent modelling semanticéKovacic 2017) The external factor is the
need to include a variety afser needs in the modelling semiotic procéSsbeok and Dane2012, Ellenbeck
and Lilliestam 2019, Silvast et al. 2021 deal with thichallengesthe integration of LCA and MuSIASEM
into a framework has been developed considering the semantitBeoSENTINEtnergy models and the
needs of the decision makethat will usethe resulting information.

This frameworkis the basis of ENBI®Sa Python package developed as the environmental assessment
moduleof the SENTINEL platforfdesigned to enable the holistic evaluation of the environmental impacts
and othermetabolic factors associated with reaching the projected emissions targets for the EU by 2030 and
2050,ENBIOS is the only module that has been fully developed within SENDUXEY the development of
ENBIOS, the perspective of enengwdellersand endusers of the resulting information have been
considered in an attempt to do the process as collaborative as pos§iblereative approaches gained
increasing relevance in modelling, to ensure modelsféripurpose to increase model credibility and
legitimacy, and to accelerate modelling impact in po{ian Daalen et al. 2002, Voinov and Bousquet 2010,
Renn 2015, Van Ittersum and Sterk 2015[dwall and Geels 2017)

The remaining of the document explains what user needs and modelling semantics have been included, the
methodological integration of LCA and MUuSIASEM and the formalizatiothaenENBIOSode.

2  Codevelopment oENBIOS

Buildirg on works about the semiotic process in modell{Bgbeok and Danesi 2012)d the stages of the
modelling process to cader uncertaintyRefsgaard et al. 200/Higurel shows a framework to explathe
co-development process OfENBIOS The framework includes 3 stages: (i) model definition, (ii)
implementation and (iii) feedback, and the steps taken within each of tinem the identification of relevant
narrativesto the design of the structure, the harmonization with energy system model semantics, the set up

and the calibration that have been performed prior to the first (alplhesionof the module. The next steps

include the actual simulation usingetresults of the energy models and the evaluation of results, both of

which are developed during the last year of SENTIEELB | OS”’ devel op hesadvancds afs i n «
WPks 1 (user needs), 4 (energy system models), 6 (SENTINEL platform) and @fpaeson protocol).

The energynodellersand deci si on maker s participation in tF
three of five (involve) in the spectrum developed by the International Association for Public Participation.
Whereas participants égrnal to SENTINEL were mostly involved in the identification of relevant narratives

and the structure design (stages 1 and 2), SENTINEL enedgflershelped complete the harmonization

and set up (stages 3 to 5).

1 Note that the original name proposed was ENVIRO, which had to be changed to ENBIOS due to the high number of python packages
that used the keyword enviro.
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Figurel: Stepsof the process followedn the codevelopment of ENBIOS showing participation etternal users
(bold) andinternal SENTINHELsers (italics), completed steps (green) and ongoing steps (shadowed gré&em)
lines are flows of information and dotted linesepresent feedbacks.
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2.1 External user needsdefining the internal structure

The work ofSENTINED the identification of external user need&s developed in work packagé/Pk)1
(user needs) andVPk7 (casestudies) andincluded a series of document alysis, surveys and workshops
also involving WPk 3 and WPk 4 of the proj@&uring this process five main environmental concerns were
identified (Gaschnig et al. 2020, Mad+ighpez, C. et al. 202yhich are included in ENBIOS and are covered
in table 1.

The work onexternaluser needs developed WPk1 identified as general concerns the impacts of the
material dependency and supply chain of electricity production; the GHG emissions; and the environmental
impacts on biodiversity/land, water and human health. These parameters used to decide the focus of
ENBIOS, the LCA inventory flows included and the impact assessment methods éltheergh ENBIOS
includes a number of LCIA methods, the first tests have been developedthsiReCiPe 2016 midpoint
methods (individualisthierarchical and egalitarian fehort, mediunt and longterm impacts)(Huijbregts

et al. 2017) Also, for the assessment of the material dependency, a new imgesgssment method was
created.

Tablel. Siammary ofexternal user needss colected inWPks 1 and.

External user need How ENBIO$rovidesthis information

Inclusion of raw material 1 Identification of main raw material demand

requirements & circularity 1 Development of a new indicator of supplgk

1 Including recycling rates

Consideration of impacts over full 1 Full Life Cycle inventories are passed on to MuSIASEM to perform the environmental

life cycle assessment over the value chain

Inclusion of impacts on biodiversity { Life cycle impactassessment(ClAmethods included assess impacts on biodiversity

Inclusion of more detailed 1 Total GHG emissions are includedCQ, CHand NQ

calculations of GHG emissions 1 Indicator of Global WarminBotential in CQequivalent

Inclusion of otherforms of pollution ~ § Other indicators of air, land and water pollution (e.g., abiotic depletion, acidificatis
eutrophication, land and aquatic ecotoxicity)

Inclusion of other factors influencing § Other indicators of human healtte.g., human dxicity potentialcancer and nostancer

human health related)

Inclusion of land & water use 1 Indicators of land and water use

Externalization of impacts 1 Space to define in each case study if impacts are domestic or imported

8
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The work on case study definition devetapin WPk7 resulted in the definition of two energy carrier
production scenarios: the transition scenario and the net zero sce@tavrakas et al. 2021¢onsequently,
ENBIOS focuses the production of energy carriereamely electricity, heat and fuelgking the results of

the optimized system design generatedWPk 4 of the projectThe participants of the Nordic case study
also highlighted the relevance of the externalization of environmental impacts related to the import of
biomass, for what ENBIQScludes the capability of distinguishing between domestically produmed
imported energy carriers.

2.2 Internal user need$iarmonizing with energy models

The integration modelling work in SENTINEL is mostly relate®/Rés 4 (system design), 6 (SENTINEL
platform) and 8 (intercomparisoaf results).Theneedsto consider in ERIOS relate to the semansiof the
energymodel resultsthe ENBIOS results data compatibilitye way in which constraints are included in the
energy models; the temporal and spdti@solution; and the accessibility to environmental data. They are
summarisedn Table2.

Table2. Summary of internal user needsom WPks 4, 6 and 8.

Internal needs How ENBIOS provides this
Compatibility with SENTINEL semantics 1 Development of index for friendly_data packaugelink ENBIOS functionality an
the standarddatanomenclaturewithin the SENTINEL project
Compatibility with IAMC semantics Results structured in IAMC format
Formatcompatibility ENBIOS s Bithon package producingsv formated outputs
Definition of constraints Adding environmental information for each pathway, avoiding normative rank
Temporal and Spatial Resolution adaptability § Matching extend and resolution to one year
1 Capabilities to diffeentiate regions
Data access tpay walledenvironmental data  Translator transforms ecospold data inENBIOS compatible input

= =4 =9

I n SENTI NEL two different semanti cs atheenewgsystdm r e s p e
model resultsand for the intercomparison of results with other modekhe platform structuring ofhe
archivefollows thesemantics set for the friendlylata packag& The intercomparison of results is structured
following the semantics of the IAMC data forrhdh eah of them, the combination of technologies, primary
energy sources and energy carriers is structured differently. The MuSIASEM part of ENBIOS registers the
system design (or pathway) given by the energy system models and also must report the resuky ihat

is compatible for intercomparison, both semantics were consideféefriendly_data packag&gansforms

the output of the SENTINEL models into SENTINEL semantics before it is archived in the platform. To be able
to use data from the platform an BXOS/friendly data dictionary was created that serves also as index to
report ENBIOS$esults to the platform. Additionally, to report the results of ENBIOS in IAMC semaantics,
ENBIOS/IAMC dictionary was created.

