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1 Introduction


Deliverable 5.3 - Integrating Multi-risk assessment and Life Cycle Analysis deals with
the possibility combining and harmonizing 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 UDDGPP field site in Cornwall.



Deliverable 5.3 - Integrating Multi-risk assessment and Life Cycle Analysis records the
progress obtained in Task 5.9.



Deliverable 5.3 - Integrating Multi-risk assessment and Life Cycle Analysis objective is
the description of a possible framework to harmonize Integrating Multi-risk
assessment and Life Cycle.

1.1 General context
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 full life 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 the exploitation of other energy resources.
In general, a wide range of possible environmental impacts can be associated with the
exploration and exploitation of a geo-resources for energy purposes, throughout its
whole life cycle chain generally: land use, atmospheric emissions, emissions to soil and
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 (LCA) and risk assessment (RA) are the most common and most
used ones.
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 environmental impact (positive or negative) that arises from such
interactions. In its most complete form (cradle-to-grave), the LCA considers the entire life
cycle, thus including the phases of pre-production (therefore also extraction and
processing of raw materials), production, distribution, use (therefore also reuse and
maintenance), eventual recycling, and final disposal.
The latter is a class of formal processes, i.e. Environmental Risk Assessment (ERA), Health
Risk Assessment (HRA), Multi-risk Assessment (MRA), used to identify hazards and risk
factors that have the potential to cause harm, analyse and evaluate the risk associated
with that hazard, and determine appropriate ways to eliminate the hazard, or control
the risk when the hazard cannot be eliminated. In particular, ERA and HRA focuses are
respectively the risk posed to environment and human health, whilst, MRA, which we are
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interested in, has a wider approach with respect to other RAs and can be
used both to assess different (independent) hazards threatening 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 making in
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 different geo-resource
exploitation have been carried on, both with LCA and MRA, 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 whether there is a common research agenda that may
increase the relevance of these tools in decision-making 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, and to identify a possible way for combining and harmonizing
them in one general protocol. To our knowledge, such comprehensive protocol is yet to
be introduced and it is not clear how this two-sided (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 case of a specific project.
The deliverable is organized as follows. The starting point will be an overview of the
state-of-the-art, as well as an outline on the approaches with which these two tools are
generally compared in industrial sectors. 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, before the conclusions, which are presented in the last section.

2 State of the Art
The present literature on either LCA or (M)RA1 studies of different geo-resource
exploitation is quite vast, equipping the scientific and industrial community with a better
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] contribution in the up-to-date literature poses the problem of
understanding the 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.[5], Liu and Ramirez present an overview2 including the
environmental consequences of both operational activities and failures, which helps in
identifying the focuses, overlaps and potential knowledge gaps of current research, a
proposal on how to integrate the two different approaches is still missing in the
literature of geo-resource 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]. In general, there are five
different approaches to compare LCA and (M)RA – 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 considered as separate tools;
(M)RA and LCA can be considered as complementary tools, each one with a
particular perspective, both needed to get the full particulars.

Figure 1 - Alternative approaches of (M)RA and 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 approach 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 reference is an overview comparing general RA with LCA and not MRA specifically, in fact such
comparison is very rare in literature, if existing
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3 MRA and LCA: basic concepts
3.1 MRA
As the name itself suggests, 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 though risk assessment emerged to address concerns 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 exploitation of 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. Therefore, in order to understand multi risk assessment, one needs to have
clear the distinction between hazard and risk.
Hazard is defined as the potential to cause harm.
Risk is commonly defined as the 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 might foul the surface waters in the vicinity of the 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. Therefore, if a track
transporting pollutant material doesn't leak any of it, the risk of harm is null, 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 interactions [7,8,9].
A MRA analysis may take into account both events threatening the same elements at risk
without chronological coincidence - “Multi-Hazard Assessment” -, and/or related events
(depending one to another or caused by the same triggering event) , thus occurring at the
same time or shortly following each other – “Multi-Risk Assessment” - (European
Commission 2010).
In other words, such analysis is useful to both assess different (independent) hazards
threatening a common set of exposed elements, and identify and assess possible interactions
and/or cascade effects among the different possible hazardous events [7,9,10].
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The implementation of an MRA analysis needs to:
 take into account the possibility of multiple (natural and anthropogenic) hazards as
possible triggering mechanisms;
 explore all the plausible scenarios of cascading events, identifying the logical
relationships among the different events driving to an unwanted consequence;
 assess the possibility of impacting different typologies of environmental and anthropic
exposed elements
Going into more details, a quantitative risk analysis can be structured in 3 main steps [11]:
 Identification and description of potential accidental events in the system3;
 Identification in a hierarchical structure - Fault Tree - of the potential causes of each
incidental event using causal analysis4;
 Identification in a hierarchical structure - Event Tree - of the potential consequences of
each incidental event using causal analysis.
The general framework for the quantitative multi-risk analysis is, thus, represented using a
so-called bow-tie structure - Figure 2.
It is composed of a fault tree on the left-hand side of the schematic, identifying the possible
events causing the critical (or top) event, and an event tree on the right-hand 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 events leading to
unwanted consequences and considers the possibility of impacting different typologies of
environmental and manmade exposed elements.

