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The planning of an Energy Supply Chain (ESC) aims at maximizing the benefits of the ESC agents, while satisfying
the demands of the customers (Stadtler (2005); Shiyu et al. (2020)). Demand variability and supply disruption,
originating from the connectivity between supply and demand, can disturb the agents interactions and impair the
agents management (Govindan et al. (2017)). In this study, we propose a risk-based optimization approach for the
management of ESC. We introduce a Conditional Value at Risk (CVaR) measure with the purpose of measuring and
controlling the risk to the ESC management. A multi-objective optimization based by the Non-dominated Sorting
Genetic Algorithm (NSGA-II) is performed to search for the solution optimal with respect to the maximization of
the ESC total profit and the minimization of the risk under uncertainties. For demonstration, an application is carried
out considering a specific oil&gas ESC model with five layers, including crude oil producers, storages, refineries,
terminal storages and retailers. Results show that the optimization approach enables the trade-off between the ESC
optimal planning and the source of risk that it is subjected to.

Keywords: Energy Supply Chain (ESC), Agent-based Modeling (ABM), risk-based optimization, CVaR, NSGA-II,
uncertainty.

1. Introduction risks of two types: disruption risk and operational

risk (Kleindorfer and Saad (2005); Tang (2006)).

An Energy Supply Chain (ESC) is made up of a
number of agents interacting with each other. The
agents in the ESC, such as crude oil producers,
refineries, storages are physically and function-
ally heterogeneous, and organized in a hierarchy
such that what happens to one agent can easily
spread through the ESC and affect other agents
(Zio (2016)). In such environment, agents are
required to maximize the benefits, while satisfy-
ing the demands of the customers(Stadtler (2005);
Shiyu et al. (2020)). Therefore, modeling and
optimizing of ESCs become important for its plan-
ning.

This paper studies the planning problem of ESC
under uncertainties and risks. Demand, produc-
tion and supply uncertainties, related to product
characteristics, are the major sources of uncertain-
ties (Ho et al. (2005)). Besides these uncertainties,
consideration must be given also to supply chain

The disruption risks are related to circumstances
such as natural disaster, terrorist attacks and labor
strikes, whereas operation risks are caused by high
uncertainty and unbalance between supply and
demand (Lockamy IIT and McCormack (2010);
Sreedevi and Saranga (2017)). These risks influ-
ence the ESC function (Heckmann et al. (2015)).

To address this problem, we propose a
simulation-based optimization method which con-
sists of a simulation module and an optimization
module. For the simulation former, we rely on
Agent-based Modeling (ABM), which is a power-
ful technique for modelling large interconnected
systems (Bonabeau (2002)). The oil companies,
factories, producers, customers in the ESC are
functionally described as agents who can interact
with each other(Farmer and Foley (2009)).

In this ESC model, the demand and supply
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uncertainties, and the disruption risks are consid-
ered. Demand and supply uncertainties change the
plant operations and consequently the production
planing. To consider these problems, we corre-
spondingly define the objective functions.

For the multi-objective optimization module,
the objective functions are the total profit and the
Conditional Value at Risk (CVaR). On one hand,
the profit is a most crucial factor for oil compa-
nies. On the other hand, we consider CVaR to
measure the “tail risk” of an investment portfolio,
which is widely used in supply chain portfolio
optimization. For example, Carneiro et al. (2010)
uses CVaR as a risk measure constraint to maxi-
mize returns with risk constraints. Soleimani and
Govindan (2014) applies CVaR as a risk evaluator
to study design and planning of a reverse supply
chain network in a two-stage stochastic program-
ming framework. Qiu et al. (2014) studies a robust
inventory decision problem by applying the CVaR
risk measure under discrete demand distribution
uncertainty. Thus, it can be seen that CVaR is
an effective tool to manage risk. Hence, we ap-
ply CVaR to measure the disruption risk in the
ESC. Finally, the multi-objective problem defined
is solved by applying a simulation-based genetic
algorithm optimization method.

The rest of the paper is organized as follows. In
Section 2, we present the Agent-Based ESC mod-
el. Section 3 introduces the ABM-MOO formula-
tion and solution framework. Section 4 illustrates
the case study and the results of the ESC’s profit
and CVaR optimization under disruption risk and
uncertainties. A discussion is given in Section 5.

2. The ESC Model

The ESC is described by ABM, which considers
the logical rules of the agents behavior and in-
teractions (Macal and North (2005)). The model
allows simulating the ESC transaction process-
es in an uncertain, dynamic and time-dependent
environment (Labarthe et al. (2007); Julka et al.
(2002); Parunak et al. (1998); Farmer and Foley
(2009)). In our model, we take into account the
demand and supply uncertainties, and the disrup-
tion risk.

