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Abstract

Energy supply routes to a given region (say E.U.) of the economy-energy model TIAM-
WORLD (TIMES Integrated Assessment Model) are subject to random events, resulting
in partial or total closure of a route (corridor). For instance: a pipeline may be subject
to technical problems that reduce its capacity. Or, oil supply by tanker may be reduced
for political reasons or because of equipment mishaps at the point of origin, or again by
a conscious decision by the supplier in order to obtain economic bene�ts. This paper
uses the approach of Robust Optimization to model uncertainty on the energy supply
constraints for Europe in the economy-energy model TIAM-WORLD. The resulting for-
mulation provides several interesting features regarding the security of EU energy supply
and has also the advantage to be numerically tractable.
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1 Introduction

Energy supply routes to a given region are subject to random events, resulting in partial
or total closure of a route (corridor). For instance: a pipeline may be subject to technical
problems that reduce its capacity. Or, oil supply by tanker may be reduced for political
reasons or because of equipment mishaps at the point of origin, or again by a conscious
decision by the supplier in order to obtain economic bene�ts.

The purpose of this article is to formulate a simpli�ed version the above issue that
addresses mainly long term uncertainties. The formulation is done via a version of the
TIAM-WORLD Integrated Model, modi�ed to implement the approach of Robust Opti-
mization [3]. In our case, the approach can be interpreted as a revival of Chance Con-
strained Programming [7] under the name of Distributionally Robust, or Ambiguous,
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Chance Constrained Programming [6, 17]. We apply the approach to improving the se-
curity of supply to the European Energy system.

TIAM-WORLD [21, 22] is a long term, 16 region global energy environment model
based on the computation of a partial equilibrium on energy and emissions markets. It
explicitly describes a very large number of technologies and energy forms for the supply,
transformation, trading, and end-use of energy. Various incarnation of the TIAM model
have been used for analyzing global energy and climate questions ([20, 23]).

Energy security is now considered a priority in any energy policy and future energy
strategy. In the United States, the Energy Independence and Security Act of 2007 and the
proposed Clean Energy and Security Act of 2009 consider energy security at a pillar of the
US energy policy. In Europe, the Green Paper on energy security [9], the Green Paper on
the European strategy for sustainable, competitive and secure energy [10], several direc-
tives (for example: the 2006 directive on oil stocks forcing each Member State to maintain
a minimum petroleum reserve, the 2004 and 2005 directives on measures to safeguard se-
curity of, respectively, natural gas supply and electricity supply), the current proposals
for new regulations on investment projects in energy infrastructure (2009) and on gas
supply security (2009) as well as the 20-20-20 Energy Policy [11], aim at strengthening
the European Community security of energy supply.

Several concerns or fears are behind the importance given to energy security:

• The rapidly increasing World demands of energy, mainly driven by the emerging
countries like China and India [16] may have important consequences on the avail-
ability and price of energy resources at the World level. Debates on the possibility
of an imminent peak oil add to these fears.

• The import dependence of Europe is expected to grow in a business-as-usual context,
and energy imports might reach up to 65% of the EU consumption by 2030 [11].
Moreover, this import dependence of Europe as well as many other importing coun-
tries or regions tends to concern a relatively small number of supplying countries
[16].

• The Russian-Ukrainian gas crisis of January 2009, resulting in a disruption of gas
supplies to EU via Ukraine, illustrates the increased transit risks.

• Uncertain geopolitical stability or strategy of supplying regions, like Middle East,
Nigeria or Venezuela is of course of concern.

• Threats to energy security can result from system failures either of the supplier,
or of the import country, for di�erent reasons, such as natural events, terrorism,
poor quality or conditions of the installations (operational failures from inadequate
protection, generation capacity limitations due to under-investment) [14]. The 2003
blackout in Italy and the 2006 blackout that a�ected several European countries are
examples.

• Environmental risk must be considered, related for example to the potential damage
from accidents or any future policy implemented in the supplying or consuming
countries and a�ecting the production and consumption of energy.

Based on this description, the risks related to energy supply can be geological (possi-
ble exhaustion of the resources), economic (�uctuations in the prices), technical (system
failures � for di�erent reasons), environmental (accidents or policies), or geopolitical [2].
Moreover, the management of risks will di�er if the risks are external or internal to Eu-
rope. Internal EU risks generally mean coping with low-probability events, as well as
appropriate investments in supply, storage, transmission and distribution of energy [2].
Finally, the time scale of di�erent risks varies from short term (supply shortage due to
technical failures for example) to long term (depletion of the resources, pricing, etc.) and
appropriate actions will di�er according to the time scale and nature of risks [15].
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The proposed measures or strategies to increase the energy security can be classi�ed
in four categories [2, 11, 13, 15]:

• Diversi�cation of the fuel mix, the geographic sources, the transportation routes and
the diversi�cation of suppliers; diversi�cation can indeed be considered as a general
�insurance� against heavy dependence, and against massive disruption.

• De�nition of commercial agreement between suppliers and consumers, for example
between the EU, Russia and Ukraine to secure gas supply from Russia via Ukraine
to the EU.

• Appropriate investment in supply, storage, transport and distribution technologies
to guarantee the quality of the energy system, to increase the available capacity
of the production system and of the import and local network, and to promote an
e�cient management of, and recovery from, energy system disruptions.

• Decrease of the total energy demand (increase the e�ciency of the energy system)
and priority to energy sources considered less risky (reduction of foreign sources,
reduction of sources with higher risk of accidents, etc.).

The impact of climate policies on energy security is considered as positive as regards
the import dependence dimension of energy security, when considering the decrease of
fossil fuel consumption and the growth of domestic renewable energy sources. However,
the increase of nuclear generation raises issues of import dependence and availability of the
resource, while the growth of renewable sources might a�ect negatively the reliability of the
energy system energy security given their higher dependence on weather and intermittency
[14];. Indeed, trade-o�s between energy security, climate change policies but also the
climate resilience of the energy systems are to be found, where not only technologies but
integrated policies promoting both greenhouse gas reduction and energy security [5, 15].

