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Abstract—The coordination of various energy vectors under MES
the concept of multi-energy system (MES) has introduced new  j/@G
sources of operational flexibility to system managers. In this MPEC
paper, the behavior of multi-energy players (MEP) who can trade
with more than one energy carrier to maximize their profits
and mitigate their operational risks has been investigated. The RER

MES is represented based on a multi-layer structure, namely the
energy market, MEP, the local energy system (LES), and multi-

Multi-energy system

Micro-grid

Mathematical programming with equilibrium
constraints

Renewable energy resource

energy demand. In such environment, a MEP aggregates LES and B. Subscripts

participates in the wholesale electricity market, simultaneously to

maximize its profit. The decision-making conflict of the MEP with e  Electricity
_other energy players for_the aggregation of LES a_nd participation g Natural gas
in the electricity market is modeled based on a bi-level approach. h Heat
Numerical results show the behavior of the MEP as a prosumer
in the electricity market to produce smoother demand and price ¢  Index of LES
profiles. Results reveal a mutual effect of local and wholesale j  Index of retailer
equilibrium prices by increasing the share of the MEP. L Index of Genco
Index Terms—Electricity market, mathematical program- t  Time interval
ming with equilibrium constraints (MPEC), multi-energy player w  Set of scenarios
(MEP), multi-energy system (MES).
NOMENCLATURE C. Superscripts
0 AB Auxiliary boiler
Agg Aggregator
A. Acronyms Bid Bidding of electricity producers
AB Auxiliary boiler CHP Combined _heat and power
CHP Combined heat and power cha Heat/electr!c storage c.hargmg.
ES Electric storage dcha Heat/electric storage discharging
HS Heat storage Du Dual problem
KKT Karush-Kuhn-Tucker conditions B Equal!ty constraints
LES Local energy system ES Electric storage
MED Multi-energy demand EM Energy market
MEP Multi-energy player Forecast Forecas?ed amount of RER
Genco Generation company
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D. Parameters and Variables market. Moreover, to have a realistic behavior for the MEP,
e,E The amount of stored energy in ES or HS it is considered as an energy aggregator who interacts with
g,G Amount of natural gas supply energy carriers with demand side energy resources based on
», P Amount of electricity generation a leader-follower aggregation framework.

q,Q  Amount of heat production

T Time period B. Literature Review

p Scenario probability . ] '
A Dual variables for equality constraints In the literature, MES are defined as energy systems with
p, i Dual variables for the lower and upper limits ofmore than one energy carrier [4]. A MES is divided into two
- non-equality constraints main parts, namely, operation centers and interconnectors.
¢ Dual variables for equality constraints in specific OPeration centers represent the integration of energy re-
time intervals sources (e.g., energy converters and storage) and intercon-
o~ Charge/discharge rate nectors are energy transmitters b'etween operation centers,
n Efficiency such as gas pipelines and power I|_nes. Surveys on MES are
r, I  Energy price concer_1trated on two areas. In t_he f|rs_t area, the management
P Shadow price for energy balance equation of elef @ single operation center is investigated and new model_s
tricity market are developed for integrating new energy elements, uncertain
E Vector of equality constraints resources, and decision-making frameworks in various time
N Vector of non-equality constraints _doma_uns. In [5] and_[6], optimal operation fra_lmeworks for res-
T Vector of equality constraints in specific time idential and industrial energy hubs are designed, respectively.
X Vector of decision variables for dual problems ~ The integration of renewable energy resources (RER), demand

response (DR) programs, plug-in electric vehicles (PEV) and
storage is considered in [7]-[10], respectively. Moreover, [11]
and [12] evaluate the energy hub approach’s proficiency in the
A. Motivation and Aim long run.
MERGING technologies and change in the businessin the second area, a set of operation centers and their
paradigm of the energy sector have introduced new chabrresponding interconnectors are considered in an interactive

lenges and opportunities to energy system managers supph@ngironment and the developed models are investigated from
future energy needs [1]. The development of distributed energgonomic, technical, and environmental aspects. In [13], an
resource (DER) technologies, e.g., energy converters and stiptimal energy scheduling and energy interaction for a set of
age, has increased the dependency of energy carriers. Onadperation centers is proposed. The model is extended in [14]
other hand, the establishment of new business environmeatsl an evolutionary method is implemented to increase the
and the participation of more players in the energy systenascuracy of results and the speed of convergence. Furthermore,
decision-making process have increased the dependencyirofil5], a decentralized control model is proposed for a set
stakeholders’ decision variables. of energy hubs to coordinate their operation. A game-based

In order to address these issues, the concept of mulipproach among energy hubs for DR provision is suggested
energy systems (MES) has been introduced. The MES conciepfl16]. In order to analyze the impact of a high penetration
addresses the integration of various energy carriers (ewind resources on interdependent MES, a robust optimization
electricity, natural gas, district heating, etc.) and their operatiapproach is used in [17]. Numerical results determine the
from both technical and economical points of view to enablele of the power system to mitigate the uncertainty of wind
energy and information interaction in different levels [2]. Imesources by substituting the energy demand of one carrier
such system, multi-energy players (MEP) play a crucial roleith the demand of another energy carrier. On the other hand,
to aggregate demand side energy resources for enhancingatiors in [18] have shown that it is possible to increase the
operational flexibility of the system. A MEP is defined asitilization factor of wind resources in power system operation
an energy player who can trade with more than one enengith MES facilities. In other words, the power system acts as
carrier to increase its total profit and mitigate its operational link between RER and MES that can help decreasing the
risk [3]. MEP can link different energy markets and substitutencertainty of these resources by using the inherent flexibility
energy consumption/production between them. As a resultpit MES.
can act as a flexible source in the market place. ThereforeBesides MES, the microgrid (MG) concept has been devel-
increasing the share of the MEP in each energy market brirmsed in the literature to cover some other aspects of the future
opportunities for both MEP and different market operatoenergy systems. The main feature of a MG is the stand-alone
and affects their decision-making parameters in the short- apgkeration capability in contingency modes that can increase
long-term. the system’s reliability indices. However, this capability needs

The main aim of this paper is to investigate the role dhe deployment of energy resources with more capacity than
the MEP as a mediator between demand side resources tredaverage consumption of MG. These resources provide the
the wholesale electricity market. In this market the MEP igpportunity to trade the energy surplus in a normal operation
a strategic prosumer who can modify the market equilibriumode. Therefore, MG is able to increase the operator’ total
price by changing the amount of its energy exchange with tpeofit as well as their own. Likewise, MG can be considered

