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Abstract

In recent years particular attention has been emphasized to different diversified means of energy
production for the security of supply, availability, reliability, and robustness of electrical energy
systems. The attention rests on the most effective preventive organization, at the cost of an economic
investment which will be all the more profitable since the consequences of the breakdown are
significant. Given the random nature of the failures of the existing electricity distribution networks and
the intermittency of production, the decision to invest preventively in the electricity system is similar
or not to an exposure to risk. Will the network manager then take the risk of not investing in a
preventive policy, saving an investment, but under the threat of a failure requiring a more costly
corrective intervention? An expected utility function models the tast and/or aversion to risk. We use
the model of von Neumann and Morgenstern indicating that the rational choice amounts to
maximizing the expected utility. The objective is to model risk aversion to the choice of a policy leading
to the integration of renewable energies into the electricity system. Following a bibliographical
approach, a methodology to model the behaviour of the risk averse decision maker using the
exponential utility function has been presented. We provide a decision support tool to the decision
maker that allows him to choose a corrective or preventive policy that best suits the electrical system
and his preferences. We take into account the probabilities of the occurrence of failures within the
framework of a defined policy, the associated costs and the degree of risk aversion of the decision-
maker. Based on these elements, we provide a policy proposal that is the best compromise for the
decision-maker. Scilab and Matlab software as used to plot utility curves and calculate failure
probabilities. Several examples are treated and allow one to become familiar with the integration of
risk aversion modeling in order to define a preventive policy for the power supply system.

INTRODUCTION

The power grid is an infrastructure that develops with time and involves decision-making that may be
irreversible most of the time. Renewable energy integration capacity enhancement is the objective to
allow the integration of variable renewable energy sources without curtailment. Distributed
generation may be the best thing that has happened to the electric power industry in the recent
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decades, providing it with new capabilities that make electric power more valuable and capable of
meeting a wider range of our civilization's energy needs than ever before[1]. The electrical distribution
network and renewable distributed generation can be used together, rather than as independent and
competing disciplines to together provide better service at lower cost figure 1.

One heated topic is the uncertainty management associated with renewable variations and electricity
load forecasting errors and failures in existing electrical distribution network. The utility function
makes it possible to quantify the relevance of a policy of integration of renewable energies. Utility
theory involves decision making under risk where the rational decision maker seeks to maximize the
expectation of the utility function. A policy of corrective actions in the electrical distribution system
generates costs. Preventive actions support corrective actions, for example security of supply,
reliability. The decision to invest in renewables or not is similar to risk exposure. Not integrating
(investing) renewable energies by limiting oneself to a corrective policy of the existing distribution
system, exposes to a risk that is reduced by a preventive approach (renewable energy integration), but
which incurs an investment cost. Risk defined as being the product of probabilities of occurrence and
its consequences, therefore has no relationship with risk aversion is considered in this context. Risk
aversion is therefore a behaviour that is revealed in situations where potential wealth is high but at
risk, and therefore which reduces the likelihood of adverse consequences. Risk management has been
received a lot of attention in the electric power industry to help market players hedge their sources of
risk for different durations [2]. A multi-stage market equilibrium model of risk averse agents to analyze
how the operation of hydroelectric reservoirs can be affected by the aversion profile is presented [3].
The behaviour of market participants is affected by their level of risk aversion, and the application of
equilibrium-based models is a commonly used technique to simulate their behaviour.

The objective of the decision maker in risk management is either to maximize profit (e.g., the financial
profile of electricity generation) or to minimize cost (e.g., the cost of supplying electricity to an
industrial consumer).

A comparative analysis between risk aversion and strategic behaviour to identify situations in which
both types of behaviour lead to the same result has been studied [4]. Engineering decisions are
invariably made under subtle uncertainty. These uncertainties differ by their time scale, but are linked
by the interactions between the state of the systems and the decisions to be made and result precisely
from the different behaviours of the decision-maker. The expansion of electrical systems involves
decisions to compare alternatives and the degree of uncertainty [4][5]. These are operating decisions
that are based on investments in new energy production capacities and load shedding. Decision-
making for the integration of renewable energies into electrical systems is plagued by uncertainties
that affect the network manager. Energy supply from renewable sources is highly variable with
relatively large capital investment. However, the integration costs are an insurer in terms of reliability
(availability) against breakdowns. Indeed, risk aversion for the distribution system operator can be
studied through three behaviours: risk taker, risk neutral and risk averse.