In this research, we take into account several but not all of the above relevant as-
pects of energy security. In particular, our approach quanti�es the relative amounts of
diversi�cation, the selection of suppliers and of routes, and the modi�cation of the energy
consumption by EU that would increase its energy security. The approach does not model
such short term measures as additional storage (to provide a bu�er against short term
disruptions). Most importantly, we quantify a measure of reliability of supply that is
de�ned as the probability that the total available import capacity does not fall short of
the planned imports of energy by EU.

Even though the focus of the present paper is on the impact of uncertain supply
capacities, a section is devoted to a short presentation of the methodology. Further math-
ematical developments are put in an appendix for the interested reader. This information
may prove terse for readers unfamiliar with robust optimization. Should the reader want
to get a more complete picture, we refer to [1], which introduces basic concepts in robust
optimization through a small environmental assessment model. This paper also discusses
links with classical methods such as stochastic programming and chance constrained pro-
gramming.

There is another caveat to our work. As noted by one referee, the expressed view of
the European Commission is to treat the question of energy security via market mecha-
nisms, rather than regulation. The question arises therefore of the compatibility of the
approach described here with this stated EU goal of using market mechanisms. This issue
is indeed present in many modeling exercises (especially when the model is an optimizing
one, as TIMES is). The broader question is therefore: Is it possible to design economic
instruments in order to implement solutions that were found via other (not necessarily
market based) approaches? In the case of EU energy imports, the implementation of
prescriptive solutions found with TIAM may be slightly easier since the contracts for gas
and oil imports are the result of complex negotiations between supplying and consuming
countries, and therefore include clauses that may include non market mechanisms (with-
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out violating the WTO charter). It is nevertheless fair to state that this research does
not tackle this important issue, which would deserve a much fuller treatment.

2 Methodology

The supply of energy to the European Union is modeled via TIAM-WORLD, a dynamic,
integrated, global partial equilibrium energy model, in which the EU energy system and its
energy import channels are explicitly represented. We �rst describe TIAM-WORLD, fol-
lowed by a description of Ambiguous Chance Constrained Programming (ACCP) applied
to the capacity constraints of the import channels (also called corridors).

2.1 Description of TIAM-WORLD

The TIMES Integrated Assessment Model (TIAM-WORLD) is a global technology-rich
bottom-up model that represents the entire energy system of the World divided in 16
regions: Africa, Australia-New Zealand, Canada, United States, Mexico, Central and
South America, China, India, Japan, South Korea, Other Developing Asia, Middle-East,
EU30, Other East Europe, Russia, Central Asia & Caucasia. It covers the procurement,
transformation, trade, and end-uses of all energy forms in all sectors of the economy (see
Figure 1).
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Figure 1: Reference energy system of TIAM-WORLD

TIMES'economic paradigm is the computation of a dynamic inter-temporal partial
equilibrium on energy/emission markets where demands for energy services are exoge-
nously speci�ed (only in the reference case), and are sensitive to price changes in alternate
scenarios via a set of own-price elasticities at each period [21]. Although TIMES does not
encompass all macroeconomic variables beyond the energy sector, accounting for price
elasticity of demands captures a major element of feedback e�ects between the energy
system and the economy. Thus, the equilibrium is driven by the maximization (via linear
programming) of the discounted present value of total surplus, representing the sum of
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surplus of producers and consumers, which acts as a proxy for welfare in each region of
the model.

The time horizon of TIAM-WORLD extends to 2100, but has been reduced to 2055
for the present application. The model contains explicit descriptions of more than one
thousand technologies and one hundred commodities in each region, logically interrelated
in a Reference Energy System [22]. Residential, commercial, industry, transport, power
plants, as well as upstream (from extraction to secondary transformation) are represented
in a highly detailed mode, covering the 42 di�erent service demands such as space heating,
lighting, km driven by cars, by buses, production of iron and steel, of pulp and paper,
etc. Such explicitness of the representation of technologies and fuels in all sectors allows
precise tracking of capital turnover, and provides a detailed description of technological
competition and sectoral and cross-sectoral energy-environmental policies.

TIAM-WORLD also includes an endogenous climate module that allows the user to
impose climate targets, such as upper bounds on concentrations, on atmospheric radiative
forcing, or on temperature increase. The CO2, CH4 and N2O emissions related to the
energy sector are explicitly represented by the energy technologies included in the model.
The non-energy-related CO2, CH4 and N2O emissions (land�lls, manure, rice paddies, en-
teric fermentation, wastewater, land-use) are also included in order to correctly represent
the radiative forcing induced by them, but they are exogenously de�ned. Emissions from
some Kyoto gases (CFC's, HFC's, SF6) are not explicitly modeled, but a special radiative
forcing term is added in the climate module. Emissions of chemically active gases such
as NOx, CO, VOC's are not modeled either, but their in�uence on the life cycles of GHG
gases is implicitly accounted for in the concentration equations for the three main GHG's,
but only through the calibration phase of the equations.

Greenhouse gas mitigation options available in the model are: energy substitutions,
improved e�ciency of installed devices, speci�c non-CO2 abatement devices (e.g. suppres-
sion and/or combustion of fugitive CH4 from land�lls, thermal destruction of N2O in the
adipic acid industry, suppression of leakages at natural gas transmission level, anaerobic
digestion of wastes with gas recovery, etc.), sequestration (CO2 capture and underground
storage, biological carbon sequestration), mitigation potential of up to 20% of the CO2

and N2O emitted by the agriculture sector, and reductions in energy service demands in
reaction to increased carbon prices.

TIAM-WORLD has been, and is being used in several European and international
projects; some of these applications concern the stochastic analysis of climate policies
[20, 23].

2.2 Uncertainty in the supply capacity

We �rst need to identify the TIAM-WORLD constraints that contain random parameters
of interest to the issue of supply security. In so doing, we wish to satisfy one important
principle, namely to formulate the randomness of the situation as broadly as possible.
By this we mean to avoid singling out one (or a few) import channel(s) for separate risk
modeling, but rather to treat the entire set of energy import channels simultaneously when
assessing the security of supply. This is justi�ed by the fact that what matters is not that
each importing corridor be reliable, but rather that the commodities being imported be
delivered in the desired quantity, whatever the source(s). This principle allows the planner
to diversify the sources in order to increase the reliability of the total supply.