Figure 2 - Scheme of a Bow-Tie Structure
3

Accidental event: a significant deviation from normal operating conditions that may lead to unwanted
consequence.
4
If probability estimates are available (of the basic events), these may be input to the fault tree and the
probability/frequency of the accidental event may be calculated.
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3.2 LCA
The definition proposed by the Society of Environmental Toxicology and Chemistry (SETAC) in
1993 on the LCA methodology is as follows: is an 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 this type of analyses broadened to include raw
materials, emissions and wastes.
Today, LCA is an environmental management tool, which 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 procedure is 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 environmental hot spots in the production process [12].
The ISO framework of LCA describes LCA as four compulsory phases - Figure 3:
 Goal and scope definition (ISO 14041:1998): the purpose of the study and its scope is
defined;
 Inventory analysis (ISO 14041:1998): data collection and calculation procedures to
quantify relevant inputs and outputs of a product system;
 Life cycle impact assessment (LCIA) (ISO 14042:2000): the data that constitutes the
results of the inventory are associated with specific environmental impacts;
 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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Figure 3 - Phases of an LCA according to ISO 14040:1997

Each of these phases can be broken down in smaller tasks, as shown in Figure 4:

Figure 4 - Logical structure of LCA based on 14001 and 14004
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One of the main features of LCA is the use of functional units. The functional unit is the
assessment basis of LCA, enabling comparison between different products that provide the
same function. The products are quantitatively characterized in terms of this function 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 on the relative contribution of each process to the
defined functional unit. Thus, it is possible to partially include most processes—and the
related emissions—in the analysis. For instance, one can need a definite amount of so much
energy for a given functional unit 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 use of functional units as basis of the modelling, LCA acquires a
relative character. In fact, a functional unit is an arbitrary in size and thus, the analysis to
indicate the desirability of any decrease of hazardous substances.

4 MRA and LCA relations - our approach
Both LCA and MRA are, thus, analytical 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 combination or benefit between LCA and MRA can be found in the
literature, even though the need for developing a framework, which allows the integration
between LCA and MRA in subsurface environmental management, is recognized [5].
Both approaches make statements about potential or probability of effects, even though one
- LCA - deals with impacts caused by ordinary routine operations, and the other one - MRA focuses on impacts caused by incidents due to system failures or extreme events. Such
difference translates in the fact that MRA and LCA address distinct and different questions.
As already said, both MRA and LCA are useful in the decision-making progress, representing
a way of structuring, presenting and evaluating information significant for the
environmental aspects of a project.
The similarities, differences and interfaces between these two methods are more
complicated questions than what may intuitively appear [13].
In general, one may find many specific features that one analysis presents while the other
does not. Nonetheless, it is possible to summarize all the differences in few main aspects:
 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 uses of flows of actual (or
absolute) size.
 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 of the project and to the environment it is
inserted into.
 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 the life cycle of the project starts with the raw materials and ends
PU
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with the closing of a site; RA analysis, on the other hand, includes the site
abandonment and post-abandonment 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 site has been abandoned, MRA addresses the impacts of the probable
accidents, which can happen also after the closing of the site.
 Receptor vs loading: the objective of an MRA is to guarantee the environmental safety
of a project by modelling 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 grave - loading focused.
One may, thus, conclude that there are some fundamental differences between LCA 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 built upon 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, the LCA outputs can be used to define operational parameters of the
probabilistic framework of the MRA.

4.1 The path forward
To understand how we think such holistic tool can be constructed, we provide an example.
One of the sites we are interested in studying is the United Downs Deep Geothermal Power
Project (UDDGPP) in Cornwall, managed by Gel (S4CE consortium partner). An LCA analysis
has already been carried out for this site by UCL, as described in task 5.7.
The first step we are taking, in order to harmonize LCA with MRA, is to divide the project life
into the same phases used by LCA, i.e., site construction and drilling, operation and
maintenance, dismantle and end of life, and adding the post-abandonment phase, see Figure
5. Such measure will allow the best use of the LCA inventory data.
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Figure 5 - MRA and LCA: Project phases

For simplicity, we focus the following discussion on Phase 1: site construction and drilling.
Implementing the same approach of Ref. [14], the main risk pathway scenarios have been
identified for the site construction and drilling phase in the causal diagrams provided in
Figures 6 and 7. Figure 6 includes the identified pathways corresponding with environmental
impacts associated with routine activities, while Figure 7 displays the pathways potentially
associated with incidents and/or extreme events.

Figure 6 - Risk pathways in Phase 1. Dark grey circles identify events associated with ordinary routine operations.