2 hitps://github.com/sentinetenergy/friendly data
3 https://data.ene.iiasa.ac.at/database/

9
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The models of SENTINEL are written iargety of languageand mostly take data in tex¢.csv .txtformat.

To make ENBIOS more accessible, the module is written in a dedicated python environment and returns
results in .csv format. ENBIOS does not have a user interface yet as the developtheriiaifkend was the
priority within SENTINEL and most of the expected ENBIOS usersnodetlerswith a fair knowledge of
programming. However, a Jupyter notebook has been prepared to make the module more accessible.

Figure2. Integration of ENBIOSENVIRO) in the SENTINEL workflow
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The social storylines developed by QTDIAN (REF to Del 2.3) are used within SENTINEL to define social
constraints as input parameters for energy models. The resulting ENBIOS indicators, hcamwet,be

used in the same way without producing a normative ranking of energy pathways, given that the
prioritization of environmental aspects is subjective to the decision maker. The three storylines of QTDIAN
prioritise people, market and government natives in the definition of energy model constraints and may
also be used in the definition of benchmarks against which the environmental parameters calculated by
ENBIOS can be compared. ENBIOS has, therefore, been defined as a simulation tool ané&mot as
optimization tool and its objective is to calculate the environmental and bioeconomic indicators associated
to each energy system design. However, the capability of comparing indicators like water use, raw materials
or biodiversity loss against an ertally defined set of benchmarks is included in ENBIOS. Figure 2 shows
how the constraint of pathways works for ENBIOS (ENVIRO).

The temporal and spatial resolution of SENTINEL models range from hours to years and ENBIOS inherits the
resolution of the inpit data. It is recommended to use ENBIOS for a yearly resolution for two reasons. First,
because a resolution of hours does not cover the changes in ecosystems, which can be observed only with
longer resolutions. And second, because the resolution ofitbeycle databases used is annuddbwever,

ENBIOS could, in principle, be used to calculate impacts with shorter resolutions when it is relevant, like in
the case of water use when it is compared with the natural seasonal regimes of the Mediterranesan wat
cycle. On the other hand, ENBIOS has the possibility of calculating results for small, medium and longer
regions, but for the moment it does not provide a fully regidssal assessment, a feature that we consider

for future developments as explainedtime methodlogy section that follows

10
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Finally, the most important issue that energy models will face is the accpsy twalledenvironmental data,

as the best life cycle databases for energy systems (Ecoinvent and GaBi) are both commercially lidesnsed. Th
is an issue that is difficult to overcome as any environmental modelling tool requires of a complete
characterization database. To meet this challenge ENBIOS includes a translator of Ecoinvent and GaBi data
format (.spold) to allow license holders toauthe module. Also, we consider for the future the development

of an internal library of precalculated coefficients that will allow the user with no accgssytwvalleddata

to have a rougher estimation of the environmental parameters.

3 Methodological roos

As comment ed @teroalengine B podérgd By two complementary frameworks: Life Cycle
Assessment (LCA) and the Mi8tiale Integrated Assessment of Semiosystem metabolism (MuSIASEM).

3.1 Life Cycle Assessment

Life Cycle assessment (LCAné&thodological frameworlused to evaluate the environmental burden &f

product or servicdy accounting the inflow and outflow of materiaad energy, includingiaste, extracted

from orreleased to the environmer(Guinée 2002)hrough theentire productive chairof a procesausinga

sequential approachA completeL CA accounts for the inflows and ou
g r a, indudingextractionof materials manufacturing, consumptioandrecycling to the finadlisposalLCA

can be divided intdour steps: 1) goal and scope definitidncluding functional unit and analytical system
boundaries 2) life cycle inventory (LCI) analysis, 3) life cycle impact an@8ly3lA) and 4) interpretatioA.

sketch of the implementation of an LCA for energstams is shown in figurg

In LCA, a functional unit is defined, which serves as the quantitative reference for the analysis. For energy
systems, this functional unit is usually defined in terms of generation of energy carriers (1 KWh of electricity
or 1Jof heat, for example) or in installed power capacity (LMW, for example). The main challenges in the
definition of a functional unit for the assessment of energy systems, is that typically different stages of the
productive chain require a different funotal unit. For example, the construction of a power station is better
assessed in terms of its material and energy requirements and environmental impacts in terms of MW of
installed capacity. Namely, a power station with higher capacity will require materrals and energy to be

built than a lower capacity station. However, the operation and generation stages are better assessed in
terms of the actual production of energy carriers. This is particularly important for the case of electricity
production fromfossil fuels in which each KWh produced comes at the cost of a certain amount of GHG
emissions among other impacts.

11
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Figure3. 1ISO14040 LCA framework (in light bluBackground system (in greeoolour) and foreground system (in
blue colour) included LClAmethods are illustratedin dark blue rectangles.

i
Goal and scope definition —
LY
L Inventory Foregound system
* Ermigsions
Background Manufacturing to air
system Emissions
o waler
Raw material w—p Waste
supply
H —-
- ; ll:irltur:rriig L— Interpretation

Energy supply

Dismantling and

LC Impact Assessment methods

footprint (2018)
ReCiPa (2016) ootprint (2018)

The reference of the functional unit is used to generate an inventory with the flows associated to all the
processed included in the system boundaries. Flowgdikematerial energy, atmospheric emissions, water
emissions, solid wastes, and other releases for the entire life cycle of a product, process, or aivity
included in the inventoryThe inventory has a higher resolution for those flows that form the foreground of
the analytical systenthan for those included in the background systé&uinée et al. 2011)he foreground
system refers tahe processedinder analysisin our case the energy systedesign provided by other
SENTINEL modelhe background system includes the processes thateseded for the supply of thieputs
required bythe foreground systembExamples of background system generally include the infrastructure
processes related to power plants or the fossil fuels production. Gendralgntorydata for theforeground
system is collected by the analyst whereas beekgroundinformation is taken from existing databases
Currently, the most complete and widely used databases are EcoifWarhet et al. 2016and GaB{Kupfer

et al. 220)

In the LifeCycle Impact Assessment (LGh&)inventory flows are classified by their contribution to specific
environmental impacts and multiplied by characterization factors to calculate the value of those impacts.
These steps of classificatiand characterizationesult inmidpointindicators which can be later nornised,
valued and/or ranked to estimatendpointindicators The type of indicators that is more relevant for an
analysis depends on its purposkne process of valuation and normalization needed for the calculation of
endpoint indicatoranakes them more subjective but commensurabeereasmidpoint indicators areon-
commensurablewith one anotherbut avoid miscalculation of values due to insuéiti knowledge to
complete the calculatiorThe calculation of both types of indicators follows established étAods. Some

of the methods arssingle indicatorCumulativeExergyDemand(Bosch et al. 2007)vhereasothers include

a list ofindicators like ILCD201@Tobergte and Curtis 201,3ReCiP2016 (Huijbregts et al. 2017}he EU
Product Environmental Footprint 2018ala S. et al. 2018j) Impact World- (Bulle et al., 2019).

Typically,multi-indicators methods are more generalist and sirigigicator methods are most specific for
the particular impact studied. For example, water use is included within the battery of a number of multi

12
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indicator methods, however a specific method, AWARAS, been developed for a better assessment of
impactsrelated to water usg¢Boulay et al. 2018)

3.2 Multi-Scale IntegrateAssessment of Soeizosystem Metabolism

MuUSIASEM(Giampietro et al. 2009)s a methodological framework dined for the sustainability
assessment of energy system configurations and based in the study of societal metabolic patterns
(Giampietro et al. 2014@ndthe flow/fund model(GeorgesctRoegen 1971)t representsocietal functions

and structures aprocessor®rgarised in a multilevel hierarcly (Di Felice et al. 2019f holons(Koestler

1967) dual nature entities that can be assessed at the same time as a part of a bigger system or as unitary
systens on its ownas shown in figurd. Holons and the resulting hierarchical holarqioestler 1967are
represented in MUSIASEM using dendrograms -lilkeeeschemes where societairfctions are connected to

others using parenting relations.