In fact, this principle may be further extended to consider not only the channels
carrying a given energy form, but all corridors carrying any energy form. If this viewpoint
is favored, it implies that the importing region is able to substitute energy forms if need
be. Experimentation is much needed in order to decide whether such an extension is a
good modeling choice. In what follows, we simply ignore the index representing the energy
form, so as to cover both cases.
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In practice, the planners take strategic decisions in a �rst step, e.g. in order to increase
the reliability of the supply, facing an imperfect view of the future. Then in a second step,
once the uncertainty is resolved, one can use this knowledge to �optimally� exploit the
system. In other words, the second step decisions are functions of the outcome of the
uncertain parameters. There exist techniques to model such a dynamic feature1 but
unfortunately they introduce an order of complexity that leads for large scale model such
as TIAM-WORLD to intractable formulation. We thus omit it in this study and we
refer the reader to the appendix for a more detailed discussion on uncertainty in dynamic
models.

In TIAM-WORLD, each channel is modeled as a technology that accepts as input some
energy forms from a given region, and the same energy form as output to another region.
An obvious candidate for the random parameter of energy supply is the availability factor
of the technology representing an import channel. We denote each import channel by
index k, k running from 1 to K. The availability factor is denoted AFk,t. The standard
TIAM-WORLD constraint involving AFk,t is as follows:

ACTk,t −AFk,t × CAPk,t ≤ 0, for t = 1, . . . , T and k = 1, . . . ,K, (1)

where CAPk,t is the capacity variable of channel k at period t, and ACTk,t is the variable
denoting the quantity of energy carried through it (also called the activity of the channel).
AF has a nominal value that is rather high (perhaps even equal to 1).

As mentioned above, we are interested in protecting the total energy supply of EU, not
that of each channel separately. We therefore create an aggregate constraint by summing
the K constraints (1). We obtain:∑

k

(ACTk,t −AFk,t × CAPk,t) ≤ 0, for t = 1, . . . , T. (2)

Constraint (2) now concerns the total energy imports. It is not an existing TIMES
equation and must therefore be introduced as a new constraint. We rewrite constraint (2)
as constraint (3), by dropping the time index, for simpler notation.∑

k

(ACTk −AFk × CAPk) ≤ 0. (3)

The random AFk coe�cients are written as follows:

AFk = 1− dkξk
where, for each channel k, 0 ≤ dk ≤ 1 is the maximum failure rate, [1 − dk, 1] is the
range of uncertainty of the AFk , and ξk is a set of independent random variables with
support [0,1]. A small dk means that the corridor has little variability, and conversely
when dk = 1, there is the possibility of a complete corridor shutdown. We may now
rewrite (3) as follows: ∑

K

(ACTk − (1− dkξk)× CAPk) ≤ 0.

And, regrouping the terms di�erently, as:∑
k

(ACTk − CAPk)︸ ︷︷ ︸ +
∑
k

dk · CAPk · ξk︸ ︷︷ ︸ ≤ 0.

certain uncertain

(4)

The �rst summation of constraint (4) is a linear deterministic expression. The second
summation is a random variable.

1Refer to [20] where Stochastic Programming has been used to model uncertainty on climate sensitivity
and economic growth. In this study, the uncertainty can be represented by a very small event tree.
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2.3 Methods for handling constraints with uncertain coe�cients

The requirement that constraint (4) is to be satis�ed for all possible realizations of its
random component implies that the certain part should be chosen so as to match the worst
possible case. This corresponds to the simultaneous failure of all corridors, i.e., ξk = 1 for
all k. This drastic requirement would exclude most solutions but the more conservative
ones; it would not be deemed reasonable by the planners. Rather, one would like to have
the uncertain constraint satis�ed most of the time, at the risk of having it violated on
rare occasions. The big issue is how to make this qualitative and vague requirement as a
quanti�ed and tractable entity.

The natural formulation for this requirement is to �x a lower bound on the probability
that the constraint be satis�ed. This idea was proposed as early as 1958 by Charnes
and co-authors in [7], and further discussed in [24] and [25], under the name of Chance
Constrained Programming (CCP). Unfortunately, this approach turned out to lead to
untractable numerical issues in all situations, but a very few special cases [3]. This
formulation is not directly implementable in an optimization program such as TIAM-
WORLD.

Robust Opimization (RO) is an alternative proposal which essentially aims at over-
coming the numerical issues raised by the computation of probabilities. The idea, similar
to CCP, is to make sure that the constraint remains feasible for a set of �relevant� real-
izations of the random factors, at the risk of possible failure in some �exceptional� cases.
But, contrary to CCP, RO de�nes the set of relevant realizations in an explicit way, e.g.,
as a polyhedron, rather than implicitly by means of a condition on a probability. The
paradigm of Robust Linear Optimization goes back to [26], but the �eld remained almost
idle until the idea was revived circa 1997, independently and essentially simultaneously,
in the frameworks of both Integer Programming [19] and Convex Programming [4] and
[12]. The salient feature of RO is that it reformulates the uncertain constraint into plain
inequalities, named the equivalent robust counterpart, that can be e�ciently handled by
convex optimization codes.

The more recent views on RO, as presented in the extensive monograph [3], reconciles
RO and CCP under the concept of Distributionally Robust [6], or Ambiguous [17] Chance
Constrained Programming, in short ACCP. ACCP shares with RO the goal of leading to
implementable and tractable formulations. To this end, it modi�es in the CCP formula-
tion as follows: the probability of satisfaction is not measured with respect to a speci�c
probability distribution for each random factor ξk, but with respect to a class that is
described by few parameters (e.g., independent random variables with common support
and known means). It turns out that this idea reconciles the concept of uncertainty set
that underlies RO and the probabilistic statement in CCP. We shall brie�y present RO
from the viewpoint of ACCP and show how it can be implemented in our problem of
interest.

2.4 Robust Optimization for TIAM-WORLD

We state �rst the main result for our analysis of the uncertain constraint (4). We introduce
the following weak assumption on the random factors.