I. INTRODUCTION
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as a MES. However, MG is reliability-oriented while a MES « Considering the MEP as a medium to allow demand-side
is related to the enhancement of the system’s efficiency. Due resources to participate in the market in an aggregated
to the above-mentioned similarity, MG studies have been also manner for electricity, gas, and heat energy carriers and
surveyed. model their behavior through a bi-level decision making
Reference [19] proposes a scheduling framework for a problem;

single MG that is equipped with a combination of cooling, « Evaluating the impact of a high penetration of MEP on
heating and power (CCHP) units and RER. Different behaviors the equilibrium of the electricity wholesale market and
of CCHP’s energy carriers and the uncertainty of RER are the local aggregation of demand-side energy resources
covered by a multi-time scale framework along with the time  and the cross impact of these two sets of equilibrium
horizon. Moreover, for a set of MGs, the authors in [20] points.

have used an agent-based framework to model the cooperatiofhe rest of the paper is organized as follows. In Section

environment among MGs. Regarding this topic, an energythe problem and its solution are described. The models
retail market is proposed in [21] to fill the gap between thgr MEP and LES decision making problems are presented
wholesale market and the demand-side players (i.e., MG).ii1 Sections Il and III, respectively. The electricity market
addition, the authors in [22] have developed a multi-leadgfoblem is explained in Section IV. A Numerical study and
multi-follower Stackelberg game to manage energy tradiR@ncluding remarks are presented in Sections V and VI,
among MGs analyzing its equilibrium point. Employing morgespectively.
than one energy carrier has changed the behavior of MEP

compared to MG operators. Thus, new models for evaluating 1
the behavior of MEP in future energy systems are required. _ . . _

Numerous reports have addressed offering strategies and! this paper, the MES is considered as a multi-layer
competition models in electricity markets. A large number gitructure and consists of four layers, namely, energy market,
the models present the behavior of market players by medfi§F local energy system (LES), and multi-energy demand
of game theory [23], [24]. A stochastic game-theoretic monY'ED)' The multi-layer structgre represents the behavior and
based on an adaptive Q-learning algorithm is reported in [ngale of each energy p'layer in the proposed MES. The roI'e
In [26], a game-theoretic market model is developed basgf€ach energy player in the proposed framework and their
on multi-agent systems to model the behavior of renewatf€racting energy variables and parameters are shown in Fig.
power producers and DR providers. The ability of the demartd A Short description of each layer follows [3]:
to cover wind power imbalances is also addressed in thes The energy market consists of individual energy carrier
literature [27]. The optimal offering strategy of a hybrid power ~ markets linked by the MEP.
plant containing a wind power producer and a DR provider « The MEP is an energy aggregator who interacts with a
is reported in [28]. The model can increase the correlation Set of LES and participates in energy markets.
among the offers and the load curve and, consequently, can LES is a local energy network equipped with demand
decrease the undispatchable nature of wind power and reduce Side energy resources delivering required energy services
the variability of the renewable-based power systems. to MED.

Reference [3] proposes an Cooperative framework in a MESe MED iS the IOWeSt IeVeI in th|$ multi'layer structure
for modeling the aggregation of a set of static (without inter- ~and can be a set of end-users consuming various energy
temporal constraints) facilities. Although many studies have Carriers.
been oriented to model the MES environment, the aggregatiorAs it is shown in Fig. 1 the main variables that couple all
of demand side energy resources under the MEP concepthe players are the energy carriers’ prices. It is assumed that,
participate in the electricity wholesale market have not beé@mthe long-term, the players will revise their strategies based
addressed yet. The aggregation of a set of energy carriersthe energy carriers prices, which are determined based on
introduces more flexibility to a MEP for the participation in thehe strategies of other players.
electricity market. Moreover, using interactive models insteadIn order to investigate the impact of the MEP on the
of centralized or tariff based models for aggregation of demaedergy market performance, a bi-level programming approach
side energy resources, can increase the level of operatiogalmplemented in this paper (Fig. 2). On the upper level,
flexibility and the utilization of local energy resources on ththere is a MEP who is able to trade energy (electricity and

. PROBLEM STATEMENT

demand side. natural gas) in the energy markets and also with the LES who
o o serve exogenous demands for energy (electricity, natural gas,
C. Contributions and Paper Organization and heat) in their own areas. The objective of the MEP is to

In this paper, the behavior of a MEP that is an aggregatdetermine the optimal trading quantities in order to maximize
of a set of demand side energy resources is studied in an eles-own profit subject to energy balance constraints.
tricity wholesale market. Moreover, the impact of increasing On the lower level, each LES acts as a prosumer that needs
the MEP share in electricity wholesale market is investigatei decide the amount of energy of each carriers to be supplied
The contributions of this paper are as follows: either from the MEP or distributed resources. In addition
« Modeling the strategic behavior of an MEP in an eledo the energy balance constraints, each LES faces physical
tricity wholesale market within a bi-level decision makingconstraints for the operation of installed equipment. In general,
problem; in a leader-follower optimization model, the leader enforces
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I ; | - 1) LES energy balance
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Fig. 1: Interaction of MEP with LES and the wholesale eledyicnarket. | LES Decision Vector ‘I L 2
L e i el V| S
. . . ————— =)\ 5
the price and the follower determines the quantity. In suc { g
models the equilibrium price equals to the marginal cost (| | 4) Energy interaction with the wholesale electricitymarket\\ z
energy production for the LES. e P — N\ -
On the lower level, there are Gencos and retailers Who{ | | sypject to:
offers and bids are cleared by a welfare-maximizing ind€| | | 1) Gencos energy production constraints \
pendent system operator (ISO). The shadow price of tt| | |?2) Retailers energy consumption constraints !
energy balance constraint of the 1SO is the market-clearir 3)ﬁdfp_e’lerfy_“i_ter_acﬁ“fimftimfts_ _____
price in the electricity market. In this paper both lower-leve | Electricity Market Decision Vector ‘, “
problems (ISO and LES) are formulated, linearly. Therefore 'l [pﬁ;"’-, peeee, plERe p,WJ"] [ |
they may be replaced by their Karush—-Kuhn-Tucker (KKT||| —7"f7-->">"">"="="-7--————— ’ ' ‘|
conditions to turn the bi-level model into a mathematical - —~ N——
programming with equilibrium constraints (MPEC). This iS  Transforming the Bi-level Problems ‘. :
further simplified into an mixed-integer linear problem (MILP)  to a Single-Level MILP Problem L
by using disjunctive constraints and strong duality to resolv( - . N
nonlinearities in the constraints and objective function of thf| baene DI e L |
. . . ubject to: ||/
MPEC. Numerical results shoyv how market-clearing prices al 1) MEP enerey balance S
affected by a greater penetration of MEP. However, the overg| | 2) mput energy constraints ¥ g
energy production is more restricted to the local operation| | 3) Energy interaction with LES » )'/ 5
considerations than to the wholesale electricity market price| | ) Enerey interaction with wholesale electricity market 4 &
20 A
5) LES stationary conditions e §
I11. MULTI-ENERGY PLAYER’S DECISION MAKING 6) LES primal optimality conditions «——— ’ =
PROBLEM 7) LES primal optimality conditions in predetermined t}me 2
intervals / j
In the proposed framework, MEP and LES are decisio| | 8) LES complementarity conditions S e
makers who decide about their energy interactions. ME . 4 i, - “
LES d exchan ner with the MEP bas 9) Electricity market stationary conditions
aggregates__ - an ] exchanges energy € as 10) Electricity Market primal optimality conditions
on the eqU|I|br|um price. 11 Electricity market complementarity conditions
.. . . N\ / J
The MEP purchases electricity from the electricity markel )

