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Acronyms Definitions

ERA Environmental Risk Assessment

GEL Geothermal Engineering Ltd
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ISO International Organization for Standardization
LCA Life Cycle Analysis

MRA Multi-risk Assessment

RA Risk Assessment

UDDGPP United Down Deep Geothermal Power Project
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| ntroducti on

A Deliverable 5.3 Integrating Multirisk assessment and Life Cycle Analysis deals with
the possibility combining andarmonizing LCA and MRA in one general protocol in
order to then implement it in the case of a specific project, in particular the protocol
will be applied on the UDDGRé&Id sitein Cornwall.

A Deliverable 5.3 Integrating Multirisk assessment and Liycle Analysis records the
progress obtained in Task 5.9.

A Deliverable 5.3 Integrating Multirisk assessment and Life Cycle Analysis objective is
the description of a possible framework to harmonize Integrating Migki
assessment and Life Cycle

1.1 General context

PU

Any artificial use of energy resource brings, along with innovation and economic benefits,
the possibility of producing impacts and intrinsically bears risks. A clear comprehension
of the potential environmental impacts and risks in the fig cycle of a project, it is
essential to make any decision about future energy policies. In particular, it is crucial to
distinguish between the specific impacts intrinsically related to exploiting a given energy
resource and those shared with theptoitation of other energy resources.

In general, a wide range of possible environmental impacts can be associated with the
exploration and exploitation of a geesources for energy purposes, throughout its
whole life cycle chain generally: land use, atmospheric emissions, emissions tal soil a
water, water use and consumption, solid waste and waste heat, geological hazards as
well as noise and impacts on biodiversity, etc.

Many different approaches can be used to identify and assess such impacts. In particular,
life cycle assessment (LCAdaimsk assessment (RA) are the most common rapdt

used ons.

The former is a tool to estimate the aggregated environmental impacts of a project
[1,2,3] evaluating a set of interactions that a product or service has with the
environment and the environemtal impact (positive or negative) that arises from such
interactions. In its most complete form (craditegrave), the LCA considers the entire life
cycle, thus including the phases of jpreduction (therefore also extraction and
processing of raw matels), production, distribution, use (therefore also reuse and
maintenance)geventualrecycling and final disposal.

The latter is a class of formal processes, i.e. Environmental Risk Assessment (ERA), Health
Risk Assessment (HRA), Mtikk AssessmentMRA), used to identify hazards and risk
factors that have the potential to cause harm, arsalyand evaluate the risk associated
with that hazard, and determine appropriate ways to eliminate the hazard, or control
the risk when the hazard cannot be elintimd In particular, ERA and HRA focuses are
respectively the risk posed to environment and human health, wiiRA, which we are
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interested in, has a wider approach with respect to other RAs and can be

used both toassess different (independent) hadarthreatening a common set of
exposed elements, and to determine and estimate possible interactions and/or cascade
effects among the different possible hazardous events [4].

Both LCA and MRA are, thus, analytical tools used to support decision niaking
environmental management. On the other hand, they have been developed and
implemented by largely separate groups of specialists.

In fact, even though, up to date, a great deal of studies of differentrgeaurce
exploitation have been carried on, bothth LCA andMRA, a comprehensive approach
which deals with both, impacts caused by ordinary routine operations, and impacts
caused by incidents due to system failures or extreme events, is still to be developed.
Therefore, it is worth considering wther there is a common research agenda that may
increase the relevance of these tools in decigsnaking processes.

1.2 Deliverable objectives

The aim of this deliverable is to describe and clarify the roles and information from each
of the tools, LCA and MRA, anddentify a possible way for combining and harmonizing
them in one general protocol. To our knowledge, such comprehensive@raoyet to

be introduced and it is not clear how this tsmled (LCA and MRA) knowledge can be
applied to future exploitation activities. In particular, our goal is to develop an interface
between the two tools in order to then implement it in the cala specific project.

The deliverable is organized as follows. The starting point widnbeverview of the
state-of-the-art, as well as an outline on the approaches with whiuése two toolsare
generally compared imdustrialsectors In the second section, a general overview of the
main concepts related with both the life cycle assessment and the multi risk assessment
problem is presented. The third section in dedicated to our resolution and the path
forward implemented peforethe conclusionswhich are presenteith the last section.

2 State of t he Ar t

The present literature on either LCA or (M)RAudies of different geoesource
exploitation is quitevast, equipping the scientific and industrial community withedter
comprehension of either environmental impacts or risks of individual exploitation
activities. Nonetheless, the two approaches are still used as disconnected ones and very
few, if not just one [5] contribudn in the upto-date literature poses th@roblem of
understandingthe general lessons learned or how this knowledge can be applied to
future exploitation activities.