2.1. Modeling of Agents Uncertain
Behavior

We consider an ESC with L layers and each [-th
layer consists of V; agents, a; 1,01,2,...,01,v5..-,01,V;
(Figure 1). In the ESC, the orders sent from the
demanders of Layer 1 flow layer-by-layer to the
end layer L, whose V7, agents are suppliers that
send the supply backward to the demanders.

An agent a; ,,v = 1,2, ..., V, in the [-th layer,
is assigned with behaviors, which allow the agent
to adaptively interact with the others. The details
of the model are described in the following.

1035

Flow of Orders

Flow of Supply

Fig. 1. The ABM-ESC model

2.1.1. Sending Orders

The process of sending orders of an agent a; ,, in
the [-th layer (Fig.2) is as follows:

(a) a; ,, chooses the supplier a; 41, in the upper
layer [+1, based on capacity and cost of satisfying
the order.

(b) a;,, sends orders t0 aj41,,-

(c) a;,, updates the list of alternative suppliers,
taking into account the capacity of supply.

(b) Send the order
to the chosen

li oty
A e suppliersa..,

list of

alternative
suppliers

(a) Choose the
supplier(s)

Fig. 2. The process of sending orders

2.1.2. Receiving Orders and Choosing
Demanders

The process of an agent a; , receiving orders and
choosing demander(s) is shown in Fig.3:

(a) a;, receives the order from a;_; ,~ in the
lower layer [ — 1.

(b) a;, checks whether the received order is
empty:

o If yes, a;,, does not choose demanders.

e Otherwise, (¢) a;,, checks whether it has avail-
able productions that satisfy the received order-
S.

— If yes, (d) a;,, checks whether the received
orders exceed the existing production limita-
tion U, ,,(t) defined as:

Ul,v(t) = Sl,v(t) - Sl*,v (t) (])

where S, is the storage of a;, and S} is
the back-up safety storage of ag ,,.
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* If yes, (e) a;, refuses the order from
aj—1,, demanded with the lowest bid
price, and returns to (d).

* Otherwise, (f) the agent a;, accepts the
order and makes a contract with a;_ 4.
Then, the existing oil production limita-
tion of the agent a; ,, (Eq.(2)) updates for
the next time ¢ + 1:

Upo(t+1) = Uy (t)— ‘T;:}l,v”(t)

D

/Ul/’vlle{va}

B 2
where, wﬁfvl’” (t) is the amount of orders
accepted by the agent a;, which are sent
by the agent a;_1 .~

— Otherwise, (g) a;,,, sends a response back to
the demander a;—1 .

(a) Receive the
order

(b) Check whether

s empty

(€) Check whether
it has available

(d) Check whether
the received orders

exceed the existing
production limitation

ml
(e) @, refuses the order
from a..,. demanded with

the lowest bid price

(f) Accept order, make a

contract with @-.,- and

update the production
limitation

U e+)=U,0- T =0

(g) Send back the response
to the demander

Fig. 3.
der(s)

The process of receiving orders and choosing deman-

2.1.3. Response

One demander a;, may negotiate with its suppli-
er aj4+1,,, in case of receiving a response from
aj+1,- This process is shown in Fig.4 and de-
scribed as follows:

(a) The agent a; ,, receives a response from the
supplier Al41,07-

(b) Check whether the order plan is satisfied:

o If yes, a;, stops sending the order plan.
e Otherwise, (c) a;,,, checks whether all the alter-
native suppliers have been considered:

— If yes, the agent a; ,, stops sending the order

plan.
— Otherwise, (d) the agent a;,,, updates its de-
mands,
I+1,0 I+1,0" l,
Yo v (t+1) = Yiw Y (t)— Z :El_:l,v,(t)
v’ v €{vg}
3
I+1,0 .
where, y,7 " (t) is the amount of orders

sent by the agent a;, which are received
by the agent a1, at time ¢, .Z‘;_:l (1) is
the amount of orders accepted by the agent
aj4+1,,» Which are sent by the agent a; , at
time ¢.

And, (e) send orders (as discussed in Section
2.1.1) again.