at the market equilibrium price and natural gas from the gf—lsg 2: Bi-level optimization problem for participation ofetMEP in the local
market at a predetermined price. It also exchanges electriciyg wholesale energy markets.

gas, and heat at the equilibrium price with LES. The objective

function of the MEP is shown in (1). The first two terms

are the costs of the MEP in the electricity and gas markets, max{ f(z) = Z [_ (ptERm _ pMEPouty  EM
respectively. The remaining terms are related to the incomes of

the MEP at the distribution level from trading electricity, gas MEP MEp i Z ( ~LES,in _ A_LES,out) Agg
and heat with LES at the energy equilibrium prices. Therefore, t (P Pit et

the decision vector of the MEP for aggregation of LES is:

MEP _MEP _MEP GLES_Agg . (sLESin _ ;LES.out) Agg
ke Mgt 1 Tht ]. +0iy "t (G5 — iy iy )
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The MEP operator should maintain the energy balance forThe LES operational constraints are based on [29] and [30]
electricity, gas and heat (2)-(4). For the gas energy carriés|lows:
the amount of gas input to the MEP,gMEF must be 1) LESenergy balance: Equations (12)-(14) determine the
less thanG" =", which is related to the capacity of itsenergy balance for electricity, gas, and heat, respectively.
interconnectors with the upstream gas network, as shown in
(5). @MEP determines the capacity of gas pipelines to suppIyEiLffJ . piI\fED — pLESiin, Trans | ,LES,out ; ,Trans

. . . . i,w,t ne,i 7,w,t e,
MEP required natural gas during operational period. ESin  ESout  CHP
+pi,w,t T Piwt T Piwt
(piMEP,in _ piWEP,out) _ Z( ~LESin _ ALES,out) —0 (2 —p%zd — pfiﬁt =0 : /\éVIZ%Dt (12)
it it =
i LES,2 . ~MED LES CHP AB _ n .\MED
gMEP . Zg_LES —0 A3) Ei,w,t : Gz‘,t —Giwt T 9wt T 9wt = 0 : Agﬁi,w,t
t i it (13)
~LES in ~LES, out
ST — g =0 4 LES,3 . AMED LES,in LES LES,out ; LES
Zi:(q“t Gt ) @ By Qi = g Mt Gy
HS,in H S, out
gg\/[EP < éMEP (5) TCGwr —Diwy
- CHP AB _ . \MED
“Yiwt T Qiwt = 0 : Ah,i,w,t (14)

Equations (6)-(10) determine the expected amount of en-
ergy exchange variables for LES. The expected amounts ar@) Input energy constraints: Input/output energy carriers
calculated based on the amount of energy exchange in et@ffrom LES are limited by their interconnectors, capacities.
scenario and the scenarios’ probability.

LES,1 n;LES2 . LES,i SHLES
N N 10 < " <P,

.LES,in i,w,t T i,w,t t,w,t

- LES,in 6
it = PwDi ¢ (6) . ,,LESin —LES;in (15)
~LES,out __ LES,out
it = PwDi ¢ (7) s
A wm m
: 5 — / 5 8 . . LES,out —LES,out
i, Pl w1 ( ) : He 0w :u 7/J‘e,i,w,t (16)
" Jihw,
~LES,out __ P qLES,out (9)
it - Wi w,t LES,5 ALES,6 . LES,in _ ~LES
w Ni,w,t ’Ni,w,t 0< ot < Ql
~LES __ LES . LES,in —LES,in
9l = puglls (10) o Priwd (A7)
w
) —LES
IV. LocAL ENERGY§;§;EI\EA; D ECISION-MAKING fo’f”,fof’S 0 < qfif’"”t <Q;

:MLES,out ELES,out (18)
A. Operational Problem of the Local Energy System Ehiwt 2 Fhiwt

The LES is equipped with a combined heat and power e . 1 BS
(CHP) unit, auxiliary boiler (AB), heat storage (HS), RER, Njoi NIyt 0<gll? <G,
and electric storage (ES). Each LES trades at equilibrium cplES pLES (19)
prices with the MEP and delivers the required services to _ St T,
the MED to maximize its profit (11). The first three terms 3) CHP constraints: CHP produces electricity and heat
of the LES objective function determine the incomes from tH&y consuming natural gas (20), (21). CHP output heat and
energy sold (electricity, gas and heat) to MED. The remainirg’lecmc'w should be within its operanqnal limits (22), (23). It
terms are similar to the ones of the MEP, the costs frofiould be noted that, for the CHP unit, ramp rate, MUT, and
trading energy with the MEP in the aggregation equilibriuYDT constraints are neglected.

price. These terms are the coupling variables between the

MEP and the LES. The decision vector of the LES is: pLES4 . pCHP _  CHP OHP _ S ACHEP - (20)
LESyin LES,out LES;in LES,out [ ES Lw,t T nwt €, 2w, * et
[pi,w,t Y Pgw,t 1w, t ) dg,w,t ’ i,w,t]'
LES,5 , CHP CHP CHP __ . \CHP
iwt Qiwt —Mhi Yiwt =0 i (21)