The tendency to overestimate a risk, which commonly comes from ignorance or fear, is a characteristic
of a risk-averse attitude, while the tendency to underestimate a risk reflects a risk-accepting attitude.
If a decision-maker neither overestimates nor underestimates a risk, his/her attitude is risk-neutral.
Such attitudes depend on the context of the risk to the decisionmaker, including the relative
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likelihoods, types and magnitudes of losses, the social position of the decision maker and political
factors. The theory of choice under uncertainty aims to provide a coherent framework of principles of
rational behaviour to analyze and guide the attitudes of decision makers in the face of potential losses
and/or benefits. Utility and decision theory is developed to characterize behaviour under risk. The
decision is based on the assumption that the expected value in use is the appropriate decision criterion
[6][7]. A common approach when making a decision is to base it on expected values. The expected
value is an operation that multiplies the consequence of each event by its probability and sums over
all possible events. Indeed, rather than seeking to minimize an average cost per unit of time, in utility
theory, the risk-averse rational decision maker seeks to maximize a concave utility function. The
presented study provides a framework for risk decision-making from a normative perspective where
one questions the preference patterns that may lead to rational behaviour. Risk aversion policies
require largescale integration of renewables into power systems modeled using the utility function
methodology developed in economy. Risk aversion leads to a renewable energy integration policy that
is more expensive on average, but which would entail less major expenditure. Will the network
manager then take the risk of not investing in a (renewable) preventive policy, saving, investment but
under the threat of a failure requiring a more costly corrective intervention? We model risk aversion
in relation to the choice of a policy leading to the integration of renewable energies into electrical
systems. Indeed, integrating renewable energies into electrical systems, whether or not preventive is
a risk that can cost the public electricity service. The modeling of this bet is the subject of this paper.
Taste (predilection and/or aversion to risk) is a model linked to the notion of utility. The rest of the
document is organized as follows. Section 2 exposes the problem. Sections 3&4 present the
preliminary modeling and the resolution methodology. Sections 4&5 illustrate an application of
renewable integration and the conclusion.

e [Fis]
I

[ |

Loads CIag BESS Laomdas CI3CE BRSNS

- -
. h" e ol P /
s NICES A
R .—:.—E: ~ i
- - :7 — - - T

Toaormcdn «i2cs BESS

Figure 1 : renewables integration structure

RISK-INFORMED DECISION MAKING FOR RENEWABLES
INTEGRATION: PROBLEM STATEMENT

The risk averse decision maker prefers a certain prospect (or lottery) to all other risky prospects. The
decision maker chooses one bet over another if and only if there is a utility function u such that the
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expected utility of one is greater than that of the other. Utility theory, proposed by von Neumann and
Morgenstern [2], introduced the notion of a utility function to relate a quantitatie measure of
consequence, such as euro loss. The risk attitude of a decision-maker reflects his/her tendency to
overestimate or underestimate a risk with which he/she is confronted. First of all, the word ‘risk’
denotes variability in cash flows. For example, a risk averse person would rather receive 50 € for
certain than receive either 200€ or nothing depending on the toss of a coin. Let a lottery be a discrete
probability distribution p;i of a set of consequences x; € R knowing that the probabilities are known in
advance. Suppose N consequences (resp. monetary sum) and whose values represented xq, X5 ... X,
attached to the probabilities p; represented p1,p5 ... p, such that 0 < p; < p, forx; € 1,2, ..., N and
Yp; = 1. To illustrate the role of risk attitude, in figure 1 below, we consider two lotteries, L, et L.
L offers a consequence of 150€ with a probability p = 1 and L, is given with a probability p = 0.5 of
winning a consequence of 300€ and a probability 1 — p = 0.5 of losing with a consequence of 0€. The
behaviour of the decision maker is modelled using a utility function of the form u(x) = x2. So that
L, =p#*x?=22500and L, = (p) * x?> + (1 — p) * x? = 45000. According to the characteristics
of the lotteries and the behaviour of the decision maker through the utility function, L; is preferred
to L1 lottery and therefore the choice is risk, u(Lz) > u(L1). The decision maker prefers L, rather than
L1. Decision making is illustrated in Figure 1 below.

Risk aversion can be modeled via a concave utility function. Figure 2 below illustrates the utility curve
corresponding to the behaviour of the risk averse decision maker. The y- axis defines the utilities
between 0 and 1 and the x-axis shows the wealth of the lottery. Indeed, such a configuration indicates
that the worst case in terms of wealth corresponds to the utility 0, 1(0) = 0 and the case favorable to
the utility 1, u(1) = 1.

s

L3 ) e

Figure 2: risk taking decision

Unfortunately, this form of exponential function only allows one behaviour to be determined. It does
not make it possible to determine the negative values of the costs when it comes to risk aversion
behaviour.
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Figure 3 : Utility curve
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PRIOR MODELING :LOTTERY