Figured. Representation of a structural processor (technology t) that contributes to a functional processor (function
f) as an individual systenl€ft) and as a part of an energy systamasign(right) represented in a dendrogram
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MuSIASEM studies three types of relationsraprocessor, intralevel and interlevéhtraprocessorelations

are given by the mix of inputs and outputs, as represented in figuakove. Inputs and outputsan come
from / go to either the biosphere (another ecosystem process) or the technospfarether social
processor) Intraprocessor relations arassessed in terms aéchnical coefficientsflow/fund (Georgescu
Roegen 1971jates, typically in terms of flows per hour of human actityhectare of landnvolved in a
process(VelasceFernandez et al. 2018ntralevelrelations are those that connect different processors of
the same level within tl hierarchy and are used to charadsera sequential pathwagCadilleBenalcazar et

al. 2020) These relations are similar to the relations assessed in LCA in that they consider the full value chain
of a processinterlevelrelationsrefer to the connection between a process and its parent/children. Its
assessment borrows principles of relational biologyctmnect whole systems with their components
(Gonzalez.6pez and Giampietro 2018, Cabello et al. 2019)

These relations are used to charagsethe contribution of a certain societal function to the upper levels of

the hierarchy and the constraints posed by the uppeels to the lower in terms of material and energy
flows. Typically this characterization is done in terms of tradffs between the different flows involved in

the functioning of the society. Figure 5 shows a MuSIASEM representation of theoffadetween water,
energy and raw materials. The water and raw material supply functions provide, respectively, water and raw
materials to the energy system, which, in turns, provides energy to the water and raw material functions.
The resulting tradeffs are hiearchically orgaised in supply and end use matricdsgat are crosschecked to
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identify the main constraints of the metabolic systgérezSanchez et al. 2019 ypically,indicators
included in the supply and end use matrixes are mostly related to energy, water, agricultural and monetary
flows as well as human activity, defined ae timount of hours devoted to a societal function, and land use.

Figureb. Example of the hierarchical representation tfade-offs in MuSIASEM.

~ Environment

Society
. Suppl Raw Materiai
Energy Supply- Domestic ¥ lmp Energy Demand Supply Water Supply
Renewables Fossil | Other Transport Other Ckr;;,:c Other SW GW
N Bio
Solar Wind Other EV Other
mass
Type | Type
PV TS Oth
A B er Water
Materials
Water Supply/Demand Raw Material Supply/Demand Emissions

The environment is represented in MUSIASEM as a level above the society in thehyiaraknvironmental

impacts areassessed using a differenarrative (Madrid et al. 2013and a different battery of indicators

mostly related to the depletion of natural resourc@®ipa et al. 2021)The relation between presswend

actual impacts has been covered in MUSIASEM tangentially only in the assessment of agricultural systems
(Madrid-L6épez et al. 2014, Renner et al. 2020)

For the calculation of the technical factors that charaigethe intraprocessor mix, and the supply, end use

and environmental pressure matrices, MUSIASEM relies in data from different sources. Technical coefficients
at the processor level are often gathered from LCA datab@ig=elice et al. 2018, Ripa et al. 2Q2fgrature

or technical reportgDiazMaurin and Giampietro 2013and statistical databasg€¥elasceFernandez et al.

2015)

3.3 Connecting LCA and MuSIASEM

As figure 6 showdVIuSIASEM and BQrepresent energy systems differentlyowkever, they have some
features that makes them synergic. The integration of MUSIASEM and LCA in ENBIOS has been done taking
into account the following aspects:

1 MuSIASEM uses flow/fund technical coefficients to char&sgmrocesses (societal functionshch
their interlevel and sequential relations. The recognition of these sequential pathways is the point of
connection with the LCA framework. In this way MuSIASEM can be used to upscale the results of an
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LCA to the full system. To do this, it is necesganallocate LCA processes (technologies) to

MuSIASEM processes.

1 If MUSIASEM and LCA share the sequential representation of a system and, consequently, both use
LCA inventories as data sources, an upscaling of those sequential pathways can complement and
improve both the bioeconomic and environmental assessments performed in MUSIASEM.

9 Current LCIA methods might not recaoggithe trade-off assessment capabilities of MUSIASEM and
consequently new impact assessment methods for MUSIASEM might have to belcreate

Figure6. The two approaches in the representation of the analytical system: LCA (left) and MuSIASEM (right)
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tttttt
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4  ENBIO$ramework: Architecture

4.1 Whatis ENBIOS

I Y S -': 1.1 ‘_' - >
d = 1.1+41.2+2.1 :;

1 % b W ol
h Y'Y ™ 1.2 ‘
‘. Total < . -". ahd
2 ‘ oy 2.1 r’ 1+2

[ - [xY?

ENBIOS isiaassessment framewoudteated tointegratethe life cycle and systemeanvironmental
impacts and bioeconomic conaints of energy system configurationds previously commented,
after evaluating the internal and external user needs, ENBIOS hasdedi@ed as a simulation
framework and not an optimization one. Its development into a software system is described in

section 5.
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Figure7. Summary ofthe architecture of theENBIO$ramework (above) and its workflow (below)
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ENBIOS derives a set of specific biophysical (water, mateti@jsextractions and emissions to be
derived for each energy source within a system. Being ENBIOS part of the SENTINEL platform. The

structure of the system is given by the energy op$ied transition pathways developed by SENTINEL

Eur c

energy models like Calliope or Energy Plan for each of the two scenarios (transition and net zero)
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and three storylines (market, government and peogleriented) considered in the project. The
framework is summased in figure 7.

4.2 Data inputs

ENBIOS requires a significant amount of information to be compiled and integrated. Nevertheless,
once the framework of the system and the basic system information has been defined, simulations
for different scenarios can be undaken by making minor changes to system configurations and
energy data quantitiesThe structural and data components required to successfulljpetnd

complete a simulation run iENBIO&re divided into wo general categories:

A General system setup
A

Life cycle assessment data and methods

o Defining new raw material related methods

These will each be discussed in the sections that follow.

4.2.1.1 Life cycle impact assessment (LCIA) methods ReCiPe 2016)

As explained above, an LCIA method is a specificatiord#famtes the way in which the individual inventory
information within the LCI dataset is converted into data for specific impact categories and each method is
based on different classification and characterization factors. A number of-mditator method& are
included in the ENBIOS method library, from which the analyst can choose the most appropriate for their
analysis. Table 3 summarises the methods that are included in the library.