MEDyMEP MEDyTMEP
max{ gi(x;) = [P't He + G g5 —CHP
{ L\ Z %, e,i, %, 9,1, NLES,11 NLES,12 0 <pCHP < Pi

t i,w,t s Vi w,t i,w,t

MEDT{MEP Z LESyin _LES,outy_Agg ., CHP —CHP

+ Qi,t Hh7i1t - ((pi,w,t - pi,w,t )ﬂ-e,i,t : He,i,w,t’ /'I‘e,z,w,t (22)
7
) LES,13 z;LES,14 cHP _ ACHP
LES __Agg LES,in LES,out\__Agg N: ’ N: ’ 0 < g8 < X

~ it Mgt~ Wiwie ~ i ) Thit 11 et et S Gt = Qs CHP —CHP

g Phicon (23)
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4) AB Condtraints: AB produces the required heat by
consuming natural gas (24). The output heat of AB should

. ' . LES,27 A;LES,28 . ES =ES
be lower than its maximum capacity (25). Niwi " Niwe 10<e 5, < E;
ES —FES
LES,6 : ) :
Ei,w,t : qu?,t - néngfEt = 0 : )‘ﬁfw,t (24) Heﬂvwvt’ M6’27w’t (35)
LES,15 ALES,16 AB _ ~AB LES,3 EES
Nitor s Nid 1 0= Gy < @ . T’ elte =5 €88, V=1 (36)
: Hh,i,w,t’ﬂh’iv“’vt (25)
. o . —FES
5) HS Constraints: In (26) it is determined that the heat E.
) ( ) LES 4 | CES _ 7 . gffw,t, V=T (37)

balance of HS is based on its energy exchange with LES; twt =~ “iwt ™ o
while (27) and (28) restrict this exchange based on the7) RER Constraints: For renewable-based LES, RER gen-
charge/discharge rates of HS that is correspondent to §tion is limited to its forecasted amount in each scenario,

average power values in the relevant hourly intervals. Thgg) and (39). The scenario generation procedure is explained
stored energy in HS should be lower than the maximufp Appendix C.

capacity of HS (29). To preserve the energy conservation law
in the time horizon, in (30) and (31) it is assumed that the

. . . . . . q 7PVF - a, ,t
stored energy in HS is equal in the first and last time intervals, N2F529 N LES:30. o < prY, <P orecas
being half of its maximum capacity. o o ' PV —PV
g pacity. Ty Pt (38)
LES,7 . HS HS HS;in_HS
E L7 ot —€iwi—1tQiwr Mhi LSSl LS. Wind . —Wind, Forecast
) ) . n. hat] -
—gltSeut HS g 3HS s 26) Niwd o Niwr T 0SSPt S Py
bl b bAd 19y v . W d 7W d
' HleZ,t’ Ne,ifz,t (39)

NLES,l? NLES,18 L0 < HS,in <'YHS

dwt o HViwt VS Gwr S B. MPEC Formulation of the LES Decision-Making Problem
: Hth:”t,ﬁthﬂ 27) The MEP’s decision making process as the aggregator form
T of LES resources may result in different outcomes rather than
NLES19 NLES20 () o qHS’Out < M8 the individually operation of each LES. As a result, in this
bwt T wt Y = et = study, a bi-level problem is considered where, on the lower
HhHZS:?,ﬁthﬁt (28) level the operation problems of LESs are considered and,
on the upper level, the MEP interaction with the market is
formulated. To transform the bi-level problem (1)-(39), where
NEES:2L NLES:22. () < efﬁt < Efs the upper level is given by (1)-(5) and the lower level by (11)-
o o . HS —HS (29) (39), into a single-level MILP problem, we use MPEC ( [31]
i Pt and [32]). The proposed procedure is as follows:

« Transforming the lower-level problem into a convex and

—HS
LESL, (HS _ E; eSS yi=1  (30) linear one;
Lt b 2 et » Replacing the lower-level problem with its KKT optimal-
s ity conditions;

TLES2 . JHS _ E; . ¢HS Vi—T  (31) o Applying the strong duality theorem to linearize the non-
bw,t Gt 2 hiyw b linear terms of the upper-level problem.

6) ES Constraints: ES constraints are modeled similar to The formulation in (12)-(39) is convex and linear; there-
HS. Equations (32)-(37) show the corresponding constraintipre, in (40) it is shown that the Lagrangian of the LES
problem and (41)-(44) are its KKT optimality conditions.
Equation (41) represents a set of stationary conditions for

LESS _ ES _ ,ES |  BSin ES _ _col
iw,t iwit ~ Ciwit=1 T Piwt Me the LES that represents the first order derivatives of the
—piat i =0 tAES, . Vt>1 (32) LES Lagrangian with respect to its primal decision variables.

Equations (42) and (43) are the primal optimality conditions
for the LES equality conditions in normal and predetermined
NEES28 NLES24 . < pESin o ES time intervals, respectively. These conditions are determined
. o o according to the first order derivatives of the LES Lagrangian
with respect to its dual decision variables. The equation (44)
shows the complementarity conditions for the LES lower-
NEES:2S NLES.26 . () < pES.out o\ ES level problem. The linearized form of (44) and the upper-
o o o level objective function are explained in Appendixes A and
B, respectively.

. ES,in 7ES,z'n
: Me,i7w7t7ue:iﬁwvt (33)

. ES,out —ES,out
: ue,i,w,t e it (34)
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,CZ-LES _ g;(Xz) _ ufESNfES(Xi) + A,LLESEZLES(X»L) NEAIJ NE]\LQ 0 < pGenco < ?GEnco
kit okt Y =Peto =Tk
+£1-LEST1-LES(X1') (40) .MGenco —~Genco (47)
= A A
ALLES 10X, =0 (41)

N-EM’37N,EJW74 0 < p_tetailer < PR"“
aﬁiLES a)‘iLES _ EiLES X;) =0 (42) gt Jt —= g, =7 —
/ %) Lyt (48)

OLEES 0glPS = THS (X)) =0 (43)

LES LES NtEM’E” NtEMvﬁ 0 < inIEP,m < P]WEP
0<p;"” LN (X;) >0 (44) . yMEPin ZMEPin  (40)
sy ) Mt

V. MATHEMATICAL FORMULATION OF THE ELECTRICITY

MARKET _
N ' ' NtEA{j’NtEJ\LS 0 < pinP,out < PMEP
The electricity market consists of gencos, retailers, and . MEPout zMEPout (50
the MEP, operated by the ISO. The ISO receives the energy e "M (50)

producers’ offers and energy consumers’ bids and clears the

market in each time interval, obtaining the ener rice. . .
¢ 9y P B. MPEC Formulation of the Electricity Market