In figure 4 below, the difference compared to the coin toss lottery (figure 3 above) is that here we
consider the costs of policies for integrating renewables into electricitrical systems. The risk situation
of the manager is to ensure the availability of supply by preventively integrating into the electricity
distribution system, renewables and/or by strictly executing a corrective policy of the distribution
system. How can we model this behaviour and know if the network operator is more risk averse or risk
predilection. As shown in figure 4 below, we translate the network manager’s condition into lottery
terms. The expected utility E(u(x)) expresses the property of the decision maker's behaviour that
maximizes his utility function when faced with a choice of a risky alternative and a certain alternative
of monetary gains. Suppose that VA1, A2 € L(x)such as x is the set of consequences of a decision
problem L(x) finished lotteries with strategies.

consequences € final wealth €

2y — 100 | 200

’ if done ‘
(12 3) |
wealth initial
100 €
if done Sl l 2 ‘
(123)

100
‘Do not play‘

Figure 4: model of a lottery

Let A = [p«(1 — p)y], a strategy that wins x with p and y with 1 — p. After comparing two strategies,
the decision maker can have the choice according to his preferences A1 > A;, the strategy Aiis
preferred in the strategy A2. We deduce that for A1 = [pxx1;(1 — p1)y1] and A1 = [pxx2; (1 — p2)y:]
there is a utility function u on the set of consequences such;

piu(x1) + (1 — pu(ys) > p2u(x2) + (1 — p2)u(y2)

or

Yipru(x1) + (1 —pu(ys) > Yipau(xz) + (1 — pu(yz) [1]

the expected utility associated with the gains A1 greater than the expected utility associated with gains
Az. The expected utility of the winnings of the different lotteries is compared to the expected utility

of the winnings that these lotteries allow, by representing the different behaviours of the decision
maker by the utility curves.

SOLUTION METHODOLOGY

First, the objective is to choose between the two policies, corrective and preventive. To solve the
problem we propose the form of the utility function as follows;
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u(x)=1-(1—e-™ (2]
suchasu'(x) = (1 — e-) and u''(x) = A2e(-, The expected utility associated with [2] is as follows;

E(u(x)) =piu(l — et) + pau(l — e™) [3]

where if write u(x;) in [2-3] we would read the utility of a sum of money represented by a consequence
x; and p; being the probability of occurrence of the consequence x;. Unfortunately [2] can only
determine one behaviour. It also does not allow us to determine the negative values of the costs when
it comes to risk aversion behaviour. In the case of application in this context, we use the form of the
specific utility function concave for the gains and convex for the losses which determines the
behaviours of the decision maker as follows;

Cmax—Xi
w(ERX) = = (1 — e Cnax )> 4]

where Cmax is the maximum value of potential cost et x; consequences. The parameter A is called the
risk aversion parameter because it characterizes the convexity of the utility function and thus
qguantifies risk attitude. The form of the exponential utility function [4] is exploited for both policies.
The expected associated utility of corrective policy is as follows,

Cmax—xl)
)

E(xy) = (ﬁ c1-e e [5]

and the expected associated utility of corrective policy is as follows;

Cmax—xz)
)

]E(XZ) = (m * (1 — e(_/l*( Cmax [6]

and the utility expectations of two policies are determined by maximizing the utility function as
follows,

)= )1~ 1 ) o)
ps (omn) * (1 - e(—/l*(c"éfnﬁ“» +py (i) * (1 , (—A*(sz“;#x‘*)> o

to say that E[u(x)] express the property of the behaviour of the decision maker which aims to
maximize his utility function faced with a choice of a risky alternative and the certain alternative in the
perspective of monetary gains.

APPLICATION TO THE POLICY OF INTEGRATION OF
RENEWABLE ENERGY IN ELECTRICITY DISTRIBUTION SYSTEMS

We apply the issue encountered in economics to the case of renewable energy integration shown in
figure 5 below. Risk taking is a lottery, that is to say a discrete distribution of probability p; over a set
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of consequences xi. p and 1-p refer to the probabilities that the electrical distribution system will
work and will not work (a corrective policy). p’ and 1-p’ are the operating and failure probabilities for
the preventive policy. R(t) = p represents the probability that the distribution network has operated
without failure at time t. 1 — R(t) = 1 — p is the probability that the distribution network operated with
zero, one or two breakdowns at time t.