1 Here the brackets indicate that the following is valid for RA in general and, as a consequence, also for MRA.
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Although, in Ref.[p Liu and Ramirez present an overddncluding the

environmental consequences of both operational actwia@d failures, which helps in
identifying the focuses, overlaps and potential knowledge gaps of current research, a
proposal on how to integrate the two different approashis still missing in the
literature of geeresource exploitation.

Good hints on the path to follow are, however, found in the pharmaceutical and chemical
manufacturing sectors as shown for example in Ref. [6]. deneral, there are five
different approaches$o compae LCA and (M)R&Figure 1:

{(M)RA can be considered as a subset to LCA,;

LCA can be considered as a subset to (M)RA;

(M)RA and LCA can be considered as intersecting or overlapping tools;

(M)RA and LCA can be consideasgeparate tools;

(M)RA and LCA can be considered as complementary tools, each one with a
particular perspective, both needed to get the full particulars.

I I > >

LCA (M)RA (M)RA

(M)RA LCA

| t
(M)RA subset of LCA| |LCA subset of (M)RA Intersecting tools Separated tools Comij:;:“ Y

Figurel - Alternative approaches of (M)Réd LCA in terms of simplified Venn diagrams

Such scheme is quite general and can be used for any risk assessment analysis. However,
as said before, among the different RAs, we are specifically interested in the MRA for its
wider and more complete approha and outcomes.

For this reason, to build a framework in which to include both MRA and LCA, it is useful
to compare the two tools understanding methods, scope and results.

2 The referencés an overview comparing general RA with LCArotdMRA specifically, in fact such
comparison is very rare in literature, if existing
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3 MRA and LCA: basi c concepts

3.1 MRA

As the name itselfuggess, the goal of risk assessment is to determine the risk posed by a
project. MRA is based on two analytical approaches: probability theory and methods for
identifying causal links between unfortunate effects and different types of hazardous
activities.

The introduction of risk assessment, as a quantitative tool, can be traced back to the 1950s
when it has been of help with decision making in both commercial and governmental
organizations.

Even thouglrisk assessmergmerged to address ocerns for human health, it has evolved

to include more general environmental concerns and a number of different subdivisions
within risk assessment have been developed. In this report, environmental risk assessment
related to the exploration and exploiiah d non-conventional hydrocarbons is considered.

Risk assessment is commonly defined as the scientific process in which the risks posed by
inherent hazards involved in the process or situations are estimated either quantitatively or
qualitatively. Theefore, in order to understand multi risk assessment, one needs to have
clear the distinction between hazard and risk.

Hazard is defined ashe potential to cause harm.
Risk is commonly defined a®e combination of the probability, or frequency, of occurrence
of a defined hazard and the magnitude of the consequences of the occurrence.

For example: The pollutant materials transported in and out of a drilling site have hazardous
properties. They mighfoul the surface waters in the vicinity ¢he roads they cross.
However, they are only dangerous if the waters are exposed to it. The degree of harm
caused by the exposure depends on the specific exposure scenario. Therefdrackf a
transporting pollutant materialdoesn't leak any of it, theisk of harm isnull, but the
hazardous property of the material and their transport will remain unchanged.

MRA goal is to harmonize the result obtained for different sources with the methodologies
used, also taking into account possible risk interact[@r&9].

A MRA analysis may take into account both events threatening the same elements at risk
without chronological coincidence dMulti-Hazard Assessmerdt -, and/or related events
(depending one to another or caused by the same triggeringteyehus occurring at the
same time or shortly following each other dMulti-Rsk Assessmerit - (European
Commission 2010).

In other words, such analysis is useful to both assess different (independent) hazards
threatening a common set @xposed elementsnd identify and assess possible interactions
and/or cascade effects among the different possible hazardous epe@is0].
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The implementation ofaMRA analysis needs to:
Atake into account the possibility of multiple (natural and anthropogenic) hazards as
possible triggering mechanisms;
Aexplore all the plausible scenarios of cascading events, identifying the logical
relationships among the different events driving to an unwdrntensequence;
A assess the possibility of impacting different typologies of environmental and anthropic
exposed elements

Going into more detag| a quantitative risk analysis can be structure@ main stepg411]:
A ldentification and description @otential accidental events in the systém
Alldentification in a hierarchical structurefault Tree - of the potential causes of each
incidental event using causal analysis
Alldentification in a hierarchical structureEvent Tree - of the potential conseggnces of
each incidental event using causal analysis.

The general framework for the quantitative medigsk analysis is, thus, represented using a
so-called bowtie structure- Figure 2.

It is composed of a fault tree on theft-hand side of theschemati¢ identifying the possible
events causing the critical (or top) event, and an event tree on thehagid side showing

the possible consequences of the critical event. Such a structure takes into account the
possibility of multiple (natural and anthropogenic) hazards as possible triggering
mechanisms, explores the logical relationships among the different eveatind to
unwanted consequences and considers the possibility of impacting different typologies of
environmental and manmade exposed elements.