: : ; Equations (45)-(50) represent another lower-level problem

A. Modeling the MEP Strategic Behavior
J ) -eg ) of the MEP, in this case related to the electricity market
The MEP is a strategic player that competes with othBghavior. The procedure for converting this bi-level problem is

players in an electricity market environment. This behavior {§e same as the one in Section IV.B. Equation (51) shows the
modeled using bi-level optimization, where the MEP feSOWfF_%grangian of the lower-level problem. Equations (52)-(54) are
its strategy on the upper level and the impact of its decisigRe stationary conditions, primal optimality conditions and the
on electricity market parameters is determined on the lowgsmplementarity conditions of the electricity market problem.
level. In the lower level, the ISO receives the market playerghe linearizing procedure for (54) and the objective function

bids/offers and clears the market to maximize social welfagg the MEP are presented in Appendices A and B, respectively.
(45). The first two terms of this equation are the offers

and bids of the MEP as a simultaneous electricity producer
and consumer. The next two terms are the other electricity pBM _ y(x) — [, FMNEM (x) 4 \PMEEM(X)  (51)
market players’ strategies that consist of the Gencos’ offers
and the retailers’ bids. The decision vector of the MEP is:

[m}fEP B MEPOITer] and the decision vector of the lower- ALEM 19X = 0 (52)
level problem isi[pfit:, pGsnce, ptEout pMEL),
oLPM JoAPM = BFM(X) =0 (53)
max{h(:v) =
0<puPM | NFM(X)>0 (54)
MEP,in_MEP,Bid _MEP,out MEP,Offer = =
Z by T — b Ty

t After transforming the electricity market level, the three-

. Ret. Bi encorGenco.Of fer level optimization problem is converted into a single-level
+ Zp?tﬁt‘ﬂftt B Zpg,t ch-;,t o1 ] } CORNVITEE problem whose objective function is given in (1) after
J k linearizing the non-linear terms, with the set of constraints
The power balance of the electricity market is showt?)-(5), (41)-(44), and (52)-(54).
in (46). The dual variable of this equation is the market
clearing price. In addition, (47)-(50) show the upper limits
of generation/demand, which are equal to the offers/bids. VI. NUMERICAL RESULTS

In the numerical results the behavior of the MEP to interact
ZpGe”CO—ZpR“' with the LES and its participation in wholesale electricity
- kit - gt market is investigated. The model has been solved by CPLEX
10 on HP Z800 workstation with CPU: 3.47 GHz and RAM:

MEPout _ JMEPin _ o . cFM(46) g6 cp.

+ Dy Py
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A. Input Data Characterization 60

OElectricity mHeat
The MEP aggregates three LES and competes with :

Gencos and 10 retailers in the electricity market. Table | shov
the input data for the LES. Table Il contains the bids an
offers of the electricity market players. For all the retailers
the offering steps are considered the same as in the base ¢
whereq; is a correction factor to create the bidding steps (5t
changing the amount of the retailers’ bidding in each hour.

40 ~

20 A

Multi-Energy Demand (MWh)

13
Time (h)

Ret. 17 21

Ret.,base 1 5 9
Pjt

= o (v (55)

Lo o . . Fig. 3: Total tion of MED in the local tem.
The gas market price is $25/MWh. To avoid price spikes in 9 otal consumption © e focal energy sysiem

the local energy market, the price caps for electricity, heat and

gas are $130/MWh, $150/MWh, and $40/MWh, respectivel 140 T———— Electricity Market
In addition, Fig. 3 depicts the total energy consumption of tr 20 - - = — Electricity ——— =
MED. Lo - Heat I e
= 100 | 1 - Gas ]
z : :
A i 1
B. Equilibrium Price for the Aggregation of LES ? 80 I |
9 i ==L 1
Fig. 4 shows the energy carrier prices for the LES an< 80 4 (. S
electricity market clearing prices. As shown, due to the sm: 5 40— l_'_!_l s I
energy exchange of the MEP, it is a price taker in the electrici = A
market and the market price is solely determined based b B
Gencos’ and retailers’ offers and bids, respectively. Fig. 5 ai
6 show the power and heat balance of the MEP, respective 0 6 i3 is 24
The MEP trades with three types of energy carriers who: Time (h)

behaviors are as follows: Fig. 4: Energy carrier prices in the local energy market andriig prices
of the electricity market.

TABLE I: DATA OF LOCAL ENERGY SYSTEM.

Elements LES1 LES2 LES3 . ES ——Input Power = CHP

Transformer 0.95 0.95 0.95 gy | LY m— WVind —e— Demand
LES H_eat Pipelines Effi- 0.9 0.9 0.9 §

ciency =

Electricity Output 25 MW 15 MW — oy
CHP Heat Output 30 MW 22 MW — g 40 7

nCHP, nCHP 0.45,0.35 0.47,0.3 — =
AB Heat Output 20 MW 30 MW 15 MW E

nitB 0.9 0.85 0.9 5207

Energy Capacity 30 MWh — —
HS ~H5 15 MW — —

n}i—[s,cha, nfs,dcha 0.81, 0.9 _ _ 0 |

Capacity — 20 MWh — 1 5 9 13 17 21
ES ES — 10 MW — Time (h)

nfS’Ch“, nfs’dc}“’ 0.81,0.9 0.81,0.9 — Fig. 5: Share of LES energy resources for MEP electricity fuzea
RER Wind Capacity — — 30 MW

PV Capacity — — 30 MW

1) Natural gas: Natural gas is a grid-bounded carrier that

TABLE II: ELECTRICITY MARKET PLAYER DATA cannot be produced locally and the MEP delivers the required

Genco No. #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 amount to LES. Therefore, its price always is equal to the
Type Oil il Oil Hydro Coal Oil Coal Oil Coal NuclearPfice cap and the MEP maximizes its profit by maximizing

UnGit Number 10 6 5 6 4 3 4 3 1 2 the gas price.

Py [MW] 12 20 30 50 75 100 155 197 350 400 2y Hegt: Heat is a local energy carrier and is produced

Marginal Cost 40 40 65 O 23 35 20 33 19 8 . . .