Table3. Summary of the methods included in thebE L h {

YSGiK2R

fAONI NED® b20GS GKIF G

i S Na&@hods that do not include it do not consider impacts that occur more than 100 years after the activities
within the process have been completed

CML 2001 (superseded)

CML 2001 w/o LT (superseded)
cumulative energy demand

cumulative exergy demand

eccindicator 99, (E,E) (superseded)
ecaindicator 99, (E,E) w/o LT (supersede
ecoindicator 99, (H,A) (superseded)
ecoindicator 99, (H,A) w/o LT (supersede
ecoindicator 99, (1,1) (superseded)
ecological footprint

ecological scarcity 1997 superseded)
ecological scarcity 2006 (superseded)
ecological scarcity 2013 no LT

ecological scarcity 2013

ecosystem damage potential

EDIP (superseded)

EDIP w/o LT (superseded)

EDIP2003 w/o LT

EDIP2003

EF1.0.8 midpoint (superseded)
EF1.0.8 midpoint no LT (supersede
EF2.0 midpoint no LT

EF2.0 midpoint

EPS 2000

IMPACT 2002+ (Endpoint)
IMPACT 2002+ (Midpoint)
IPCC 2001 (superseded)

IPCC 2007 (superseded)

IPCC 2007 no LT (superseded)
IPCC 2013 no LT

IPCC 2013

ReCiPe Endpoint (E,A) w/o LT
ReCiPe Endpoint (E,A)
ReCiPe Endpoint (H,A) w/o LT

ReCiPe Endpoint (H,A)
ReCiPe Endpoint (I,A)

ReCiPe Midpoint (E) V1.13 no |
ReCiPe Midpoint (E) MB
ReCiPe Midpoint (E) w/o LT
ReCiPe Midpoint (E)

ReCiPe Midpoint (H) V1.13 no
ReCiPe Midpoint (H) V1.13
ReCiPe Midpoint (H) w/o LT
ReCiPe Midpoint (H)

ReCiPe Midpoint (1) V1.13
ReCiPe Midpoint (1)

selected LCI results, additional
selected LCI results

TRACI

USEtox w/o LT

USEtox

The internal test®f ENBIOS were developing using the malticator ReCiPe2016 H meth@duijbregts et
al. 2017) A summary of the outputs available using this method is provided in #addea sample of the
type of results that multindicator methods can provide.
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Figure8. Summary dendrogram for Power Supply Branch. Left side are functions and right side are strudiotesthat theuse of carbon capture and storage
(CCS) functionality for turbines and combined heat and power (CHP) thermal plants is not currently supported, but mayuskethek the module develops,
subject to the availability of suitable LCA data for CCS infradtre
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Table4. Summary of output indicators available using ReCiPe 2016 LCIA méthaifbregts et al. 2017)

Indicator Description

ALOP agricultural land occupation
GWP500 climate change (global warmimgtential)
FDP fossil depletion

FETR: freshwater ecotoxicity

FEP freshwater eutrophication

HTRy human toxicity

IRP_HE ionising radiation

METR marine ecotoxicity

MEP marine eutrophication

MDP metal depletion

NLTP natural land transformation
ODR¢ ozone depletion

PMFP particulate matter formation
POFP photochemical oxidant formation
TARo terrestrial acidification

TETR: terrestrial ecotoxicity

ULOP urban land occupation

WDP water depletion

4.2.2 New impact assessment methods

Asmentioned above, even though the library of LCIA methods is extensive, there is still potential for creating
improve methods for the assessment of particular indicatongs 16 the case for raw materials, for which the
closest Re@k indicator, metal depdtion, is not robust enough to inform policies about the material
dependency of energy systems. For EDBtwo new raw materiaklated methods wee createdand are
summaised below.

4.2.2.1 Thecircularity of energy technologies in the EU

The endof-life recyclig input rate (EoRIR) reflects the total material input into the production stage that
comes fromthe recycling of post o n s umer scrap and is regarded as
contribution to meeting materials demandrhe Eurostat databaseusesthe EOLRIR parameter as an
indicator for monitoring the EU' s progress toward
raw materials' and the current paper proposes the use of-R(R.as a way of monitoring circularity aspects

of energy systes within ESM studies. ThelERIR for a technology can be calculated by consideringdhe E

RIR of individual material{&uropean Commission 202id)relation to the overall mass of materials in the

item of infrastructure under studyin the case of ENBIOS, a composite value ofRERLis calculated using

the 55 critical raw materialfCRMsYHefined by the EC that also have listings within L@ inventory data

provided in the Ecoinvent database.

Asthe EoLRIRratesdefined for these materialare expressed as a percentage, the summation offithe
BoL-RIR 6r eachprocesamust be divided by the total mass of all materials to provide the fioelFER value.
Accordingly, the final formula is as follows:

B & 000 YO

Oe LYOY B &
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where:

0¢ 0'YOY = net EotRIRof the technology under study [%]

¢ = number of individual materials in the technology under study

& =mass of materiakzontained in the technology under study [kg/energy or power unit]
‘0¢ 0 'Y O EotRIRof material "(%]

The results will provide a better understanding of the circularity of a technology from a material perspective.
To assess the circularity of the technology itself, further analysis that assesses the disassembly along with a
more detailed aalysis of the material recovery from these technologies would need to be further developed.

4.2.2.2 Thesupplyrisk of energy technologies in the EU

The key output from the EU’ s 2 (qRu@peanrConmissicn RO20asa w ma t
the supply risk (SR) factor that quantifies the overall SR for each material as a dirtesssammstant based

on a number of physical and geopolitical factdrkis parameter also represents a key aspect of the ENBIOS
module as the largscale deployment of new energy technologies, and renewable energy in particular, could
prove to be less fedsle if the materials required to build the necessary infrastructure are scarce or difficult

to obtain.

Initial attempts to define a methodology for creating a composite SR score were based on a sinal& pro
approach. However, in order to capture theportance of materials that exist in much smaller quantities, an
additional parameter was required to normadithe amounts of required materials using some measure of
overall abundance of supply. Consequently, in the final formula, each material ipteatite must first be
normalised by dividing it by the annual consumption level within the EU. This provides a more useful measure
of the significance of using the given amount in relation to the overall suppé/proposed formulawhich

also utilsesthe 55 CRMs identified by the H@ which LCI data is availabie as follows:

L) 1 d “Y‘Y
YY —
W
where:
Y'Y = net SPf the technology under study [yr/energy unit]

¢ = number of individual materials the technology under study
a =mass of materiakkequired for process [kg/energy unit]
"Y'Y= SPof material ‘(ddimensionless]

@ =annual consumption level in EU of matef@kg/yr]

It is noted that, although the final value of SR is essentially dimensionless, the final units are actually the
timeframe of the consumption data divided by the unit that the material intensity is based upon. For
example, for one MJ of electricity producedte final units would be, in fact, the relatively meaningless year

per MJ. However, assuming calculations are based on material intensity data that uses the same units, all
final values of SR can be directly compared.

4.3 Results

As mentioned in section & E N T | WbEk bri irkercomparisowf results is orgaised around the IAMC data
format. This hierarchical standard is designed to orgase information on energy supply, demand,
transmission and storage but it does not have a proposal to name environmental impacts beyond GHG
emissions. Consequently, a new standard for the inclusion of LCIA indicators with MuUSIASEM structure in
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the IAMC nomealature had to be defined together witVPk 8 The resultingENBIOS IAMC Standard for

environmental impacts is sumiaed in table xx.