(a) Receive a
response from the
supplier

(b) Check
whether the
order plan is
satisfied

No Yes -]

0) Check
whether all the
No suppliers have
been
qusidereg
(d) Update
demands

S0 T o

I

(&) Another cycle of
Sending Order

Stop sending order

Fig. 4. The process of response

2.1.4. Selling Production

An agent a; ,, should sell productions after accept-
ing an order plan. This process is shown in Fig.5
and defined as follows:

(a) a;,, checks whether it stores enough produc-
tions satisfying the accepted order plan:

e If yes, (b) sells the productions to the demander
aj;—1,,» and updates the set of accepted orders
and the storage for the next time ¢ + 1 (Eq.(4)):
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Sl,v(t + 1) = Slﬂ,(t) —

l*l, 1"
P ()

o’ ! G{Ua}
“

where S ,, is the production storage of a; ,, and,

ll;l’” (t) is the amount of the production sold

by apy to aj—1 7.

e Otherwise, (c) a;,,, sells the productions to the
demander who makes its income highest, and,
then, updates the set of accepted orders and the
storage Sy, (t + 1).

(d) Check whether the storage or the set of
accepted orders is empty.

— If not, repeat (c).
— Otherwise, end.

(a) Cheek whether
it stores enough
productions

r

(c) el producti
demanders who mal
highest and update the set of

orders and the storage

Fig. 5. The process of selling production

2.1.5. Receiving Production

An agent a; , receives the oil production from the
upstream agents a;41,,» and updates its storage
Sy (t + 1) for the next time ¢ + 1:

Spo(t+1) = Spo(t) + w2 (@) kyy

L

(&)

’
where wfjl’“ (t) is the amount of the oil produc-
tion sent by the the agent a; , which are received
by the agent a; 1, time t, k; ,, is the production
capacity of a; 4,

2.2. Uncertainty and risk assessment

In this study, we use the Conditional Value-at-Risk
(CVaR) to measure the risk in the cost of supply
(Carneiro et al. (2010); Qiu et al. (2014); Ge-
breslassie et al. (2012); Zhang and Zhang (2019);
Saghaei et al. (2020); Snoeck et al. (2019)). The
definitions of VaR and CVaR are shown as fol-
lows:

VaR.(X) =inf{Z € R: Fx(Z)>a} (6)

where X is the loss, F'x is the discrete approxima-
tion of the probability distribution of the loss X,
« is the a-percentile for the function F'x, Z is the
smallest value of loss whose probability is greater
than a.

CVaRo(X) = E(X|X > VaRo (X)) (7)

where X is the loss and F(X) is the expected
value of X which is larger than VaR,, (X) defined
in 6.

In order to understand the CVaR in a compre-
hensive view, we draw a graphical definition in
Fig.6.

Frequency

a(%) T Loss

CvVaR

Fig. 6. Distribution of sending production loss

Fig.6 shows that VaR is the smallest value of
the loss for a confidence level « of the probability
distribution. Although the VaR has been widely
used in measuring risk, it also presents some defi-
ciencies (Carneiro et al. (2010)).

CVaR is the expected value of the loss giv-
en that the loss is greater than or equal to
the VaR,(X). The definitions and properties
of CVaR are given in detail in ( citerockafel-
lar2006generalized,rockafellar2002conditional).

The ESC planning problem under risk and un-
certainty is described in Section 2.3.

2.3. MOO problem formulation

In the ESC, every agent wants to maximize its
profit. Here, we assume that the main income is
from selling oil production and the main cost is in
buying oil production.

Eq.(8) defines the ESC total profit I over a time
horizon T":

Vi

P:ZZL:Z(A—B—C—D)

t=1 =1 v=1

®)
A is related to the income from selling the oil
production to the customer, expressed as:
Vi,

I—1,0" 1—-1,0"
A= z :pl,v zl,v (t)

v''=1

(€))
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where Pz ~12" i the unit price of the agent

ary when selling the oil production to the agent

1075 le 7)1 o' (t) is the production sent by the

agent ag ,, which is received by the agent a;—1 .~
at time .

B is the purchase cost, which includes the pro-
curement cost plus other costs like the transporta-
tion cost, the labor cost and so forth:

(t) (10

_ I+1, v l+1,v/
B = § : pl+1 v’ +Ol Ky )wl,v,

where piva' is the unit price of the agent a; 1 .-

for selling the oil production to agent a; ,, , oﬁl v’

is the unit price for the other costs, wltlt” is the

amount of the oil production sent by the agent
aj+1,.+ and which is received by the agent a; ,,.
The item C' accounts for the storage cost:

C =c},Siu(t) (11)

where cfv is the agent a; ,, Storage unit cost, Sj ,, ¢
is the production storage of the agent a; ,, at time
t.