Assumption 1 The random factors ξk are independent random variables, with common
support [0, 1] and known means E(ξk) = µk ≤ 1

2 , for k = 1, . . . ,K.

The main result is that there exists a bona �de mathematical programming set of con-
straints whose solutions enforce (4) with probability at least (1− ε). In this formulation,
ε > 0 is a user-de�ned safety threshold.
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Proposition 1 Under Assumption 1, the condition that there exist variables u ∈ Rk and
v ∈ R such that the deterministic set of inequalities

∑
k

(ACTk − (1− dkµk)CAPk) +
∑
k

(1− µk)uk +

√
K

2
ln

1

ε
· v ≤ 0 (5a)

uk + v − CAPk · dk ≥ 0, k = 1, . . . ,K (5b)

uk ≥ 0, v ≥ 0, k = 1, . . . ,K (5c)

is satis�ed guarantees that constraint (4) is satis�ed with probability at least (1− ε).

Proposition 1 is a special case of a more general theorem in RO that is given and
proved in the appendix. Note that (5) can be rewritten as∑

k

(ACTk − CAPk) + κ(CAP ) ≤ 0,

where κ(CAP ) is a deterministic safety factor that replaces the uncertain component in
(4).

In TIAM-WORLD, there are 67 channels (K = 67) into EU, so that in order to insure
a reliability of 95% for constraint (4), one must use a coe�cient of variable v equal to
10.02 in (5a). For a lower reliability of 90%, the coe�cient of variable v is equal to 8.78.
Of course, the larger the reliability, the larger the extra cost incurred by the energy system
as a whole, since the LHS of the �rst constraint in (5a) is increasing with ε.

The choice of the dk parameters depends on our estimation of the range of uncertainty
of the random availability factors. In particular, if dk = 1 for all channels k, then the
ACCP approach akin to pure diversi�cation of the supply of energy.

To conclude this section, we show that the safety factor is increasing with µ, so the
worst case occurs when the µk = 1/2. Since u and v are free variables in Proposition 1,
they can be chosen so as to minimize the safety factor κ and we have

κ(CAP ) = min
u,v

∑
k

(µk(dkCAPk − uk) + uk) +

√
K

2
ln

1

ε
· v

uk + v − CAPk · dk ≥ 0, k = 1, . . . ,K

uk ≥ 0, v ≥ 0, k = 1, . . . ,K.

We claim that (dkCAPk − uk) ≥ 0 at the optimum. Suppose to the contrary that
dk′CAPk′ − uk′ < 0 for some k′. Let u′k′ = dk′CAPk′ < uk′ and u′k = uk for k 6= k′.
We easily check that u′ is feasible and strictly improves the objective, a contradiction to
optimality. Hence the coe�cients of µ in κ are all nonnegative, which proves that k is
nondecreasing with µ.

3 Case Study: security of the E.U. energy supply

3.1 The case study

In the TIAM-WORLD model, 67 energy channels are available to import gas, coal, and
oil products into EU, from several regions in the ROW. Each such channel is described via
one trade process with the usual attribute of a TIMES technology: e�ciency, technical
life, investment cost, annual maintenance cost, availability factor. Each such process is
represented at each time period by two variables (activity and capacity) in the TIMES
Linear Program, and these two variables are linked by constraint (1) of Section 2.

As explained in Section 2, the availability factors are assumed uncertain. We make the
(somewhat arbitrary) assumption that all availability factors have a range of uncertainty
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from 0 to 1 (a very unfavorable situation), which means that dk = 1, k = 1, . . . , 67.
Finally, in order to make use of Proposition 1 of Section 2, we need to know the means
of the availability factors, which we assume to be all equal, and set at two alternative
values: 0.6 and 0.8. These assumptions mean that the corresponding values of µk are 0.4
and 0.2 respectively, both values satisfying the assumption required for the Proposition.
Note that a mean of 0.6 is a pessimistic assumption implying that AFk may become quite
low with sizable probability.

With these assumptions, we made eight runs of the model, by combining two alter-
native values for the µk and four values for the guaranteed probability of satisfying the
random capacity constraint (4). We call this probability the reliability of energy supply.

The two selected µk values are 0.4 and 0.2. The four reliability levels are: 0 (reference
scenario2), 0.72, 0.90, and 0.95. (Note that the 90% reliability has a failure probability
double that of the 95% reliability)

Regarding the two values of µk (0.2 and 0.4), we observed that they produced almost
identical results, even though the larger value of 0.4 is quite close to the maximum value
of 0.5 assumed in the theorem. This probably means that, even though the theorem in
its present form assumes that µk should be smaller than 0.5, such an assumption is very
likely not to be a crucial one, and could be relaxed. Since values larger than 0.5 indicate
unrealistically unreliable situations, we have not attempted to relax the assumption on
µk. In what follows, we present only the results for µk =0.4, since this value presents a
larger challenge to the security of energy supply (in the sense of less reliable channels).

In the following four subsections (3.2 to 3.5) we present the results of the two runs
with µk = 0.4.

As will be further discussed in section 3.4, the main result of our empirical study of
the impact of uncertainty in channel capacity concerns primary energies, and more specif-
ically the relative levels of imported vs. EU produced energies. The robust optimization
approach reveals that the model recommends to modify imports, but not the total use of
primary energies (imported plus locally produced) of the various types. Consequently, we
do not discuss the impact of uncertainty on secondary and end-use energies, since that
impact is negligible.

Before discussing di�erent aspects of the results, we exhibit in Table 1 the raw results
for the four main runs, consisting of the quantities of energy imported via the 67 channels
at each period (2025, 2035, 2045, 2055). Note that many channels are never used in any of
the runs. Only 29 channels are used in at least one run. However, the statistics discussed
below are calculated for the entire set of imports, with values at 0 for the unused channels.