[$/MWh] only by AB and CHP units. Therefore, its price depends on
Retailer No. #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 local operational considerations. In hours 2-13, while the heat
ﬁfem“”ww] 250 250 250 250 250 250 250 250 250 250 Production of CHP units does'not saFisfy MED’s needs and
Utility Function 75 70 65 60 57 53 50 50 45 40 the LES use their AB (CHP units are in heat-lead mode), the
[$/MWh]

heat price is equal to the marginal cost of the AB. On the other
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 HS mm AB s CHP  —e— Demand a

60 | g
9 H
340 z
2] =
= =
=
5 20 1 2
- 4

\50

1 5 9 13 17 21 ) 5 1
Time (h) Time (h)

Fig. 6: Share of LES energy resources for MEP heat balance. Fig. 7: Impact of increasing the penetration rate of MEP on nigskiees.

the CHP units are in electricity-lead mode, the price of heat i$oquyction in the CHP process decreases in the corresponding
almost equal to zero and heat is produced as a supplemenfys.

good when generating electricity in the CHP units. As a matter Note that, in general, the MEP’s strategy assures the ade-
of fact, producing heat is like a bonus for LES helping themyyacy of generation by using local energy resources, however,
to operate their CHP units within their operational limits. it should be noted that these resources are affected by the local
3) Electricity: Electricity can be generated locally or deliv-gperational constraints and their operation is correlated to their
ered by the MEP. The electricity price has the same behavigeal management. For instance, the electricity production
as the electricity market price. Note that the aggregatog$ CHP units and its marginal cost is related to the heat
equilibrium price of electricity depends on the capability ofonsumption of the MED. However, in case of a contingency,
CHP units to produce cheaper electricity. In general, thRese local resources can protect the system and increase the
electricity price of the CHP units is high but when the LES$eg|iability indices; in a normal operation the local constraints
have large simultaneous heat and electricity demands, thgdtermine their capability to act as rivals of the other market

generation will be profitable. However, as these units incregsyers. Therefore, in comparison with bulk generation, these
their level of electricity generation, their vacant capacities {@sources are not beneficial at all times.

compete in the local market decreases. Therefore, the MERyioreover, their marginal costs are not only related to their

increases the electricity price to maximize its profit. Thrwels of production but also dependent to their local opera-
profit of the MEP depends on two factors: energy quantifjpnal considerations, and change along the time horizon. In
and energy price. In the first period (hours 1-13), the MEffe case studied, the lowest marginal cost for CHP production
increases its profit by decreasing the local electricity pricg during hours 11-13, while the MEP has the maximum heat

forcing the CHP units to decrease their generation to increaghsumption, but the system peak occurs between hours 14-
its own energy delivery share. On the contrary, in the secong

period (14-24), when the marginal cost of the CHP unit is low,

it prefers to increase the electricity price up to the price cap, :

maximizing its profit by selling electricity to the remainingB' General Behavioral Outcomes
MED at the highest possible price. The main outcomes of this research regarding the behavior

of market players as follows:

1) The main goal to introduce a new player that we call MEP
is to release the hidden synergy that is possible between
energy carriers. The MEP as an energy aggregator can
exchange energy with the LES through different energy
carriers. Therefore, as shown in Figs. 5 and 6, in hour 13,
the MEP buys electricity at a high price from the LES

C. Impact of a High Penetration of MEP

Fig. 7 depicts the impact of a high penetration of the MEP
on the electricity market. In this paper, the penetration rate of
the MEP is defined as the share of the MEP electricity demand
with respect to the total demand of the system.

As shown in Fig. 7, by increasing the share of MEP, electricity

prices increase in most periods (in particular during the periods

13-19). However, in hour 11, with a penetration of more than
35%, electricity prices decrease. In this hour, the MEP injects
its electricity surplus to the grid. Figs. 8 and 9 depict the
electricity and heat equilibrium prices for the aggregation
of LES for various penetration rates of MEP, respectively.
By increasing the electricity market price, the equilibrium

electricity price increases and motivates LES to use their
internal resources (CHP units and ES) to locally generate

and sells it to the wholesale market at a low price. For
a conventional energy player (as a broker) this energy
exchange is not profitable but, for the MEP the situation
is different. The MEP trades electricity and gas with the
LES, simultaneously. Therefore, in hour 13, when it buys
electricity at a high price from the LES rather than from
the wholesale market, it sells the required gas for the
CHP units at the same time. This means that the net cost
of the generated electricity is lower than in the wholesale
market. As a matter of fact, there is a hidden flexibility
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2)

3)

4)

Transactions on Power Systems

between gas and electricity due to the use of CHP units in
the LES, but conventional players who trade just a certain
type of energy carrier cannot release this flexibility. For
the MEP who can trade with these two types of energies
at the same time this is a good opportunity to employ
this flexibility and maximize profit by selling gas to the
LES and electricity to the wholesale market at the same
time.

The MEP participation in the electricity market is mod-

120

110

-100

90

Local Electricity Price ($/MWh)

80

70

)
eled as a strategic player who modifies the market price g?%
. . . . 2, % ’\\ . s 5 60
based on its energy interaction amount with the market. 6@:«»@ b Y n e " »

In this case, the MEP is a price-maker player using its s Time (h)
market power to maximize its profit by changing the. . . . ,
. . . . . . . _Fig. 8: Impact of increasing the penetration rate of MEP on eggmfor’'s
price signal, which is related to its energy interactionecyicity price.
As shown in Fig. 7, with a low penetration rate, the
MEP is a price-taker player and has no influence on the
market price but, after increasing its penetration rate, it
can change the energy price during some hours. It shoulc
be noted that, due to the role of MEP as an aggregatol
of LES, the capability of the MEP to exchange energy
with the wholesale energy market is completely related
to the operational considerations of the LES. Therefore,
contrary to conventional power plants, the price-maker
capability of the MEP is not as the same at all time

Local Heat Price ($/MWh)