Finally, D is the penalty for supply shortage:

1"
Viea
I—1,0"

I—1v / _
= A ( lv Zl,v

v =1

(t)) (12)

1"
where « , is the unit penalty cost, xﬁv (t)is the
amount of orders accepted by the agent a; ,, which
are sent by the agent, zllll’v (t) is the amount of

oil production sent by the agent a; ,, which are
received by the agent a;_; ,~ at time ¢.

Then, the total cost at time ¢ could be defined
as:

L Vi

E(t)=)_Y (B+C+D)

=1 v=1

13)

The general MOO problem is, then, formulated
as:

_ _ _ 1,1
max P(y1,1, -, Yi,vs e UL—1,Vy s D915 s
10 L—1,Vi_1 (14)
Pry  5sPLyvy )
HliDCVCLR(7 aglva' 7yL IVL/
1, 1 —1,0" 1,Ve 1
p 2,1 7pl v ) pL VL )
L Vz
=CVaRa(3. > Eiu(?))
I=1v=1
(15)
s.t.
U < G < G (16)

pgnin < pé’—vl,v” < p;nax a7

Eq.14 maximizes the total profit and Eq.15 min-
imizes the risk, simultaneously. The constraint 16
and the constraint 17 give the feasible region for

the average orders and the price.

3. The ABM-MOO Framework

GA is used to search a set of feasible solutions
optimal with respect to the objective functions.
These solutions (chromosomes, in GA terminol-
ogy) are input in the simulation model. Fig.7
shows the framework of the hybrid simulation-
based optimization process.

Set the values of NI, . NP.NG,,,.C,. M, and
generate 0, (1) ~ N(u,.03)

Set NSGA-Il generation index k =1, the random
g ion of the initial pop ion POP(k) and

generate )7 (N~ N(7..00)

Evaluate P and E for each chromosome POR (k)
by the ABM ESC model

1

Rank the chromosomes POE(k) by running the fast
non-dominated sorting algorithm and crowding
distance with respect to the fitness values, and
identify the ranked Preto-optimal fronts (7. 7. ..F.}
where F is the best front and F, is the least good
front

]

Apply the binary tournament selection to select
the intermediate population Pop, (k)

Apply the mutation and crossover operators to
generate the offspring population pPop (i + 1)

Setk=k+1

Return the ranked Pareto-optimal fronts
(F.FynF}

Fig. 7. The flowchart of the ABM-MOO framework

A set of Pareto solutions is, eventually, iden-
tified and a best-compromised solution can be
chosen among them by the Min-Max method
(Marseguerra et al. (2005); Belegundu and Chan-
drupatla (2019)). Given the Pareto solutions H =
(P, CVaR) the relative deviations of P and CVaR
are defined, respectively:

P —
Ppmax

Pmin|

_ Ppmin (18)

zZp =

where P™" and P™3* are the minimum and max-
imum of the fitness values P, respectively.
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ICVaR — CVaR™"|
CVaRmax — OV qRmin

where CVaR™™ and CVaR™® are the mini-
mum and maximum of the fitness values CVaR,
respectively.

The best-compromised solution is determined
as

ZOVaR = 19)

zp = min[max{zp, zcvar}| (20)

4. Case Study

An ESC ABM of five layers is considered.
This includes retailers (Layer1), terminal storages
(Layer2), refineries (Layer3), storages (Layer4)
and crude oil producers (Layer5). In Layerl, Lay-
er2 and Layer3, there are 3 agents respectively.
In Layer4 and Layer5, there are 2 agents in each
layer. In this ESC, we assume that there is 10%
probability that the refinery 3 is disrupted. When
it is disrupted, it is not able to send oil production
to down stream demanders.

x10*

+
1 Best Compromised Solution U o4
8 4 Pareto Front A
7.9 /‘
7.8 P
I *
[
¥ +
20 /
>
Y1 g
. *
74 /
73
7.2
7.4

36 a7 38 39 4 a1 42
Profit(€) x10°

Fig. 8. The Pareto front with the best-compromised solution

Fig.8 shows the Pareto front which reflects that
the CVaR increases when the ESC total profit
tends to be large. Then increasing CVaR means
increasing risk: if the agents want to get more
profit they have to face larger risk which makes
sense because high profit are always accompanied
by high risk. According to Eq.(20) discussed in
Section 3, the best compromised solution is identi-
fied, and the total profit P equals to €3924956.04
and C'VaR equals to €75851.93.

Fig.9 shows the cost frequency distribution in
the normal state which is optimized in the lit-
erature (Shiyu et al. (2020)). Fig.10 shows the
cost frequency distribution with disruption risks
if we do not take any measure to control them.
Fig.11 shows the cost frequency distribution with
disruption risk if the ESC is optimized.