3.2 Cost-reliability trade-o�s

The �rst and most important result is shown in Figure 2 depicting the trade-o� between
system cost for EU and the overall reliability of the EU energy supply, de�ned above as
the probability that random constraint (4) is satis�ed. The extra costs for improving
reliability range from 175 B$ to 230 B$, i.e. from 0.52% to 0.68% of total EU cost.
A more naïve way to improve reliability � such as an across-the-board increase of all
channel capacities, would have resulted in larger costs for the same level of reliability.
This constitutes a strong argument in favor of the ACCP method used in this research.
The slow growth of the extra cost is of course linked to the fact that the constraint (5a)
involves the expression

√
ln 1/ε, itself a very slowly growing function of ln 1/ε.

It is however worth noting that a reliability of 1 cannot be achieved by the approach
taken, since, when ε approaches 0, the above expression grows to in�nity, however slowly

2In the Reference scenario, the true probability of satisfying the random constraint is not known. It may be
strictly positive, but there is no obvious way to bound this probability. By convention we assign a 0 reliability
level for the reference scenario.
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Table 1: Imports of energy by EU.

10



0

50

100

150

200

250

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ex
tr
a  
co
st
  r
e
la
ti
ve
  t
o
  R
ef
e
re
n
ce
    (
N
P
V
  in

  B
$
)

Probability  of  constraint  satisfaction  (1-‐

Figure 2: Cost-reliability trade-o� for 4 runs

that may happen. In order to further explore the cost-reliability trade-o� issue, we made
two additional runs, with reliabilities equal to 0.99 and 0.999, respectively. The resulting
costs are depicted in �gure 3. For those reliability values that are very close to 1, the cost
rises faster than linearly, but still very moderately.

3.3 Impact of extra investments on channel utilization

In order to further appreciate how the method chooses to achieve the desired reliability,
we observe in Figure 4 the overall channel utilization (averaged over all channels). The
expected drop in utilization compared to Reference, is apparent in Figure 4, and is caused
by extra investments in channel capacities in order to insure reliability. The interesting
fact is that large extra investments occur as soon as the mildest reliability is enforced (1−
ε = 0.72) but increasing reliability does not induce much extra investments in capacities.
This observation is fully congruent with the slowly growing extra cost observed above.

3.4 Impact on energy imports and on primary energy

Another useful and interesting result concerns the impact of increasing reliability on the
total amount of energy imported by EU, shown in Figure 5. We observe that energy
imports slightly increase in 2025 and decrease signi�cantly at later periods when reliability
increases. The decrease ranges from 30% in 2030 to about 20% in 2055. This is an
important result showing the resilience of the EU energy system in the medium and long
terms

We also wanted to check if increasing the reliability of supply had an impact on
total primary energy consumed by EU. These results are shown in the four Figure 6.
Here however, we see that the total quantity of primary energy consumed in EU is little
a�ected by the level of supply security. We conclude that the increase in reliability is
mainly achieved via shifts from imported to locally produced energy. In a sense this
is a reassuring result, which indicates that EU energy system is resilient, and that the
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solution provided by ACCP is indeed implementable. This also means that taking account
of uncertainty has no impact on the rest of the EU energy system and therefore makes it
unnecessary to present results on secondary and �nal energy.

3.5 Other measures of security

Several indexes of security use the concept of diversi�cation of supply as a proxy for
security. This approach is based on the intuitively appealing notion that �all eggs should
not be put in the same basket�. The literature also con�rms that the concentration
of supply in the hands of one or a few suppliers entails market power and thus the
risk of creating quasi-monopolies, cartels, and increases the risk of price control and/or
interruptions of supply.

We use four indexes of concentration and evaluate the impact of the robust solutions
on these indexes:

• The �rst and simplest index is the maximum �ow carried by the 67 channels. When
the Max �ow is reduced, �ows tend to equalize and market dominance is reduced.

• The second index is the observed coe�cient of variation (ratio of standard deviation
over mean) of the 67 �ows.

• The third index is the Hirschmann-Her�ndahl index [18] which is the sum of squares
of the channels' market shares, as per the following formula:

H-H =

K∑
k=1

MS2
k

where
MSk = ACTk/

∑
j

ACTj .

The H-H index has minimum value equal to 1/K when all market shares are equal,
and maximum value of 1 when there is a single supplier.
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• The fourth index is the Shannon-Wiener index [18, 15], de�ned by the following
formula:

S-W = 1 +

∑K
k=1MSk × ln(MSk)

ln(K)
.

The S-W index has minimum value of 0 when all market shares are equal, and
maximum value of 1 when there is a single supplier.

Figure 7 shows the maximum �ow value for each reliability level and period, Figure 8
shows the values of the coe�cient of variation for each reliability level and period, Figure
9 shows the values of the H-H index for each reliability level and period, and Figure 10
shows the values of the S-W index for each reliability level and period.

These four indexes are a�ected in very much the same way when the reliability of
inequality (4) increases: in 2025, not much impact is observed, due to the system's inertia.
As time goes on, the four indexes show dramatic decreases compared to REFERENCE.
The H-H index reaches a low level of 6% in 2055, for ε = 0.05, close to its minimum
possible level of 1.5% if all market shares were equal. The S-W index reaches 13% for
ε = 0.05 in 2055. At earlier periods such as 2035 and 2045, the decreases of these two
indexes are less dramatic but still quite large.
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Figure 7: Value of the maximum �ow through channels (PJ/yr)

We complete these observations on the alternative measures of concentration by show-
ing the trade-o�s between EU extra cost and the last two indexes (Figure 11). The
H-H index decreases almost linearly when the EU cost increases, whereas the S-W index
decreases at �rst slowly, and then more rapidly as cost increases. In view of the small
additional cost of guaranteeing a 95% reliability of supply (compared to a 90% reliability),
it seems recommendable to adopt the higher value since the 95% case is vastly superior
in term of reliability.