PU

Page 14 of 18

Version 4.2

Deliverable D5.3

Figure 7 - Risk pathways in Phase 1. White 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 represented by the
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 allowing us to better estimate probability and intensity of related hazards when
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 technique and LCA outputs.
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5 Conclusions and future steps
Life Cycle Analysis and Multi-Risk Assessment are useful analytical tools used to support
decision-making in environmental management. Nonetheless, a comprehensive approach
which integrates the two tools to 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.
Our goal is to find a possible way for combining and harmonizing LCA and MRA in one
general protocol in order to then implement it in the case of a specific project.
We have shown that, even some fundamental differences between LCA and MRA exist, these
two tools can be seen as complementary: 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 the possible risk pathway
scenarios. Moreover, the outputs of Life Cycle Analysis can be used to define operational
parameters of the probabilistic framework of the Multi-risk assessment. Finally, we have
provided a preliminary example on the path we intend to follow to build such a holistic tool.

PU

Page 16 of 18

Version 4.2

Deliverable D5.3

6 Bibliographical references
[1] M. Corsten, A. Ramirez, L. Shen, J. Koornneef, A. Faaij (2013) Environmental impact
assessment of CCS chains - lessons learned and limitations from LCA literature. Int J Greenh
Gas Control; 13:59–71, doi:10.1016/j.ijggc.2012.12.003.
[2] P. Bayer, L. Rybach, P. Blum, R. Brauchler (2013) Review on life cycle environmental
effects of geothermal power generation. Renew Sustain Energy Rev; 26:446–63, doi:
10.1016/j.rser.2013.05.039.
[3] C.L. Weber, C. Clavin (2012) Life cycle carbon footprint of shale gas: review of evidence
and implications. Environ Sci Technol; 46,11:5688–5695, doi: 10.1021/es300375n.
[4] A. Gormley, S. Pollard, S. Rocks (2011) Guidelines for environmental risk assessment and
management-green leaves III. Cranfield Univ; PB13670:25–33.
[5] W. Liu, A. Ramirez (2017) State of the art review of the environmental assessment and
risks of underground geo-energy resources exploitation. Renew Sustain Energy Rev; 76:628–
644, doi: 10.1016/j.rser.2017.03.087.
[6] K. Flemstrom, R. Carlson, and M. Erixon (2004) Relationships between Life Cycle
Assessment and Risk Assessment. Industrial Environmental Informatics (IMI), Chalmers
University of Technology. NATURVARDSVERKET, Report 5379, June 2004.
[7] W. Marzocchi, A. Garcia-Aristizabal, P. Gasparini, M. L. Mastellone, and A. Di Ruocco
(2012), Basic principles of multi-risk assessment: a case study in Italy, Nat. Hazards, 62(2),
551-573, doi: 10.1007/s11069-012-0092-x.
[8] A. Garcia-Aristizabal, M. Polese, G. Zuccaro, M. Almeida, and C. Aubrecht (2015),
Improving emergency preparedness with simulation of cascading events scenarios,
Proceedings of the 12th International Conference on Information Systems for Crisis Response
and Management (Palen, Buscher, Comes and Hughes, eds.), Kristiansand, Norway.
[9] Z. Liu, F. Nadim, A. Garcia-Aristizabal, A. Mignan, K. Fleming, and B. Luna (2015), A threelevel framework for multi-risk assessment. Georisk: Assessment and Management of Risk for
Engineered Systems and Geohazards, 9(2), 59-74, doi: 10.1080/17499518.2015.1041989.
[10] P. Gasparini and A. Garcia-Aristizabal (2014). Seismic Risk Assessment, Cascading
Effects. In: Beer M., Patelli E., Kougioumtzoglou I., Au I. (Ed.) Encyclopedia of Earthquake
Engineering, SpringerReference, p. 1-20. Springer-Verlag Berlin Heidelberg.
[11] M. Rausand, and A. Hoyland (2004) System reliability theory: models, statistical tools,
and applications, (2nd ed.). Wiley \& Sons Inc., Hoboken, New Jersey.
PU

Page 17 of 18

Version 4.2

Deliverable D5.3

[12] JRC ILCD Handbook. General guide for Life Cycle Assessment: detailed
guidance, EUR24708 EN (2010)
[13] H.A. Udo de Haes, A. Wegener Sleeswijk, R. Heijungs (2006) Similarities, Differences and
Synergisms Between HERA and LCA - An Analysis at Three Levels. Human Ecol. Risk Assess.;
12, 431-449, doi:10.1080/10807030600561659.
[14] A. Garcia-Aristizabal, P. Capuano, R. Russo, and P. Gasparini (2017). Multi-hazard risk
pathway scenarios associated with unconventional gas development: Identification and
challenges for their assessment. Energy Procedia, 125, 116-125, doi:
10.1016/j.egypro.2017.08.087

PU

Page 18 of 18

Version 4.2