Table5.ENBIOS IAMC standard for environmental impacts of energy systems

imp

inv

The general label for thtandardi s :
used to cal

ReCiPe H

Raw Material

Emissions to
air

Emissions to
soil

Emissions to
water

Resource Use

Raw materials

framewor k

assessment), the stage
(“recipe”

used

Global Waming
Stratospheric ozone dégtion
Photochemical ozone
lonizing Radiation

Fine p. matter

Toxicity- (cancer)
Toxicity- (non-cancer)
Terrestrial Ecotoxicity
Freshwater Ecotoxicity
Marine Ecotoxicity
Acidification

Water consumption
Eutrophication

Land use

Mineral resource scarcity
Fossil resource scarcity
Supply risk

Endof-life recycling rate
CO2

CH4

NOx

a

b

c

ToRiver

To Aquifer

To Sea

Water

Land

Biomass

a

b

c

cul
of

at e
t he

t he i
resul

ndi
t s

fororex@snpdre)as ando2he

“enbios_ [framework] [staghe] [ me

cators ("I ca
(“inv” for
fomd4dTcat” gwp”

The esults are given in the form of a table that contains the chosen impact indicators for each of the
functions included in the dendrogram at each of the levels. Table xx shows the headropke results file.
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Table6. Head of the resulting .csv file from ENBIOS

Scenario  Period Scope Processor Indicator Value

sl 2038 Internal alb_environment SR2 2.00E06

sl 2038 Internal energy_system SR2 3.67E10

sl 2038 Internal energy_system.electricity_supply SR2 3.67E10

sl 2038 Internal energy_system.electricity_supply.electricity_ge SR2 3.67E10
ration

sl 2038 Internal energy_system.electricity_supply.electricity ge SR2 3.67E10
ration.electricity_renewables

sl 2038 Internal energy_system.electricity _supply.electricity ge SR2 3.67E10
ration.electricity _renewables.electricity_wind

sl 2038 Internal energy_system.electricity _supply.electricity ge SR2 3.67E10

ration.electricity_renewables.electricity_wind.el
ctricity_wind_orshore

sl 2038 Internal energy_system.electricity_supply.electricity_ge SR2 6.34E12
ration.electricity_renewables.electricity_wind.eli
ctricity_wind_onshore.ac_ohl_mountain_transn
ssion_alb

5 Software description and location

ENBIOS has beeleveloped into an opessource python packagend for this deliverable the alpha version
is completed. More information can be found in the quick start guide and the user manual in the annexes.

The software repository can be found github and it is, for the moment, private until the calibration and
evaluation stages are completed using the SENTINEL case studies. Figure 9 shows a snhapshot of the
repository.

Figure9. Snapshot of the ENBIOS repository on Github

O Search orjump to... /. Pullrequests Issues Marketplace Explore
& ENVIRO-Module / enbios  Private OWatch v | 0
<> Code Issues Pull requests Actions Prajects Security Insights Settings
P develop ~ ¥ 3branches ©1tag Gotofile | Addfile~ 4 Code + About &

Multimethodological -MuSIASEM and
(-\;‘ rnebot New version "enbios v.alpha” 5977¢b6 3 hours ago  ¥%) 56 commits LCA- assessment of environmental
impact of systems

enbios. New "Icia_implementation_to_csv" action 3 hours ago
[0 Readme
tests Skeleton of test modules last month
&8 BSD-3-Clause License
gitignore Minor refactering 4 days ago
LICENSE Files for deployment (as package and as Github repository) last month
Releases
MANIFESTin Files for deployment (as package and as Github repository) last month
© 1tags
README.md Updated README last month
Create a new release
example_config.yaml Example structurals typification and correspandence files last month
requirements.txt Updated versions 11 days ago
o P Ve Packages
setup.py New version "enbios v.alpha’ 3 hours ago
No pack:
. Publish y
sim_block_types.csv Example structurals typification and correspondence files last month Y
sim_correspondence_example.csy Example structurals typification and correspondence files last month
Languages
testR Files to test R and Jupyter with development tools last month
tutorial.ipynb Files to test R and Jupyter with development tools last month ® Python 20.0% Other 1.0%
= READMEmd 4
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1 Introduction

ENBIOS is software for the environmental and biophysical analysiseniergy systems. It computdake
relation betweenenergy provision functions within a society atite technologies that provide them,
integrating two methodological frameworkslife cycle assessment (LCa&)d the Multi-Scale Integrated
Analysis of Societal and Ecosystem Metabolism (MuSIASEM).

Once the required structural and data inputs are integrait@d an ENBIOSimulation, the software allows

a set of specific biophysical extractions and emissions to be derived for each energy source within a system.
The structure of the system can then be usew with
elaborate indicators that can manipulated to provide a deeper understanding of the inner functions of the
system at various levels. This, in turn, allows the user to assess and compare the consequences that relate to
the various elements within an engy system in a way that allows a better understanding and method of
comparison for a range of future climate policy scenarios.

While the core idea behind NBIOSis relatively simple, implementing a model simulation requires a
significant amount of informi#on to be compiled and integrated before the software can be executed.
Nevertheless, once the framework of the system and the basic system information has been defined,
simulations for different scenarios can be undertaken by making minor changes tmsy@téigurations and
energy data quantities.

The following sections provide a concise description of the requirements for operating the software. Firstly,
a brief description of the method for installing the software to a local device is provided. Theagglata

inputs are then divided into four categories and discussed in turn. Finally, the method for executing individual
simulations and the results that are produced are outlined.

2 Installation

To install ENBIOS, complete the following steps:

Sep Code

Install a Python (CPython) >=3.7 runtime. Anacon
is recommended:
https://docs.anaconda.com/anaconda/install/

Create a Python virtual environment conda create i n enbios_env python==3.7
Install ENBIOS pip install enbios
Install pycurl conda install I ¢ anaconda pycurl

Once installed, an ENBIOS command should be available from the command prompt (CMD in
Windows, Shell in Linux, Terminal in macOS). Simply executing this command without parameters
(i.e., enteringenbios ) should produce a summary of the different actionsréj the main action

is ENVIRO; other actions within ENBIOS have the purpose of helping in the construction of inputs,
as discussed in the following section

2
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The software is designed to enable cooperative work on case studies by aligning with existing tools that
provide collaborative functionality. When used as a Python package (not discussed in this document), using

shared Python or R (rpy2 package) scriptdumyter notebooks is possible. However, perhaps a simpler way

to collaboratively apply the software is via the use of shared Google Drive locations when opENBMQS
from a command line.

It is recommended that certain files common to the group wogkan a case study are placed in a shared

folder on Google Drive (other file sharing systems under study). These files are:

T The *‘Base’

and general model characteristics
1 The .xIsx (or Google Sheets format) file that defines the life cycle impact assessment (LCIA) methods
1 The processed workbook file that contains life cycle inventory (LCI) data for the system

All other input files should be located on local computers.

4 Preparation of inputs

workbook . xIsx (or Google Sheets

The structural and data components required to successfuljupetnd complete a simulation run
in ENBIOSare divided into three general categories:

A General system setup
A Life cycle assessment data and methods
A System data for individuacenarios

Details ofthe required inputs within these three categories are as follows:

Feature Command(s) Source Comment

Processors ‘“Bar ePr oc es Manually transcribed from Hierarchical schema of th
(MUSIASEM l evel s’ graphical dendrogram energy sector

dendrogram)

InterfaceTypes ‘I nterfaceT Types of biophysical flow
(MUuSIASEM) between processors

Raw material factors

Materi al s

Parameters

Data manually written into
workbook

Scalar indicators

Scal ar |l ndi

NonLCIA indicators art
manually specified from the
outcome of  analytical
process

Indicators attached to eacl
structural processor

Provenance
references

Ref Provena

Manually

Useful to annotate the source
used in interface values

Geographic
references

Ref Geogr ap

Manually

Useful to annotate location o
processors using NUTS codes

LCI database

File location in

Il mport Comn

structurak . 'File contains
information relating to:

I nterfaceT

Workbook generated by
Ici_to_nis

A database of LCI activities us
to provide raw LCI information tc
individual structural processors

f
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Feature Command(s) Source Comment

Bar ePro

|l evel s

ces
and

LCIA ReCiPe methoc * Dat as et
“LCI AMe t
“Scal ar |l

Def
hod
ndi

enbios
->

ReCiPe.xlsx ->
recipe_to_csv
recipe2016.csv

Energy ‘" *BarePro
structural processors si mul at i

ces
on’