15



0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

2025 2035 2045 2055

REFERENCE

1-‐

1-‐

1-‐

Figure 8: Values of the coe�cient of variation of channel �ows

0

0.05

0.1

0.15

0.2

0.25

0.3

2025 2035 2045 2055

REFERENCE

1-‐

1-‐

1-‐

Figure 9: Values of the Hirschmann-Her�ndahl Index of concentration

16



0

0.1

0.2

0.3

0.4

0.5

0.6

2025 2035 2045 2055

REFERENCE

1-‐

1-‐

1-‐

Figure 10: Values of the Shannon-Wiener Index of concentration

0

0.1

0.2

0.3

0.4

0.5

0.6

0.0% 0.2% 0.4% 0.6% 0.8%

EU  cost  over  Reference  scenario  (%)

avg  S-‐W  over  2025-‐2055

avg  HH  over  2025-‐20551-‐ =  0.72  

1-‐ =  0.9

1-‐ =  0.95  

Figure 11: Trade-o�s between EU cost and two indexes of concentration

17



4 Discussion and Conclusion

Diversi�cation of the EU supply of energy and reduction of EU dependence on imports
are recognized as priorities in the recent Communications of the European Union "Energy
2020 : A strategy for competitive, sustainable and secure energy" and "Energy infras-
tructure priorities for 2020 and beyond - A Blueprint for an integrated European energy
network": diversi�cation of suppliers and of routes, especially for gas and oil, is considered
as key to increased competition and enhanced security of supply. Of course, they are part
of a larger energy strategy where energy e�ciency, renewable, smart electricity grids also
have a role to play.

Diversi�cation pops up in a very natural way as a mean to hedge against uncertainty.
In particular, securing supplies with a prescribed safety level is achieved by means of
diversi�cation in supply and production activities. Unfortunately, handling uncertainty
in large models like TIAM-WORLD raises formidable challenges. On the one hand, a �ne
description of the global energy system is required if one wishes to capture the complex
interaction and substitution e�ects to meet end-use demands. On the other hand, clas-
sical methods to handle uncertainty, e.g. stochastic programming or chance-constrained
programming, require an explicit representation of probability distributions and are con-
fronted on large models with the intractability issue in numerical computations. As a
result, their practical implementation is achieved at the cost of severe simpli�cations, ei-
ther in the deterministic model, or in the representation of probabilities, or both. Robust
Optimization, a new methodology that is becoming increasingly popular, is an alternative
to cope with uncertainty. It has the advantage of being simple to implement, of avoiding
computational intractability and of requiring minimal information about the true proba-
bility distributions. It can be interpreted as ambiguous chance constrained programming
and thus permits quanti�cation of the probability of satisfaction of the uncertain con-
straints. We used it in this paper to analyze the impact on the EU supply of energy of
safeguarding against transportation failures. We have demonstrated that this methodol-
ogy makes it possible to specify the desired diversi�cation of supply and the reduction of
EU dependence on imports to meet a prescribed level of safety, and so in a cost e�cient
manner. In that respect, our paper gives evidence that a methodology that is unusual in
environmental and energy assessment modeling is an e�cient tool liable to be used for
alternative analyses.

The results obtained for the case study exhibit several interesting features regard-
ing the security of EU energy supply and supporting the priorities mentioned in o�cial
statements regarding the European energy policies.

• First, under the limited scope of the modeled situation, it appears that the sup-
ply of EU energy can be guaranteed with a known probability, under a very mild
assumption on the mean of the random availability factors.

• Second, such reliability is achieved at what may be considered moderate an extra
cost, not exceeding 0.7% of the total EU energy cost.

• Another useful observation is that the bulk of investments needed to insure the
reliability of the supply, occur as soon as the mildest reliability is enforced; the
investments in capacity required for the additional improvements of the reliability
are relatively smaller. Given the far better quality (far lower failure probability) of
the high reliability cases modeled in the case study, the recommended strategy by
decision-makers could well be to adopt these high reliability targets.

• The signi�cant reduction of energy imports by Europe observed when the reliability
of the system is improved also corresponds to a long-term strategic objective of the
EU. The decrease of imports corresponds to a shift to the use of domestic resources;
in other words, our case study reveals changes only in the share of imported energy
in the total primary energy supply of EU, and not in the use of energy. In a sense,
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this is a reassuring result, which indicates that the solution provided by ACCP can
indeed be implemented without requiring deep changes of the EU energy system
itself.

• Furthermore, the systems approach used in this research insures that the two ob-
jectives (diversifying supply and reducing the energy imports) are achieved jointly
rather than by tackling each objective separately. The joint pursuit of the two
objectives reduces, by construction, the cost of achieving them.

• Finally, the decisions taken to increase the reliability of the energy system contribute
very signi�cantly to reduce the concentration of supply sources, a feature that is
desirable in itself. The four indexes of concentration used in the article all decrease
quite dramatically when the ACCP solution is used.

Of course, we do not claim that the results obtained via the Robust Optimization
employed in this research exhaust the issue of the security of EU energy supply: �rst,
our results are dependent on the assumption that the capacities of the energy import
channels are represented by independent random variables. This assumption could be
violated if several channels were heavily correlated, and thus might fail simultaneously
with signi�cant probability.

A second caveat is that the model employed does not cover all types of responses to
channel failure, in particular, as correctly pointed out by the referees, it does not have
short term actions (such as energy storage) as options to alleviate short term energy
shortages.

Furthermore, the approach does not propose recourse actions in the event of channel
failures, and �nally, this research does not address another relevant referee comment,
regarding the compatibility (or lack thereof) of the prescriptive solutions proposed by
many modelling approaches (including the one described here), with the stated EU goal
of treating the question of energy security via market mechanisms rather than regulation.

It should however be stressed that this research is methodology oriented not policy
oriented. The de�nition and testing of energy policies for the EU would deserve a much
fuller treatment, such as for instance the inclusion of speci�c clauses in the contracts
for gas and oil imports, the possible levying of a "concentration penalty" on supplying
companies depending on the diversity index of their portfolio, and many other possible
instruments.

