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The system The system wewe considerconsider : A : A 
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Notes : 

1. Each element has its own characteristics

that are to be considered.

2. Some elements are exterior but are likely

- either as possible causes of events (e.g

- or in transport of CO2 towards possible 

overburden, aquifers…)

"�������
�����	��
�������
�������	�

"��������	����	����	���
�����
	�
���#����	��������#��

��	�����  
������  

"��  "��  
$������
	  

"��  

"��  "��  

�
��
 ��
	����  
���%����	����������  

&�
�����	��  
�		������  

�������������  
	����  

� ! �����
�����	��
������� 
�������	�

� ! ������	����	����	���
�����
	�
���#����	��������#��

��	�����  
��� � ! 

� ! � ! 
$������
	  

� ! 

� ! � ! 

�
��
��
	����  
���%����	����������  

&�
�����	��  
�		������  

�������������  
	����  

%��
	�&��''(

������� ����4�<�����  !

: A : A chainchain of 4 main of 4 main elementselements
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characteristics, such as shape, porosity, faults… 

likely to play a role in risk assessment :

e.g. neighboring wells)

possible targets (e.g.  intermediate
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RiskRisk AnalysisAnalysis : : 

� Identify risks & adequate scénarios 

Cause(s) ���� « Impacting phenomenon

CO2 

� Assess / evaluate each risk

( against which criteria

� Demonstrate that each risk

OR envisage extra measures

������� ����4�<�����  !

: : the objectivesthe objectives

scénarios 

phenomenon » 

risk

criteria ? )

risk is under control 

measures (« safety barriers »…)
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RiskRisk analysisanalysis : the main : the main 
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Compartiment => Impacts Compartiment => Impacts 

Compartments of the environnement : 

Sea, Air, River water, Soil, 

underground aquifer / caprock…

3 main targets

CO2 

3 main targets

1. Humans = safety (acute effects) & health

2. Ecosystems =  Flora & Fauna & Microfauna

Species linked to a biotope =  one compartment

But the compartment in itself is not a target

3. Human activities : exploitation of  ressources  (

� NOT performance of the system ( = non efficiency

� NOT social acceptance

������� ����4�<�����  !

Compartiment => Impacts Compartiment => Impacts on on targetstargets

Hazard

(transfer) (CO2, impurities, 

flamable substance…)

targets at staketargets at stake

Microfauna.

compartment

target (e.g. fracturation / geo-chimical alteration …) 

: exploitation of  ressources  (mining, underground  water…) or land use

efficiency of the technology towards climate change)



The 8 main The 8 main familiesfamilies of «of «
(direct impact on the (direct impact on the 

1) E - Explosions ( effect : oversurpression

2) I – Fires ( thermal effects ) 

3) SE - Sudden Emission / Emanation of gaz = CO2 mixture (

4) DE - Difffuse Emission / Emanation

Concern both the surface & the underground installations (

May happen after a slow accumulation in a given

CO2 

4) DE - Difffuse Emission / Emanation

5) P - Pollution by CO2 mixture ( toxic effect

6) Po – other pollution : e.g. by brine at a long distance 

7) M – Mechanics and ground movement

acceleration)

8) H – Hydraulics : perturbation of the 

Possible causes :  a. Normal diffusion (permeability

b. Degraded situations :  

������� ����4�<�����  !

of «of « ImpactingImpacting PhenomenaPhenomena » » 
(direct impact on the (direct impact on the targettarget))

oversurpression & thermal )

of gaz = CO2 mixture ( toxic effect )

Emanation of gaz = CO2 mixture ( toxic effect )

the surface & the underground installations (well, major fracture…)

given compartment => similar causes …

Emanation of gaz = CO2 mixture ( toxic effect )

effect or effect on ressource )

other pollution : e.g. by brine at a long distance 

movement (mechanical effect : deformation / 

of the hydraulical regime, flow, overpressure... 

permeability…)

situations :  faults & fractures, endamaged well…



RiskRisk scenarios : scenarios : 
fromfrom the Cause to the the Cause to the ImpactingImpacting

� The final représentation is the following

(concept of FAULT TREE )
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scenarios : scenarios : 
ImpactingImpacting PhenomenaPhenomena
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The CO2 « cocktail » : some

• Measurements at emission of 5 burners
� Burner  1 : CO2 : 8%, PAH (8) : 0,1 µg/m
� burner 2 : CO2 : 8,5%, PAH (8) : 0,05 µg/m

• Measurements of PAHs at emission
fuel)