Use results from Provides integration betweer
sentinel_to_nis SENTINEL simulation results a
‘“Processor’ MUSIASEM and LCA functions
data from SENTINEL outpu ENVIRO

should be aligned to the

structural processors ir

‘BareProcess:

using tWPegock

column

5 Execution

Execution of an BBIOSimulation requires th&NBIOS sub-routine to be called, followed bihe reference
to a configuration file in .yaml format and allows for sevel@lingflags to be specifiedas follows:

Execution code

enbios /home/enbios/ cfg_file_path.yaml -- flags
.yaml configuration file contents Description
nis_file_location The URL of the ‘Base’ wWor

correspondence_files_path

Currently not used. Could be used to define the path of a
file in which a mapping from technologies to .spold files ¢
from technologies to the MuSIASEM dendrogram cdadd
specified

simulation_type

States the file format of the simulation input. For no
should always be ‘sentine

simulation_files_path

Path to the reference file or folder needed by the spec
simulation output format.
be the path of the index
package to drive the reading of the simulation results

output_direc  tory

Path of the local directory where all outputs of the executi
will be placed

he
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Flag parameters Description

just_one_fragment I f “True’ , only the first
will be processed. This reduces simulation time angéul
for troubleshooting. *‘ Fal

generate_nis_base_url Because the *Base’' framew
possible to have specification issues. If this parameter is
to *True’ , a wor kbook in
information on how NIS interpret8asée. ‘ Fal s e’

generate_nis_fragment_file | f “True’ , for each fragn
file is written to the ou

generate_indicators I f *“True’ , ars.csvdilp B writtendor eachd
the fragments (the aggregate indicators .csv file is alw
generated). ‘Fal s se’ by de

max_Ici_interfaces

If >0, when LCI interfaces are merged into simulat
processors, the number of interfaces cannot exceed -
parameter. This is useful when checking the system pric
a full execution. By default, this is set to 0, meaning
interfaces are activated

he

Eur c



* %
* CcO

*
by v SENT'NEL Thispr oj ect has received funding from the Eur c
innovation programme under grant agreement No 837089.

* o %

6 Output

The main output of the process i s an foieactdefinad or s .
processor. The file contains the following columns:

Result Description

scenario To which scenario, coincident with SENTINEL scenario ¢
do the indicator values apply

period As above, but relating to time period

scope Scope ofthd ndi cat or. Can be ‘|
(i mports/ exports) or “Tot
sense’; other rows can be

processor The processors to which the indicator applies

i ndicator Name of the indicator

value Value of thandicator

Note that there is currently no ‘' Region’ c.ol umn,
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1 Introduction

ENBIO$ a software system developed within the EU Horizon 2020 project known as SENTINEL that aims to
provide support in analysing the effects and impacts of the teebtmnomicsectors of society on its
supporting substrates, i.e., environment and, again, society. The coding was initially based on a previously
developed set of software tools known as the Nexus Information System (NIS) developed as part of the Magic
Nexus project{Magic Nexus, n.d.; Nebot Medina et al., 2020)

The purpose ocENBIO$ to compute a set of environmental impact and sustainability indicators by building

a module that relates the various sources of energy within a system to the pressures causeel by th
technologies that provide them, integrating information and knowledge from three methodologies: life cycle
assessment (LCA), the MuBicale Integrated Analysis of Societal and Ecosystem Metabolism (MuSIASEM)
method and the dynamic simulatieoptimisation of energy networks.

Once the required structural and data inputs are integrated int&e&BIOSimulation, the software allows

a set of specific biophysical extractions and emissions to be derived for each energy source within a system.
The structureof he system can then be used within a MuSI A
elaborate indicators that can manipulated to provide a deeper understanding of the inner functions of the
system at various levels. This, in turn, allows the user tosassed compare the consequences that relate to

the various elements within an energy system in a way that allows a better understanding and method of
comparison for a range of future climate policy scenarios. The software is to be employed within the
SENTNEL project to analyse different future energy scenarios, particularly those that relate to the transition
towards higher levels of renewable energy use.

While the core idea behindENBIOSs relatively simple, implementing a model simulation requires a
significant amount of information to be compiled and integrated before the software can be executed.
Nevertheless, once the framework of the system and the basic system information has been defined,
simulations for different scenarios can be undertaken byimgkninor changes to system configurations and
energy data quantities.

The following sections provide a concise description of the requirements for operating the software. Firstly,
a brief description of the method for installing the software to a loaalide is provided. The required data
inputs are then divided into three categories and discussed in turn. Finally, the method for executing
individual simulations and the results that are produced are outlined.
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2 Installation of software

To instalENBIOS, complete the following steps:

A Install a Python (CPython) >=3.7 runtime. Anaconda3 is recommended:
(https://docs.anaconda.com/anaconda/insta)l/
A Create a Python virtual environment:

conda create T nenbios_env python==3.7
A Install ENBIOS:

pip install enbios
A Install pycurl:

conda install I ¢ anaconda pycurl

Once installed, an ENBIOS command should be available from the command prompt (CMD in Windows, Shell
in Linux, Terminal in macOS). Biynexecuting this command without parameters (i.e., entering enbios)
should produce a summary of the different actions. Here, the main action is ENVIRO; other actions within
ENBIOS have the purpose of helping in the construction of inputs, as discusisedoifowing section.
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3 Preparation of inputs

The structural and data components required to successfullypetnd complete a simulation run ENBIOS
are divided into three general categories:

A General system setup
A Life cycle assessment data ameéthods
A System data for individual scenarios

These will each be discussed in the sections that follow.

The software is designed to enable cooperative work on case studies by aligning with existing tools that
provide collaborative functionality. When used a Python package (not discussed in this document), using
shared Python or R (rpy2 package) scripts or Jupyter notebooks is possible. However, perhaps a simpler way
to collaboratively apply the software is via the use of shared Google Drive locationsopbeating ENBIOS
actions from a command line.

It is recommended that certain files common to the group working on a case study are placed in a shared
folder on Google Drive (other file sharing systems under study). These files are:

AThe * Bas e Xlsx (@oQodgle Shedts farmat) file that defines the energy system structure
and general model characteristics

A The .xIsx (or Google Sheets format) file that defines the life cycle impact assessment (LCIA)
methods

A The processed workbook file that contaiife kycle inventory (LCI) data for the system

All other input files should be located on local computers.

3.1 General system setup

When creating or altering ENBI-@hExcsli.xsy)loraQodgle Bheets t h e
format file that conains several sheets that define the key aspects of the sysdets as the central

‘“mot hership for the setup and operation oheremodul e
The definitions within this file largely follow the approach and nomenclature defined by the previous NIS
software package.

3.1.1Energy system schema

The most fundamental data input to the module is thefinition of the energy system schema (i.e., the
hierarchical categorisation or framework of the system in question). Indeed, all other data inputs and
simulation calculations are ultimately based on the way in which the elements of the system aréedpecif
within this hierarchical definition.

The system is defined using the approach defined by MuSIAGENMhpietro et al., 2009yhereby a system

is defined by a ‘dendrogram’ made up of a collect
theterm is defined in more detail elsewhere (e.g., $di-elice et al., 2019; Gonzaleapez and Giampietro,

2018), a processor essentially represents a single process that can be further defined as being either
“functional’ or fudtural procassons eepresent tire mosa disaggregatedSetvel of the
system. Here, a given technology performs a set of biophysical transformations to produce a profile of inputs
and outputs for the given structural element. Meanwhile, functional processoseasentially locations

5


https://docs.google.com/spreadsheets/d/15NNoP8VjC2jlhktT0A8Y0ljqOoTzgar8l42E5-IRD90/edit?usp=sharing

* %
* CcO

*
by v SENT'NEL Thispr oj ect has received funding from the Eur c
innovation programme under grant agreement No 837089.