Fault Tree Event Tree

/'
Immediate " Ultimate
consequences consequences

»

Basic B Intermediate

Top Event

events causes/events
v

What can cause an event? f What can an event cause?

Figure2 - Scheme of a BoWie Structure

3 Accidental event: a significant deviation from normal operating conditions that may lead to unwanted
consequence.

4 1f probability estimates are available (of the lmsivents), these may be input to the fault tree and the
probability/frequency of the accidental event may be calculated.
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3.2LCA

The definition proposed by the Society of Environmental Toxicology and Chemistry (SETAC) in
1993 on the LCA methodology is as folloiwsan objective procedure for assessing the

energy and environmental impacts related to a product / process / activity, performed by
identifying the energy and materials used and the waste released into the environment .The
evaluation includes the entire life cycle the product / process / activity, including the
extraction and processing of raw materials, manufacturing, transportation, distribution, use,

reuse, recycling and final disposal.

The first LCA studies date back to the 1960s. Their goal was to optimize costs in industrial
projects. In the last 50 years the scope of tifjge of analyses broadened to include raw
materials, emissiogiand wastes.

Today, LCA is an environmental management, twbich aims at identifying all resources
used and also emissions and waste generated to air, ground and soil, over the whole life
cycle of a specific project.

The LCA procedui®internationally standardized by ISO 14040 standards.

The aim of LCA is to study the production process development and to understand whether
opportunities exist for overall system improvements. Such analysis also leads to identify
possible environmeat hotspots in the production process [12].

The 1SO framework of LCA describes LCA as four compulsory-phgses3:

A Goal and scope definition (ISO 14041:1998): the purpose of the study and its scope is
defined,;

Alnventory analysis (ISO 14041:1998%ta collection and calculation procedures to
guantify relevant inputs and outputs of a product system;

AlLife cycle impact assessment (LCIA) (ISO 14042:2000): the data that constitutes the
results of the inventory are associated with specific environménizcts;

A Life cycle interpretation (ISO 14043:2000): the results from the inventory analysis and
impact assessment are interpreted to meet the beforehand defined goals of the
study.
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Goal and Scope
Definition

S

(( ) Science4CleanEnergy

Inventory
Analysis

+“—> Interpretation

Impact
Assessment

—p

Figure3 - Phases of an LCA according to ISO 14040:1997

Each of these phases can be brodlewn in smaller tasks, ahownin Figire 4:

PU

Goal & Scope

- — Who?
/ Goal
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Inventory Flow Chart
\ Data Collection — Database
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Weighting
Impact /
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Applications
Interpretation /
\ Management Review
Figure4 - Logical structure of LCA based on 14001 and 14004
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One of the main features of LCA is the agéunctional units. Thefunctional unit is the
assessment basis of LCA, enabling comparison between different products that provide the
same function. The products are quantitatively characterized in termsisffdhction in

order to take into account any differences in product lifetime or durability and efficiency. In
this way, it is possible to quantitatively relate processes to each other throughout the whole
product life cycle. Such relations are based @nréiative contribution of each process to the
defined functional unit. Thus, it is possible to partially include most proceasesthe
related emissiors in the analysis. For instance, one can need a definite amount of so much
energy for a given functiohaunit no matter the total the energy needed for the whole
project. In this way it is possible to compare the impacts of different projects.

As a consequence of the usefafictional units as basis of the modleng, LCA acquires a

relative character. In fact, &unctional unit is an arbitrary in size and thus, the analysis to
indicate the desirability of any decrease of hazardous substances.

4 MRA andelL&#Wdiuonsapproach

Both LCA and MRA are, thuanalytical tools used to support decision making in
environmental management. On the other hand, they have been developed and
implemented by largely separate groups of specialists. For this reason, no explicit, clear
conclusion of the ultimate combinatian benefit between LCA and MRA can be found in the
literature, even though the need for developing a framewarkich allows the integration
between LCA and MRA in subsurface environmental managemmeatognizedbs].

Both approaches make statements abgotential or probability of effects, even though one

- LCA- deals with impacts caused by ordinary routine operations, and the other MifRA-
focuses on impacts caused by incidents due to system failures or extreme events. Such
difference translatesithe fact that MRA and LCA address distinct and different questions.

As already said, both MRA and LCA are useful in the demisiking progress, representing

a way of structuring, presenting and evaluating information significant for the
environmental apects of a project.

The similarities, differences and interfaces between these two methods are more
complicated questions than what may intuitivelypear[13].

In general, one may find many specific features that one analysis presentstivehoéher

does not. Nonetheless, it is possible to summarize all the differences in few main aspects:

A Functional vs actual units: a fundamental difference between LCA and MRA is the use
of the functional unit concept in the former while the latter useBavis of actual (or
absolute) size.