Let us now brie�y review some directions for future research: �rst, it seems use-
ful to enlarge the scope of the research in order to enhance the importance of energy
self-su�ciency. In this research, we have put the emphasis on security of supply, and
energy independence was somewhat increased, but only as an indirect by-product of en-
ergy security. One could imagine including the minimization of energy dependence as an
additional criterion (besides minimizing cost) in the model's objective function, and con-
ducting model runs with various combinations of the two objectives. The model could also
be enhanced in order to include energy storage options, as a remedy to the shortcoming
mentioned by one referee. Another direction for future research would be to use the RO
approach to model other important sources of uncertainty in TIAM-WORLD (concern-
ing, e.g., the endogenous climate module with the uncertainty on the climate sensitivity
parameter or the deployment of future backstop technologies such that carbon capture
and sequestration). Finally, it would be quite useful to explicitly treat the dynamic na-
ture of the uncertainty, by considering recourse actions when certain non desirable events
do occur (e.g. channel failure). In [1], the authors show the way to implement adaptive
decisions e�ciently with respect to the resolved uncertainty on a small dynamic energy
model. Extending the ideas presented in [1] to the larger TIAM-WORLD model to enrich
our understanding of the impacts of uncertainty on those planning models, would be a
worthwhile �albeit challenging, endeavour.
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Appendix

A Proof of Proposition 1

Proposition 1 is a special case of a more general theorem in RO, by taking into account
that the variables CAPk's are nonnegative. For the interested readers, we state now the
general theorem and prove Proposition 1 as a corollary. In order to show the derivation
we shall use the concise notation

z0 +
∑
k

zkξk ≤ 0 (6)

to represent the inequality (4). The coe�cients ẑ are easily identi�ed as

z0 =
∑
k

(ACTk − CAPk)

zk = dk · CAPk.

The main result can be formulated as

Theorem 1 Let ηk be K independent random variables with common support [−1, 1] and
known means E(ηk) = νk. The probabilistic inequality ẑ0 +

∑
k ẑkηk ≤ 0 is satis�ed with

probability at least (1 − ε) if there exists a vector w ∈ Rk such that the deterministic
inequality

ẑ0 +
∑
k

ẑkνk +
∑
k

(|wk| − wkνk) +

√
2K ln

1

ε
max
k
|ẑk − wk| ≤ 0 (7)

is satis�ed.

Note that the range of the random factors is now [−1, 1]. The above theorem is the
formal statement of the theory for inequalities with random factors having known means
νk and common range [−1, 1] as discussed in [3, example 2.4.9, p. 55]. For the sake of
completeness we propose a proof of Theorem 1. This technical derivation is given in the
next section.

We show now how to prove Proposition 1 as a corollary of Theorem 1.
Proof: [Proposition 1]
Let us start with (6) and de�ne the variables ηk = 2ξk − 1. In view of Assumption 1

the range of ηk is [−1, 1] and E(ηk) = νk = 2µk − 1 ≤ 0. Inequality (6) becomes

z0 +
1

2

∑
k

zk +
1

2

∑
k

zkηk ≤ 0.

Let ẑ0 = z0 + 1
2

∑
k zk and ẑk = zk/2. The hypotheses of Theorem 1 for the inequality

ẑ0 +
∑
k ẑkηk ≤ 0 are veri�ed. Hence,

ẑ0 +
∑
k

ẑkνk +
∑
k

(|wk| − wkνk) +

√
2K ln

1

ε
max
k
|ẑk − wk| ≤ 0

is a su�cient condition to ensure the constraint satisfaction with probability at least
(1− ε). If we substitute νk, ẑ0 and ẑk by their values, we obtain the condition

z0 +
∑
k

µkzk +
∑
k

(|wk|+ wk − 2µkwk) +

√
K

2
ln

1

ε
max
k
|zk − 2wk| ≤ 0. (8)
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Recall that zk = dkCAPk ≥ 0. We claim that only positive values w ≥ 0 need to be
considered. Indeed, the theorem does not specify the value it should take. In particular,
we can choose w so as to have to minimize the right-most component

∑
k(|wk| + wk −

2µkwk) +
√

K
2 ln 1

ε maxk |zk − 2wk|. If for some k′, wk′ < 0, then |wk′ |+wk′ = 0 and the

contribution of term k′ in the summation is −2µk′wk′ +max{zk′−2wk′ ,maxk 6=k′ |zk−wk|}.
Clearly this term can be made smaller by taking wk′ = 0. Hence, we can assume wk′ ≥ 0.

With w ≥ 0 inequality (8) becomes

z0 +
∑
k

µkzk +
∑
k

(1− µk)2wk +

√
K

2
ln

1

ε
max
k
|zk − 2wk| ≤ 0.

Writing u for 2w in the above inequality, we obtain the condition

z0 +
∑
k

µkzk +
∑
k

(1− µk)uk +

√
K

2
ln

1

ε
max
k
|zk − uk| ≤ 0.

Using the same argument as before, we easily prove that we can restrict our choice of u
to u ≤ z. Hence, |zk − uk| = zk − uk ≥ 0 and using the additional scalar variable v ≥ 0
we can transform our inequality into

z0 +
∑
k

µkzk +
∑
k

(1− µk)uk +

√
K

2
ln

1

ε
· v ≤ 0

zk − uk ≤ v, k = 1, . . . ,K

u ≥ 0, v ≥ 0.

This concludes the proof of the proposition.

B Proof of the main theorem

The scheme is based on an immediate consequence of Markov inequality.

Lemma 1 Let X be a real random variable. Then

Prob(X > 0) ≤ inf
t>0

E(exp(tX))dFX . (9)

Proof: The proof is based on the following observations. First, for all t > 0, Prob(X >
0) = Prob(tX > 0). Second,

∫
I(tX > 0)dF ≤

∫
exp(tX)dF where I(a ≥ 0) is the

indicator function with I(a ≥ 0) = 1 is a ≥ 0 and 0 otherwise.
The problem of interest is to bound the probability of ẑ0 +

∑
k ẑkηk > 0 when the ηk

are independent random variables with support [−1, 1] and mean E(ηk) = νk. Setting
X = ẑ0 +

∑
k ẑkηk we get in the right-hand side of (9)

E(exp(tX)) = E(exp(tẑ0 + t
∑
k

ẑkηk)) = exp(tẑ0)
∏
k

E(exp(tẑkηk)).

Here, we used, as announced, the property that the generating function of a sum of
independent variables is the product of the individual generating functions.

Let us now turn our attention to the worst case distribution. To this end, let us
perform changes in notation τk = tẑk and sk = ηk. The next result holds the same for all
indices k. So we drop for a while the subscript k in the proposition below.