* o %

where data from structural and other functional processors are aggregated and where further data for the
metabolism of inputs to produce outputs can be obtained. To provide an enietgied example, one could
define a series of mtictural processors for electricity produced from wind, solar, hydro and so on; all of these
could then be aggregated in a functional processor at the previous level for electricity from renewable
sources. Another structural processor at the previous léngh this processor could aggregate all of the
electricity produced from renewable and n@anewable sources. This approach is highly flexible and can be
used to characterise almost any soon@tabolic system that can be defined into a hierarchical frawdw

The energy system schema is defined within the ' Bze
The columns that define this are as follows:

A Pr o c-eThesnanme'of the processor
A* Par ent RPiTheprecessar, tocated one level apwhere the data from this processor is
aggregated
A" SubsystByggpef subsystem that the processor i
A* Funct i on al\@hetBar theupootessor s ffuhctional or structural
A" Accouhdtrens accoumti mdforf ' NoY@sfor this proces
A L e vTéd lével of the processor within the hierarchy. The highest level, for the system as a
whol e, i's set t o-l emel andr glu’'d;®2 £'¢Bui & chtnals wson o n

3.1.20ther setup data

The ‘' Base’ workbook file is also the |l ocation fo
information this will not be discussed in this document and, indeed, will not change from case to case once
they have been initiallgpecified. Nevertheless, full documentation of the approach adopted within the NIS
software packagehat provided the general basis of the development of ENBt@&$be used to provide an
overview of the file and how it functions (s@dagic Nexus, n.d.)

In any case, the file does contain certain information that may need to be changed or adjusted when setting

up different scenario simulations. Perhaps the most likely of these involves the specification of the life cycle
inventory (LCI) data that is teetapplied at each of the structural processors. LCI data is provided in the form

of .spold files. These files contain detailed inventories of all of the inputs and outputs to the process that
applies at each structural processor node. Accordingly, the nafrthe .spold file that applies at each
structur al processor needs to be specified in the
l evel s’ sheet for every instance where ‘Stresetur al
inventories can be derived based on different amounts of energy (e.g., some are supplied in the databases
per kWh, while others are supplied per MJ or other units) a factor must be applied to convert the data within

the inventories to a common refereaainit. In the SENTINEL project, the common unit is assumed to be one

EJ and these factors are |listed for all structura

Other columns may also need to be specified in this sheet, as follows:

A @EcoinventName Stringto describe name of process that .spold file relates to. For reference
only—not used in calculations

A @Combustion_kgCO2_EThe combustion factor for calculating kg of G&@pwhen directly
combusting fuels. This column is for fuels where consumptiproigided in EJ

A @Combustion_kgCO2_kgh\s above but used for fuels where consumption is provided in kg

Data from other sheets may also need to be changed for some simulations. These sheets and their functions
are as follows:
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A" Par amet er s R%padiéathegrawimatérial$ to be included in the raw materials output
calculations and the three parameters for each of these materials. The value of each parameter is
listed in *Value’ column, while the plheeameter
parameters are as follows:

0' EUMat er i al sTThe total amopnt af each’material consumed in the EU in the
reference year 201@obba et al., 2020; European Commission, 2020a)

o' Mat er i al sSupply psk faddr as given(BuropeanCommission, 2020b)

o' Mat er i al s R e<Endofilifareayding inguiRatet (EeRIR) as given {fturopean
Commission, 2020b)

A* L Cl A Me Spedifiesghe life cycle impacts assessment (LCIA) methods to be used and several
related parametersCan most likely be left as default listings

3.2Life cycle assessment data and methods

Two types of LGrelated inputs are required in order to prepare a simulation of ENBIOS. Firstly, the LCI
inventory data must be converted from the native .spold forimab a NIScompatible file. Secondly, a list of
the LCIA methods must be converted into a-bbgpatible file.

3.2.1LCl inventory data

Data from the .spold files that define the inventories at each of the structural processor nodes can be
converted intoa NIScompatible summary file using tHei_to_nis action. This requires the following
parameters to be specified:

A spold_files_folder —Local path of the folder where all .spold LCI files are located

A correspondence_path — Currently not used. Specifies the path of a .csv file in which a
mapping from technologies to .spold files and from technologies to the MuSIASEM dendrogram
can be defined

Anis_ base ul -Location of *‘Base’ workbook flibée wher
scanned to look for mapping information that links structural processors with .spold files. Note
that i f the ' Accounted’ property in the file i
‘“Parent Processor ' whatthis wil be the & RLeoha shated onlinsfilea s s u me ¢
However, a local file can also be used, if prefixeéliby/
A nis_structurals_base_path —Local path where the output NIS file will be generated
Example:
enbios Ici_to_nis /home/enbios/spold_files/ ™"

https://docs.google.com/spreadsheets/d/15NNoP8V|C2jlhktTOA8YO0ljgOoTzgar8l|
42E5- IRD90/edit?usp=sharing /home/enbios/Ici_to _nis_output.xlsx

When the process is completed, the resulting.xIsx file should be moved to the requaertidblder (in case
of coll aborative wor k). This | ink should then be
the *Base’ workbook file.



* %
e cO
*

*

* *
by v SENT'NEL Thispr oj ect has received funding from the Eur c
innovation programme under grant agreement No 837089.

3.2.2LCIA methods

Similarly, to integrate the selected LCIA method data into ENBIOS, an actguiied to convert the raw
LCIA method data into a Nt®mpatible file. This action is known laga_implementation_to_csv
and requires the following two parameters to be specified:

A method_file  —The path of the input .xlIsx file containing LCIA methodrinédion

A Icia_file —The path of the output .csv file
Example:
enbios Icia_implementation_to_csv /home/enbios/Icia_method_in.xlsx

/home/enbios/Icia_method_out.csv

The resulting .csv file should contain the following columns:

A* L Cl A Meldehtifieddfthe LCIA method
A" LClIl Al Aaddeatiof i er of the LCIA indicator (e.g.,

A 1 nt e-THeaame of the exchange whose value will be picked from each considered activity
(processor) for the weighting
A lnterfaeeWmit expected for the *‘Interface’ va

A* LCl AHoWhieznon'he ReCi Pe method is chosen, the
ReCiPe method according kuijbregts et al. (2017)
o ' +lhdividualist
0 ' H-Heirarchist
0 ' EEgalitarian
A* L Cl A C o «Thdweighting factor
A Co mp a r—tSpeeifies to which environment compartment the weighting applies

As with the LCI file in the previous step, the resulting file should be moved to the required shared folder (in

case of collaborative work). Bii | i nk should then be copied into the
in the ‘Base’ wor kbook file. Then, where appropr
‘Dataset Def ', ‘“LClI AMet hods’ a n &kbookSile.al ar Il ndi cat or s

3.3System data for individual scenarios

ENBIOS is capable of running simulations of many scenarios which, by their nature, will require different
levels of different elements within the energy system to be specified. That is, a simulationef@cenario
may contain a certain amount of electricity supplied from wind turbirmesl all other sources of energy
while the next will specify different amounts of this energy. As ENBIOS is designed to be able to simulate

many different scenarios, awayo i nput the different distribution
required.
Prior to running a simulation, this data is enter

workbook file. For small changes or troubleshooting runes¢éhchanges could be entered directly into the
cells of this sheet. However, the software has mainly been developed to analyse energy system data for
various scenarios to be provided by other members of the SENTINEL project. As such, a methodology was
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required to convert the complex sets of data to be provided into simplified sets of compatible data that can
be used to define and simulate scenarios in ENBIOS.