A Global vs local: the LCA can be seen as a global analysis that does not strictly depend
on the position of the project, if not for different regulations, whilst the MRA is
strictly related to the actual localization ofi¢ project and to the environment it is
inserted into.

A Deterministic vs probabilistic impacts: both methods have a life cycle perspective, but
with a caveat. In fact, the definition of the life cycle of a project differs in the two
tools: in the LCA thddicycle of the project starts with the raw materials and ends
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with the closing of a site; RA analysis, on the other hand, includes the site
abandonment and posatbandonment phase. Such a difference is motivated by the
fact that, while LCA is focusing on the deterministic impacts of the project, which are
null once the $& has been abandoned, MRA addresses the impacts of the probable
accidents, which can happen also after the closing of the site.

A Receptor vs loading: the objective of an MRA is to guarantee the environmental safety
of a project bymodelling its impacts- receptor focused; while LCA address the
objective to reduce the overall pressure on the environment of an entire project
system from cradle to gravdoading focused.

One may, thus, conclude that there are some fundamental differenceseéertWCA and

MRA and a full integration of one into the other is not possible. Nonetheless, these two tools
can be seen as complementary analysis: two parts of a comprehensive framework to
evaluate certain and potential impacts.

In particular, MRA can be tiuupon LCA both qualitatively and quantitatively. In fact, one
may use the LCA scheme and results to identify and address the possible risk pathway. On
the other hand, theLCAoutputs can be used to define operational parameterstio¢
probabilistic framework of th#1RA

4.1 The path forward

To understand how we think such holistic tool can be constructegravedean example.
One of the sites we are interested in studying is the United Downs ®smhermal Power
Project (UDDGPP) in Cornyaflanaged byGel G4CEansortium partney. An LCA analysis
has already been carried out ftiis siteby UC|.as describedhtask 5.7.

The first step we are taking, in order to harmoriit@A with MRAis to divide the project life
into the same phases used by LCA, s#e construction and drilling, operation and
maintenance, dismantle and end of life, and adding the qaistndonment phase, see Eig

5. Such measure will allowle best use of the LCA inventory data.
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Phase 2

> Phase 1 >>
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Site construction Operation Dismantle
& & & Post-Abandonment
Drilling activities Maintenance End of Life
LCA & MRA LCA & MRA LCA & MRA MRA

Figure5 - MRA and LCA: Project phases

For simplicity, wéocusthe following discussioon Phase 1: site construction and drilling.
Implementingthe same approach of Rdfl4], the main risk pathway scenarios have been
identified for the site construction and drilling phase in the causal diagrprovidedin
Figures6 and 7. Fjure 6 includes the identified pathways corresponding with environmental
impacts associated with routnactivities, while Fige 7 displays thgathwayspotentially
associated with incidents and/or extreme events.

Final risk
receptors

Groundwater

Primary risk
receptors

Pathway

Community/Ecosystem distruption

I

Figure6 - Risk pathways in Phase 1. Darkygceircles identify events associated with ordinary routiperations.
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Community/Ecosystem distruption

receptors

I | |

Figure? - Risk pathways in Phase 1hif¢ and red circles identify events associated with incidents and/or extreme events.

From the graphs it is clear that one of the hazards in this phase is representbe by
transportation, storage and use of hazardous material, e.g. chemicals, fuel.

LCA inventory provides us with crucial knowledge on the amount of hazardous material on
site, thus allowingusto better estimate probability and intensity of related hazavdsen
building the probabilistic framework for these particular pathway scenarios.

Proceeding with a similar approach for each risk pathway scenario, we aim to perform a
more complete analysis using both MRA technigue and LCA outputs.
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5Concl asnfdondreess

Life Cycle Analysis and MtRisk Assessment ateseful analytical tools used to support
decisioamaking in environmental management. Nonetheless, a comprehensive approach
which integrates the two tools to desalwith both, impacts caused by ordinary routine
operations, and impacts caused by incidents due to system failures or extreme events, is still
to be developed.

Our goal is to find a possible way for combining and harmonizing LCA and MRA in one
general praocol in order to then implement it in the case of a specific project.

We have shown that, even some fundamental differences between LCA and MRAeseast,

two tools can be seen asomplementary: two parts of a comprehensive framework to
evaluate certain and potential impacts.

In particular, MRA can be built upon LCA both qualitatively and quantitatively. In fact, one
may use the LCA scheme and results to identify and address thiblpossk pathway
scenarios. Moreover, the outputs of Life Cycle Analysis can be used to define operational
parameters of the probabilistic framework of the Muligk assessment. Finally, we have
provideda preliminaryexample on the path wimtend to follow to build such a holistic tool.
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