Proposition 2 The worst distribution in F , F̄ = arg maxF∈F
∫

exp(ts)dF (s), is the
two-point distribution, with s = 1 with probability p = 1+ν

2 and s = −1 with probability
q = 1− p = 1−ν

2 .
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The proposition is rather intuitive, but not so easy to prove rigorously. We refer to [3] for
a proof.

In view of the above proposition

E(exp(τs)) ≤ gν(τ) = peτ + qe−τ =
1 + ν

2
eτ +

1− ν
2

e−τ .

It is easier to work with the logarithm hν(τ) = log gν(τ).

hν(τ) = log(peτ + qe−τ )

h′ν(τ) =
peτ − qe−τ

peτ + qe−τ

h′′ν(τ) = 1−
(
peτ − qe−τ

peτ + qe−τ

)2

.

Taylor expansion of order 2 yields

hν(τ) = hν(0) + h′ν(0)τ + h′′ν(τ̄)
τ2

2

for some τ̄ between 0 et τ . One easily check that hν(0) = log(1) = 0, h′ν(0) = p − q = ν
and for all t, 0 ≤ h′′ν(τ) ≤ 1. Hence

hν(τ) ≤ ντ +
τ2

2
.

Coming back to (9), we replace τk by its value and get

inf
t>0

E(exp(tX))dFX ≤ inf
t

exp

(
t(ẑ0 +

∑
k

νkẑk) +
t2

2

∑
k

ẑ2k

)
.

If ẑ0 +
∑
k νkẑk < 0, the in�mum in t is a minimum and is achieved at

topt = −
ẑ0 +

∑
k νkẑk∑

k ẑ
2
k

> 0.

The hypothesis ẑ0 +
∑
k νkẑk < 0 just means that the constraint is strictly satis�ed in the

average. We have thus

Prob(ẑ0 +
∑
k

zk ξ̂k > 0) ≤ exp

(
−

(ẑ0 +
∑
k νkẑk)2

2
∑
k ẑ

2
k

)
.

A su�cient condition to have the right-hand side bounded by ε is

(ẑ0 +
∑
k

νkẑk)2 ≥ 2 ln
1

ε
||ẑ||22.

Since ẑ0 +
∑
k νkẑk ≤ 0, the above condition becomes

ẑ0 + ẑT ν +

√
2 ln

1

ε
||ẑ||2 ≤ 0.

When this deterministic constraint is satis�ed, we can guarantee

Prob(ẑ0 +
∑
k

ẑkηk > 0) ≤ ε.

We just proved
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Proposition 3 The deterministic constraint ẑ0+ẑT ν+
√

2 ln 1
ε ||ẑ||2 ≤ 0 implies Prob(ẑ0+∑

k ẑkηk > 0) ≤ ε.

The proposition can be strengthened if we take advantage of the known range of η.
For any w and in view of −1 ≤ η ≤ 1

ẑ0 + ẑT η = ẑ0 + wT η + (ẑ − w)T η ≤ ẑ0 + ||w||1 + (ẑ − w)T η.

Set z̄0 = ẑ0 + ||w||1 and z̄ = ẑ − w, we have from Proposition 3

z̄0 + z̄T ν +

√
2 ln

1

ε
||z̄||2 ≤ 0 ⇒ Prob(z̄0 +

∑
k

z̄kηk > 0) ≤ ε.

Replacing z̄0 and z̄ by their value, we have

ẑ0 + ẑT ν − wT ν + ||w||1 +

√
2 ln

1

ε
||ẑ − w||2 ≤ 0 ⇒ Prob(ẑ0 +

∑
k

ẑkηk > 0) ≤ ε.

Finally by bounding the `2-norm such that ||a||2 ≤
√
K maxk |ak| we prove Theorem

1

ẑ0 + ẑT ν − wT ν + ||w||1 +

√
2K ln

1

ε
max
k
|ẑk − wk| ≤ 0 ⇒ Prob(ẑ0 +

∑
k

ẑkηk > 0) ≤ ε.

C Discussion on the dynamic issue

In the sketch of methods to handle uncertainty, we did not pay attention to the dynamic
feature of the TIAM-WORLD model. In a multistage problem as this one, decisions are
taken sequentially. Decisions at stage t need not be �xed prior to that stage, and at
stage t the past history of realizations of the uncertain factors is known. This information
should be used to design �optimal decisions�. Conceptually, this can be done by replacing
actual decisions by contingent decisions, often named �recourses�. The framework of
Stochastic Programming [8] is perfectly designed to handle this situation. Unfortunately,
solving multistage uncertain linear programs even with moderate precision is already a
challenge beyond all available optimization techniques. We refer to [3, pp. 411�413] for
an enlightening discussion on the �dramatic theoretical gap between what Multi-Stage
Programming intends to achieve and what, if any, it achieves�.

A possible remedy to this dramatic state of a�air is to restrict recourses to the class of
a�ne decision rules. In this formulation, future decisions are a�ne functions of the past
realizations of the uncertain coe�cients. In so doing, the new variables in the mathemati-
cal programming formulation are not any more the actual decisions, but the coe�cients of
the a�ne functions. When embedded in a robust optimization framework, this approach
leads to numerically tractable problems. A�ne decision rules is not the panacea, because
it is in essence sub-optimal (recourses are restricted to a very small subset of all possible
functions), but it o�ers an attractive alternative that has proved very useful in solving
practical problems.

Clearly, there is a need in our problem of interest to say what is to be done in the
event of a corridor failure. In the light of the above discussion, this is de�nitely a major
challenge. Robust Optimization with a�ne decision rules could be used. Some works on
similar problems has been done in [1], but on instances of considerably smaller dimensions.
In the present problem, introducing a�ne decision rules to decide on the supply routes and
levels to match the actual realizations of capacities would spread uncertainty throughout
the model. Straightforward application of the Robust Optimization machinery would
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convert the new uncertain program into a far too large model to be treated by existing
computers and commercial solvers. Our choice has been to ignore the adjustment feature
that is intrinsic to multistage problems under uncertainty. Therefore, we shall be content
to use RO on various time periods, in order to reveal robust con�gurations of the corridors
but falling short of indicating remedial actions for each outcome of the random events.
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