The solution adopted has been to provide an action capable of scanning simulation datasets tatelabo
report workbook in which the different elements considered in the simulation are enumerated: regions,
scenarios, times, technologies, carriers, measures (interfaces), etc. Here, the action is kremioas

sentinel_to_nis . The required parameter®r this action are as follows:
A sentinel_data_package_json_path —The path to the index .json file containing the
simulation resuits from other SENTINEL simulations. The file will use-th@ado! ed * fr i end|

definitions that follow a common nomenclate for elements of the energy system to be used by
all partners within the project

A nis_file —The local path where the output report workbook will be generated
Example:
enbios sentinel_to_nis

/home/enbios/case_study_1/sentinel_output/datapackage.json
/home/enbios/case_study 1/sentinel_output/

Table7 Summary of requiredENBIO$puts

Feature Command(s) Source Comment

Processors ‘Bar ePr oc e: Manually transcribed from graphice Hierarchical schema ¢
(MuUSIASEM l evel s’ dendrogram the energy sector
dendrogram)

InterfaceTypes ‘“I'nterface’ Types of biophysical flow
(MuSIASEM) between processors
Raw material * Par amet e r : Data manually written into workbook

factors Material s’

Scal ar | nd NonLCIA indicators are manual Indicators attached to
specified from the outcome o each structural processor
analytical process

Scalar indicators

Provenance ‘Ref Pr ov en . Manually Useful to annotate the
references sources used in interfac
values
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Feature Command(s) Source Comment
Geographic ‘Ref Geogr a Manually Useful to  annotate
references location of processor:
using NUTS codes
LCI database File location in Workbook generated by A database of LC
“I mport Com lci_to_nis activities used to provide

structural. File contains raw LCI information tc
information relating to: individual structural
‘“I'nterface’ processors
‘BareProce:
| evel'sl'ntaenr
LCIA methods ‘Dat as et De Icia_method in.xlsx -> enbios
“LCIlI AMet h o Icia_implementation_to_csv
“Scal ar | nd ->Icia_method_out.csv
Energy ‘*BarePr oce: Use results from Provides integration
structural si mul at i on sentinel_to_nis “ Pr oc between SENTINE
processors categories and data from SENTIN simulation results anc
MuSIASEM and LC

outputs should be aligned to th
ir functions in ENVIRO

structural

Parent

processors

BareProcessor s

Processol

he

As with the LCA data and methods in the previous sections, listings from the resultsigpfile be copied
| ocat.i
output from the SENTINEL database must be matched with the appropriate corresponding structural

into the

processor

‘Parent Processor

10

appropriate

from st heop Bhee®l otCeshaeret
col

umn

of

ons

t he

n

the °

Thi s i

BareProcessors

S

Eur c

Bar eProces

doi
S
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4 Execution of simulations

Once the inputs detailed in secti@have been preparedhe finalaction can be executed. The steps carried
out by this action are as follows:

ARead the ‘Base’ mod el from the *‘Base’ wor kbook
o Database ofeference LCI processors
o Information on how to associate technology names (from simulation) with LCI processor
information
o Information on how to associate technology names with MuSIASEM processors
0 How to calculate indicators
0 How to elaborate intermediate utputs
ASplit the simulation into sep
and ‘' Region Ti me/ year coul d
A For each simulation fragment, generate a fragmemidel (NIS file):
o Foreach technology:
A Gather interfaces coming from the simulation and create a processor with those
interfaces
A Find the main output of the technology
A Find an LCI processor for each technology and copy the interfaces, making them
relative to the simulation outpt instead of the LCI reference output (assume they are
the same)
A Find a MuSIASEM parent for the technology and assign it to that parent
0 Generate a NIS model file
0 Submit this dynamically generated NIS model, and calculate LCIA and other indicators
0 Collectand accumulate results

arately processat

r
be performed in

FigureApresents a simplified flowchart for this proc:e
package of outputsrébm other SENTINEL models that act as the changing energy system inputs to be
considered in ENVIRO. This data then enters the
parall el . Each fragment t—toesidered tolteghe sorecohENVIR@GER mb | e |
generates a model incorporating and integrating information from the MuSIASEM dendrogram and
information extracted from the LCI files. The as:c
sol ver ' whi c ilablepquantppativg imformation and aalculates indicators arranging them in the
output dataset.

In Figure A , the salmorcoloured pieces of informationocme fr om t he *‘ Base’ wor
hexagonal processes are undertaken within the ENBIOS and NEXINFOSYS (NIS) packages. The blue outpt
dataset at the bottom of the figure has similar dimensions to those from the SENTINEL input data package
adding indcators instead of measures to technologies and incorporating the processors from the MuSIASEM
dendrogram.

11
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FigureA 1 Conceptual flowchart foENBIOS
LCI
activities
MuSIASEM (as intensive
dendrogram processors)
Simulation output
- scenarios
- time periods Subset of output
- regions | with technologies Assembler
- technologies of a region and
scenaro
- measures
dynamically constructed
“NIS" model
Indicator formulas
- LCIA methods
- Raw Materials
- efte.
Indicators
- scenarios
- periods
- processors
- indicators
- values
ENBIOSimulations are executed as follows:
enbios enviro /home/enbios/enviro_run_1.yaml -- just_one_fragment=True
The .yaml configuration file, technically known
A" nis fil-@hleot®RLi ofi’ the ‘Base’ workbook fil
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A* corr esponde-nCueently not usesl. Cpudd tbenuseddefine the path of a .csv file in
which a mapping from technologies to .spold files and from technologies to the MuSIASEM
dendrogram could be specified

A si mul a t—Btates the filedfamat of the simulation input. For now, should always be
‘“sentinel’

A si mul at i o+Pathtdo theereferepca filehot folder needed by the specific simulation
output format. I n the case of ‘sentinel’ it

by v SENT'NEL Thispr oj ect has received funding from the Eur c

: S
‘“friendly _dat a’ package tignoesultsr i ve t he reading c
A* out put _-dPath & the lacal girectory where all outputs of the execution will be placed
An example .yaml configuration file is given below:
nis_file_location:
"https://docs.google.com/spreadsheets/d/15NNoP8VjC2jlhktTOA8YO0ljgOoTzgar 8
[42E5 - IRD90/edit?usp=sharing"
correspondence_files_path: ™"
simulation_type: sentinel
simulation_files_path:
"lhome/enbios/case_study_1/sentinel_output/datapackage.json "
output_directory: "/home/enbios/case_study_1/enviro_output/"
A number of executiodriving flags can also be placed after the .yaml filename, as follows:
A just_one fragment -1 f * True’, only the first fragment
processed. This reduces simulation time and i s
A generate_nis_base_url -Because the ‘Base’ framework mod
possible to have specification issues. I f this
generated returning informatéda’'onby ndéefoaw INtI S i nt
A generate_nis_fragment_file - f *True’, for each fragment
file is written to the output directory. ‘' Fal s
A generate_indicators -1 f *“True’, a separate indicators.
fagment s (the aggregate indicators .csv file ¢
A max_|ci_interfaces —If >0, when LCl interfaces are merged into simulation processors, the
number of interfaces cannot exceed this parameter. This is useful when checking the system prior
to a full executi on. By defaul t, this is set t

13
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5 Results

The main output of the process is an ‘indicators.
processor. The file contains the following columns:

A ‘* S c¢ e »Rorwihich’scenario, coincident with SENTINEL scenario codes, doittadndalues

~ apply

A ' P e r—iAathdve, but relating to time period

A Scepeope of the indicator. Can be ‘Local’ (do

Currently only *‘“Local makes sense’; other r ows

A Pr o c-eTheprocessors to which the indicator applies

A | nd i—-tNanrte ofthe indicator

A V a L\akie of the indicator
Note that there is currently no ‘' Region’ col umn,
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