; ;
! CHOICE POLICY SYST.STATES COST ESTIMATE ‘
| e = p| Xc worRkKING | ‘ X1 ‘
; |
corrective |
policy
; P — R =1—p| Xc rarcure|| X2 |
(Cholce r, = p' | Xp worxinag | X3
r >
preventive
|—,‘
policy

| L— R, =1— P'! Xpr rarrvre|| Xa
>

Figure 5: representation of the lottery

In figure 5 above, the decision maker must make the choice: or he uses the corrective policy. In the
event of a breakdown, it can be put back into service. Either it invests preventively in renewable
energies such that in the event of a breakdown, the security of supply is ensured, the duration of the
breakdown and the stress on customers are reduced and the performance of the system is guaranteed.
In the probability calculations of the breakdowns, we used the Weibull law as follows;

T =1 — e~@Wnf [6]

with the parameters: n = 5 and § = 3. T is the probability of having at least zero, one, and two
breakdowns. We use the scilab code to estimate by simulations, the breakdowns time that applies over
a certain observation time. We consider that for each breakdowns, a loss and policy costs are imputed.
In the table 1 below illustrates the numerical values of breakdowns and imputed loss and policy costs.

Table 1: numerical values

Corrective cost 5000 €
Loss cost 500 €
Labor cost 300 h
Repair time 8 €
Total cost of breakdown 11400 €
Preventive total cost 3000 €

The simulation results are shown in table 2(corrective policy) and table 3 (preventive policy) below.
The three columns from left to right indicate failure numbers, probabilities and costs.
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Table 2: corrective policy

breakdown corrective policy
proba cost proba*cost
0 0.37 0 0
| 0.58 11400 6726
2 0.04 22800 912

Table 3: preventive policy

breakdown preventive policy
proba cost proba*cost
0 0.98 3000 2700
0.015 14400 1296
2 0.0003 25800 154.8

Figure 5 above is reformulated in figure 6 below;

CHOICE POLICY SYSI.STATES CcCoOSsST ESTIMATE'

—>|037] | o€ |obreakdow

| [CORRECTIVE) ey
\ POLICY > 0.89 11400 € |1 breakdow

/ _~——»|004]| | 22800¢€ |2 breakdow |
[ cHoice )
: g = - » 090 3000€ | O breakdow |
o 'PREVENTIVE ' . .
| ( POLICY /F—' | 0.09 14400€ | 1 breakdow
i, < 5l001] | 25800 € |2 breakdow

Figure 6: renewable integration policy

Figure 7 below illustrates the two behaviours of the decision maker. If the decision maker has risk
aversion, he chooses the preventive policy with A=3 (concave curve). If the decision maker has a
predilection (taste for risk), he chooses the corrective policy for A = -3(convex curve). The abscissa
axis represents the utilities while the ordinate represents the costs. When A = 0 the decision maker is
indifferent (neutral).

1 -
taste of risk A—=—-3
aversion to risk A—3
0.8
L 0.6
~0.4
0.2
(8]
(@] 0.5 1 1.5 2
cost of utility ~10%

Figure 7: decision maker behaviours
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The sensitivity analysis with A =2 and A = -2 then 1 =1 et A — lis indicated in figure 8 below.

utily

(o] 0.5 1 1.5 2
utility cost - 104

Figure 8: decision maker behaviours(sensitivity)

According to Figure 6 above, the decision maker makes the decision by comparing the two
expectations of the policy and according to the one that maximizes its utility. The decision maker
makes the decision by comparing the two policies based on which one maximizes its utility in table 4
below. The expectation [E(u(x)) is lower than the expected utility u(E(x)) using the preventive policy
where the decision maker opts by taking the risk of investing in renewables. The choice of the decision
maker is an optimal policy which reduces the probability of failure, and which maximizes the
expectation of the utility function E(u(x)) by taking into account the behaviour of the decision maker
in the face of risk.

Table 4: corrective policy(4 = 3) and preventive policy (4 = 3)

aversion parameter A=3

policy corrective preventive
u(E(x)) 0.9250 0.9674
E(u(x) 0.8869 0.9498
aversion parameter A=-3

policy corrective preventive
u(E(x)) 0.4185 0.4629
E(u(x) 0.5278 0.4835

CONCLUSION

The objective is to use a modeling of decision-maker behaviour in the context of policy choices: to
invest preventively in renewables or not. Not investing in renewables by limiting yourself to a
corrective policy (of the distribution network) exposes you to a risk that is reduced by a preventive
approach, but which induces an investment cost. Following a bibliographic analysis, this paper has
presented the interest of a utility function of von Neumann transposing to the case of integration of
renewable energies in the electrical distribution system. The choice of a renewable energy integration
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policy is a research subject of major interest for the distribution system operator. Decision-making is

complex because, in addition to the difficulty of making a choice among other policies, the decision-

maker must deal with uncertainty. The model can be applied to any policy if the consequences and

their probabilities of occurrence can be quantified.
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