CO2 
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• Biogaz originating from paper pulp fermentation (
– CO2 : 79% ; naphtalene : 0,6 mg/m

mercury: 5 mg/m3 ; 

fuel)
– fluoranthene : 6639 ng/mn

3

– Sum of 8 PAH : 7162 ng/mn
3
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some examples of impurities

burners fed by natural gas
Burner  1 : CO2 : 8%, PAH (8) : 0,1 µg/mn

3 

2 : CO2 : 8,5%, PAH (8) : 0,05 µg/mn
3

emission from a glasswork oven (fed by heavy

	���
������� 4����6�%�'	���
�������4�
�4�4� '&#
�����4�������%=4�4G��4�'&�
���'M

fermentation (after chlorine bleaching), 
: 0,6 mg/m3 … trichloroethylene : 35 mg/m3 … 
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CO2 +    Impurities

Interaction with the 
matrix

CO2 

CO2
+ Impurities+ dissolved

compounds
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LongLong--termterm chemicalchemical alterationalteration

CO2 
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Injection of CO 2

� chemical alteration of cement by leaching and 
carbonatation  => diminution of mechanical
resistance and variation of porosity

� Steel Corrosion of the casing
=> thickness decrease

� Alteration of interfaces steel / cement / rock

dissolved

LongLong--termterm chemicalchemical alterationalteration

CO2 

� Alteration of interfaces steel / cement / rock

post-injection phase (30-50  to 1000 yrs
� well sealing by setting a cement cap

� Slow equilibration of CO 2 storage (begins after
200 yrs) => THMC Sollicitations, pH decrease
around the well
: 
=> Degradation of the surrounding rock, cement
and steel packing / casing systems
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and 

Cement sample
contact ed with

dissolved CO2 [Barlet-
Gouédard, 2007 ] 0���0���0���0���
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alterationalteration : : examplesexamples on the on the wellwell

Steel thickness
decrease with tile

[Patroni, 2007]
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Probability x Intensity

Risk (safety)

Probability          x Severity / Gravity

CO2 

Event x Source    x Transfer   

Cumulative/certain

Exposure x
(e.g. concentration)                           (

Risk (environment)

������� ����4�<�����  !

x Vulnerability (thresholds)

Severity / Gravity

Concepts Concepts 
and vocabularyand vocabulary

Transfer   x Endpoint

Danger 
(Dose/response relationship)

x Danger = Toxicity thresholds
)                           (e.g. concentration) 

Risk (environment)



Severity
E D

V. Désastreux

11, 12, 13, 14, 

IV. Catastrophique

III. Important

7 1

Probability
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II.Sérieux

5, 6, 8, 9, 10, 2, 3

I. Modéré

4

Acceptable but manage safety

Acceptable under certain conditions

NON ACCEPTABLE
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C B A

Probability (likelyhood of occurrence)

O�:�(�9��O�:�(�9��O�:�(�9��O�:�(�9��O�:�(�9��O�:�(�9��O�:�(�9��O�:�(�9��

safety carefully

certain conditions



The Time factorThe Time factor
� Phonomena and impacts are : 

=> even if a ponctual event (ex: seism) can have long

fault that is enlarged by the seism)

=> The Vulnerability of the target depends on the 

� The probability depends on the 

CO2 

=> 1 event = 1 given APO (Annual Probability of Occurrence)

=> The overall probability of  occurrence is higher

if the period of observation (e.g. : life stage of the system) 

� Evolution : Normal / Degraded
=> What is «normal » in the longer term

appears as accidental / aleatory / « degraded » if 
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The Time factorThe Time factor
and impacts are : ponctual / continuous

have long-term consequences (ex: migration through a 

on the reference period

on the reference period Probabilité
Probabilité

of Occurrence)

higher

. : life stage of the system) is longer 

» if it should happen in the shorter term (e.g. 30 y).

� %&#
���� ���

#	#
����'

Probabilité
d’occurrence de 
l’événement
entre 0 et t

1 -

0 -

t=1 an

P=POA



Probability x Intensity

Risk (safety)

Probability x Severity

CO2 

Event x Source    x Transfer   

Cumulative/certain

Exposure x
(e.g. concentration)                           (

Risk (environment)
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x Vulnerability (thresholds)

Severity / Gravity

Concepts Concepts 
and vocabularyand vocabulary

Transfer   x Endpoint

Danger 
(Dose/response relationship)

x Danger = Toxicity thresholds
)                           (e.g. concentration) 

Risk (environment)
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RiskRisk analysisanalysis : the main : the main 

� Etape 1 : Identification des potentiels de dangers + cibles

� Etape 2 : Définition du système => découpage fonctionnel

� Etape 3 : Choix d’une méthode (1) :

CO2 

Identification des « déterminants du risque

d’appréciation, évolution normale/dégradée…

� Etape 3bis : Choix d’une méthode (2) : 

=> outil d’analyse  /// de représentation

=> raisonnement structuré, analytique, systématique  

=> liens causes- conséquences

������� ����4�<�����  !