. o 5 \\\

intervals.. O/:e 0N 10

Due to the operational condition of the MEP, it behaves — %; "p o\ B . i >

as a marginal player in the wholesale market. Therefore, D% 0, 8 ib o 20 24
Time (h)

even a small change in the equilibrium price can change
the role of the MEP from an energy producer to an energy. 9: impact of increasing the penetration rate of MEP on eggapors heat
consumer and vice versa. As a marginal player, the MEFce.
may have the highest influence on the equilibrium price
and its capability is related to its flexibility to use local
resources. VII. CONCLUSIONS ANDFUTURE WORK
The market power of the MEP to aggregate LES and
participate in the wholesale market is directly related to In this paper, the behavior of an MEP is investigated for a si-
the local operational considerations of energy resourcesultaneous behavior to aggregate a set of LES and participate
For instance, the LES is equipped with CHP units. The the wholesale electricity markets. The impacts of a high
proficiency of these units to generate low-price electricitgenetration of MEP on these two sets of equilibrium prices
is related to the LES heat consumption and the capacitywére studied. Numerical results show that local energy price
the HS to store the excess of heat production. Therefoesguilibrium is related to the local energy resources of the LES.
if the LES can produce cheap electricity during upstreaMue to the mutual dependency of the energy carriers, LES may
network peak hours, this means that the MEP is capaliave variable marginal costs for the energy production in the
to inject local surplus electricity to the wholesale markeiperation period. This time-based marginal cost affects local
and change the market price, otherwise it is a price-takerarket parameters, especially when the penetration rates of the
player during the peak hours. Therefore, it is possibMEP increase. The MEP also increases the total efficiency of
that the MEP behaves as an electricity consumer duritfte system in the sense that it assures the adequate use of
peak hours increasing the energy price. On the contraryg@neration by local resources. Note that the energy produced
suitable local operational condition may lead to a chandpy the MEP is more related to local operational considerations,
in the role of the MEP from consumer to energy produceather than the electricity market price.
decreasing the energy price during peak hours. In otherTo model the more realistically energy players and to show
words, a high electricity price during peak hours is ndhe impact of gas price changes on MEP behavior, future
the only issue that the MEP should consider to producesearch will study the strategic behavior of the MEP in the
energy locally. In general, the price of local resource gegas market besides the electricity market. Moreover, the other
eration units is higher than the bulk generation price in thenergy players will be considered as strategic players in an
upstream network but, if the local operators use suitabidigopolistic electricity market. The model will be extended
solutions (e.g. co-generation) its price can compete with the MEP level to consider the competition among a set of
bulk resources. MEPs to maximize their profits while exchanging energy with
the same existing LES.
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APPENDIX A Based on the dual formulation of the lower-level
COMPLEMENTARITY CONDITIONS LINEARIZATION optimization problem, equation (63) illustrates the strong
The non-linear parts of the mathematical model are &@lity condition for the lower-level problem.
follows:
o Complementarity conditions at the LES level,
o Complementarity conditions at electricity market level, ciTXi — b;FAl- (63)
o Non-linear terms of the MEP objective function: ] ) _ ]
LES,in_Agg  LES,out_Agg _LES_Agg _LES,in_Agg The detailed formulation of equation (63), that determines
it Meitr Pigt Teitr 9it Tgit it Thitr : . .
LES,out_Agg MEPin EM dpMEP.out, EM the strong duality condition for the LES-level problem, is
it Thitr Pt e, andpy Fe represented in (64)
Equations (56) and (57) show the linear form of (44). Vector
ulFS is a set of auxiliary binary variables and is a large
enough constant to relax the equations in the linearization(;LES,in _ sLES.out\_Agg | (sLES,in _ sLES,outy Agg
9 q (Pi,t —Pit o )ﬂ-e,iﬂt + (qi,t “ i ) hyitt
process.
~LES__Agg __ MEDyMED MEDyMED
Jit Tgit = pr [Gi,t Agiwt Qi Aniwt
LES LES LES,Pr w
0<p™ <w ™M (56) pMED\MED _ pLESLESin _ pLES LESout
.t e,i,w,t i e,i,w,t i e,i,w,t
LES LES LES,D ALES_LESin  ALES_LESout  ~LES_LES
0 <N (X;) < (1 —u; ) M “ (57) —Q; Brhiwt — Q; Khiwe — G; Ky iw,t
. . — —CHP_ —CHP_ —AB_
Equations (58) and (59) show the same linearization method  — P, SR O B T O Ml 17
for the complementarity constraints of the electricity market. PV, Forecast_py SWind,Forecast_yind
L dwit Me,i,w,t L wit e,l,w,t
HS—HS,in HS—HS,out —=HS s
— ~H on_ NHspsout Tt H s
0 < IJ'EM < UEMMEM’PT (58) 7h,1 :u‘h,z,wﬂt ’Yh,z Mh,7t7w,t h,i Nh,z,w,t
FHS FHS
_ Thi +HS + h,i yHS
0 S NEJW(X) S (1 _ uEM) MEM’DU‘ (59) 92 hyi,w,t t=1,T 2 h,i,w,t =1
ES—ES.,in ES—ES, out —=ES_fgg
- 76,1' /’Le,i,w,t - 'ye,i /’Leﬂ',w,t - Ee,i :ue,i,w,t
APPENDIX B —ES EES
OBJECTIVE FUNCTION LINEARIZATION e 4 DGl \ES (64)
2 e,i,w,t 1T 2 e,i,w,t =1

In order to linearize the objective function, strong duality o .
theory is applied. The strong duality condition states that theOn the electricity market level, equation (65) shows the
gap between the primal and dual optimal values is approﬁetaHEd formulation of the strong duality condition for lin-
mately zero at optimality and the primal and dual objectivearizing thep;'”""xFM and p}*"*“'xFM in the MEP

functions can be equal. objective function.
LES;in _Agg _LES,out _Agg LES _Agg LES;in __Agg
it Te it Pit Teitr 9it Tgie it Thit and

LES out _Agg i i -
' Thie are thg terms of the LES level objective func B [[RetuBid fiet. _ N\ pGenco.0f fer, Genco
tion. If the optimization problem of each lower-level problem Z gt D Z kit Pkt T

is considered in (60), the dual problem is presented in (62). J k
MEP,Bid_MEP;,in MEP,Of fer MEP,out
U by - by }
: T
mim {Ci Xi} —Genco, Genco —Ret., Ret
s.t.to: H;X; —b; >0, - Z“knﬁ Pk - Z Hji Pk
k J
here c; is the vector of coefficients in— —
W i 1S Vi 1 _ ﬁ;:[tEP’ZnPNIEP _ ﬁﬁ?tEROUtPMEP (65)
N N (60) It should be noted that due to the bidding and the offering
Ni(X;) : Hi' Xi = b;" >0 strategies of the MEP, the non-linear terms of the MEP
X, >0 objective function (i.ep;’“"""kEM andp)EPout cEM) gre

different from the terms presented in the ISO's objective
fUﬂCtIOI’] (i.e.pinP’”Lﬂ'i\/jEP7BZd andpi\JEP,Outﬂ_yEP,Offe’!‘).