Fig.9 shows that if the ESC is without disrup-
tion risk, the cost is distributed in the range from

Frequency

0
746 748 7.2 722 724 726 728 73 732 734
Cost(€) x10*

Fig.9. The cost frequency distribution under the ESC normal
state

3
3

Frequency
a 2 @ 3 N
8 g g g 8

N
3

AN I | Y S

6 6.5 7 75 8 8.5 9 9.5 10
Cost(€) x10*
Fig. 10. The cost frequency distribution with the ESC disrup-
tion risk
20
80
70
60
g 50
z
9 40
&
30
20
10
L . fh :
5.5 6 6.5 7 75 8
Cost(€) x10%
Fig. 11.  The cost frequency distribution with the ESC disrup-

tion risk after optimization

€7.16 x 10* to €7.34 x 10* which is a rela-
tively concentrated range. Comparing Fig.9 with
Fig.10 and Fig.11, the range of the cost distribu-
tion increases, because the disruption risks cause
the refinery storage cost and shortage penalty to
increase. On the other hand, after the disruption
happens, some oil production has to be stored in
Refinery 3. When the ESC goes back to normal,
Refinery 3 does not need to order new oil produc-
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tion from up stream storage, so the procurement
cost is decreasing, which further increases the
range of the cost distribution. In Fig. 10, the
95% confidence level on the right-hand of the
cost is €88650. In Fig. 11, the 95% confidence
level on the right-hand of the cost is €75851.93.
Comparing Fig. 10 with Fig.11, the proposed
ABM-MOO framework is effective to decrease
the CVaR related to the risk disruption.

5. Conclusions

The objective of this study is to manage the
production planning problem in Energy Supply
Chains (ESCs), where the agent interaction be-
havior is uncertain and the ESC faces disruption
risk. In order to address this problem, we pro-
pose a simulation-based multi-objective optimiza-
tion framework which enables decision making
on planning production, including the price and
the amount of purchased oil production. Firstly,
we use Agent-based Modeling (ABM) to model
and simulate the agent behaviors and the ESC
transaction processes. Secondly, we use Non-
dominated Sorting Genetic Algorithm (NSGA-II)
to get the optimal solutions that maximize the ESC
total profit and minimize the disruption risk. An
oil ESC model with five layers, including crude
oil producers, storages, refineries, terminal stor-
ages and retailers is presented to demonstrate the
methodology.

For future research, we think that the cooper-
ative and competitive relationships among agents
can be considered in the ESC optimization prob-
lem.

Acknowledge

This work is supported by the scholarship from
China Scholarship Council (CSC).

Appendix A. Nomenclature

{v.}: The set of the agent indexes whose orders

are accepted.

a,»: The v-th agent in the layer [.

ki »: The production capacity of agent a; .

- The unit penalty cost.

ep: An arbitrary large number for total profit.

€p: An arbitrary large number for uncertainty.
min: The minimum for the unit price.

;" The maximum for the unit price.

glmi“: The minimum for the average orders.

¥, The maximum for the average orders.

r(t): The number of agents who get a loss after

the oil production transaction.

Qr,v, (t): The amount of productions, which are

produced by the agents in the last layer at time ¢.

Ui, (t): The residual oil production limitation of

the agent a; , at time t.

S1,.(t): The storage of the agent a; ,, at time ¢.

Sz*u(t): The back up safety storage in the agent

aj, at time ¢.
—v"

1o (t): The amount of orders accepted by the

agent a; ,,, which are sent by the agent a;_1 . at
time ¢.

1" (¢): The amount of orders sent by the agent

a,v, which are received by the agent a;41 ., at
time ¢.

211" (t): The amount of the oil production sent

by the agent a; ,,, which are received by the agent
aj—1,, at time t.

wi £ (t): The amount of the oil production sent

by the the agent ;1 .+, which are received by the
agent a; ,, at time £.

;:1"” : The unit price for the other cost.

é;}l’v : The unit price of the agent a; ,, by selling

the oil production to the agent a;_1 4.
cfv: The agent a; ,, storage unit cost.

w1 The mean of agents profits in the layer [.

o0;: The standard deviation of agents profits in the
layer [.

to: The mean of agents production amount
Qr,v, (1)

0¢q: The standard deviation of agents production
amount Q. v, ().

Yi»: The amount of average orders sent by the
agent ag ,, at time ¢.

oy: The standard deviation of agents orders

y " ().

NT,ae: The total transaction time.

NG par: Maximum number of GA generations.
N P: GA population size.

C..: Crossover coefficient.

M..: Mutation coefficient.
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