: the main : the main stepssteps ((1)1)

: Identification des potentiels de dangers + cibles

: Définition du système => découpage fonctionnel

: Choix d’une méthode (1) :

déterminants du risque » : critères 

d’appréciation, évolution normale/dégradée…

: Choix d’une méthode (2) : 

=> outil d’analyse  /// de représentation

=> raisonnement structuré, analytique, systématique  

conséquences



� Etape 4 : Constitution d’un groupe de travail 

pluridisciplinaire

� Etape 5 : Collecte du REX

RiskRisk analysisanalysis : the main : the main 

CO2 

� Etape 5 : Collecte du REX

� Etape 6 : Analyse préliminaire des risques : mise en 

œuvre de l’outil  => définition de scénarios 

(hiérarchisation ?)

� Etape 7 : Évaluation détaillée des risques (ex: gravité, 

probabilité…) => modélisation ?

� Etape 8 : Recommandations (et démonstration de la 

maîtrise des risques)
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: Constitution d’un groupe de travail 

: the main : the main stepssteps ((22))

: Analyse préliminaire des risques : mise en 

œuvre de l’outil  => définition de scénarios 

: Évaluation détaillée des risques (ex: gravité, 

probabilité…) => modélisation ?

Recommandations (et démonstration de la 



� Les principales familles d’altérations ou ER :
� Transferts de chaleur / froid

� Phénomènes de pression / écoulements

� Modification des contraintes mécaniques

� Modifications physico -chimiques (à préciser / décliner)

Les Les autresautres événements à considérer événements à considérer 
= altérations de type T / H / M / C = altérations de type T / H / M / C 

= événements entrainant d’autres événements / phéno mènes= événements entrainant d’autres événements / phéno mènes

CO2 

� Modifications physico -chimiques (à préciser / décliner)

� … À compléter et à décliner collectivement, bien sûr  

������� ����4�<�����  !

principales familles d’altérations ou ER :

pression / écoulements

Modification des contraintes mécaniques

chimiques (à préciser / décliner)

événements à considérer événements à considérer 
= altérations de type T / H / M / C = altérations de type T / H / M / C 

= événements entrainant d’autres événements / phéno mènes= événements entrainant d’autres événements / phéno mènes

chimiques (à préciser / décliner)

… À compléter et à décliner collectivement, bien sûr  



Cause

Overpressure Toxic 
Thermic effect release

Accident

Acute 
exposure
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CO2 

exposure

Endpoint
Humans

Indirect 
/long-term 

Safety Environment
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Continuous 
release
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alteration / release
(CO2, impurities, matrix…)

Water/soil pollution
Deposition on soil/water

Aquatic milieu
Plants

Environment

Migration in the matrix



CO2 
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Probability x Intensity

Risk (safety)

Probability          x Severity / Gravity

CO2 

Event x Source    x Transfer   

Cumulative/certain

Exposure x
(e.g. concentration)                           (

Risk (environment)
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x Vulnerability (thresholds)

Severity / Gravity

Concepts Concepts 
and vocabularyand vocabulary

Transfer   x Endpoint

Danger 
(Dose/response relationship)

x Danger = Toxicity thresholds
)                           (e.g. concentration) 

Risk (environment)
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Continuous 
Cause release

Overpressure Toxic 
Thermic effect release

Accident

Acute 
exposure

alteration

(CO2, impurities

CO2 

Thermic effect release

Water/soil pollution
Deposition on soil/water

exposure

Endpoint Aquatic milieu
PlantsHumans

exposure

Indirect 
/long-term 

Safety Environment

Migration in the 
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Continuous 
release/ release

impurities, matrix…)

+ Impurities

CO2+    Impurities

Interaction with the matrix

CO2 + dissolved

Water/soil pollution
Deposition on soil/water

Aquatic milieu
Plants

Environment

Migration in the matrix

+ ImpuritiesCO2 + dissolved
compounds