HE 0 Therefore, the following procedure is applied to replace the
H,; = jv bi= |y (61) non-linear terms of the MEP’s objective function with its linear
H; b; form.
Equations (66) and (67) determine the stationary condi-
max {bTA;} tions for pMEP™ and pMEPout respectively. From these
T Y equations \t/ve can calculgte the amountmdf“777e" and
cto:Hj Aj —¢; < ' id iti
Sub. to: HiAs —¢; <0 (62) w,f”EP’B “in (65). In addition, (68)-(71) are the complemen-
Ai =0 tarity conditions for (49) and (50).
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8£EJ\/I

_ ___MEP,Bid EM
oy MEPin — 4 + Ky

Py

_MEP;i
‘uibIEPzn + i in 0 —
MEP,Bid _ EM MEP,in , —MEP,in
T — + 1y (66)
EM
oc MEP,Of fer

_ EM
MEPout — T7t —hy

ap,

MEP,out | —MEP,out

—_ Ht ou, _|_ Iut — O ——

MEP,Offer _ _EM MEP,out _ —MEP,out
4 A — M (67)

0 < Hi\/[EP,in L piWEP,in > 0

Hi\/IEP Lrbpi\/[EP in _ 0 (68)
0 <P L (BIE R 20 —
i —MEP ) ;
ﬁi\/IEP,m (P _ piLIEP,zn) —0 —
—MEP
ﬁi\/[EP anquP mn _ ﬁ,{WEP 2nP E (69)
0 < uMEPout J_pMEPout > 0 —
HiV[EP,outpinP,out -0 (70)
—MEP
< R L (PHET _plEren) 5o

_MEP,out (5MEP MEP,out
I e e

_MEP,in_MEP,out f]\/[EP,out?JWEP (71)

H Py = My
By  substituting  these relations using
pi\/IEPan]VIEP Bid and MEP out MEPOffer are
transformed to (72) and the linear form pﬁwp nEM and

pMEp out EM as shown in (73).

MEP,Bid_MEP,in

[ — T Dy +7
o ( tEM HiﬂEP,in +MMEPzn)pi\4EPzn

EM MEP,out _—MEP,out MEP,out __
+ (“t +u, — My >pt =

MEP,Offer MEPout| _
t by

EM _MEPjin _—_MEPinp5MEP
— Ry Pt My P
EM MEPout _MEP,outi5MEP
+hy My P (72)
EM _ MEPin M MEPout
[ |-

7Genco Genco Ret. Ret.
_E:“kt E:“J,t pj

Z HGenco Offer Genco + Z Hftet.,Bidpﬁtet, (73)

(65),

APPENDIXC
MODELING OF THERENEWABLE ENERGY RESOURCE
UNCERTAINTY

The uncertainty in the inputs from renewable energy sources
(wind generation and PV arrays) is modeled by generating ap-
propriate scenarios. In this paper, power generation is modeled
according to the hourly historical data of the site under study
(i.e., Swift Current [33]), and precise features of the generation
units. In order to characterize the random behavior of the re-
newable energy resources, a typical day with 24-h time periods
is considered. The data related to the same hours of the day are
utilized to obtain the probability distribution functions (PDFs)
corresponding to each time period. Wind speed distributions
are often characterized by Weibull distributions [34]. The PDF
of the wind speed is represented by (74), where 0 and
k > 0 are the scale factor and the shape factor, respectively.

=) el ()

The probability distribution function is divided intdV,
scenarios, and the probability of each step can be calculated
as follows:

WSui1
prob,, :/ fo(v) do,

WSy

(74)

w=1,2,...N; (75)
where WS, is the wind speed of the!” scenario. The
power generatedPcw (w), corresponding to a specific wind

speed,IWS,,, can be obtained from (75) in which, B, and

C are constants calculated according with [34].

Pow (w) =
0 0<WS, <V.or WS, >V,
P(A+BxWS,+CxWS2) V.<WS, <V,
P, V., <WS, < Ve

(76)

In (76), V., V.9, andV,, represent the cut-in, cut-out, and
rated speeds, respectively. The hourly solar irradiance data for
the site under study have been used to generate a Beta PDF
[35] for each time period. Therefore, the PDF of the solar
irradiance can be calculated as:

L(a+ B)
I(a)- ()
)= (1-9"

(a—1)

-b 0<s<1:0,8>0

0 : otherwise.
(77)

where f,(-) denotes the Beta distribution function and
and 8 are the parameters of the Beta function and for each
time period, can be determined using historical data.
In the same way, the Beta PDFs are split into several segments
which the occurrence probability of each segment during any
specific hour can be expressed as follows:
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Expected Value of Wind Scenario

Siy1 W ninnins Expected Value of PV Scenario
s . x  Wind Scenario
prObi - / fs (S) ds; (78) © PV Scenario 8 s X ox *

Si
wheresS; and.S;; indicate the starting and ending points of
the intervali, respectively and prgbdenotes the probability
occurrence of interval.
The uncertainty of the whole system is characterized by the
following steps:
o Generating related PDFs
Firstly, the PDFs for solar irradiance and wind speed are
obtained using historical data (24 PDFs related to 24-h Fig. 10: PV and Wind Scenarios for LES IIl in p.u.
of a typical day). These continuous PDFs are sliced into
several segments for each time period.

Generation (p.u.)

Time (h)

temperature coefficients (V¢ and A/°C), respectively;
Nor denotes nominal operating temperature of the cell in
(°C); FF is fill factor; I,. andV,, indicate short circuit
current and open circuit voltage (in A and V), respec-
tively; Iy pp andVypp are, respectively, the current and
voltage at maximum power points, (A and \Hf,t is the
output power of the PV modules, , solar irradiancet
andy are the indices of time periods and states.

« Developing scenarios with their own probability
Next, different realizations of the random variables, i.e.,
solar irradiance and wind speed are generated using
the roulette wheel mechanism (RWM) [36] and Monte
Carlo simulation (MCS) [37], separately. In this case,
N, and N,,; scenarios are generated for solar irradiance
and wind speed, respectively. For example, for solar
irradiance, each scenario contains 24 values of solare Reducing the number of scenarios

irradiance related to 24-h time period of the typical A large number of scenarios may contribute to a more ac-
day. It should be noted that each scenario has its own curate model of the random variables. Nevertheless, this

probability of occurrence. would increase the computational burden of the problem.
Finally, a fast-forward scenario reduction method based
« Calculating the output power of the units on Kontorwish distance [38] is used to reduce the number

Then based on the characteristics of generation units, ©Of scenarios, while providing a reasonable approximation
the wind speed and solar irradiance of each state is Of the random variables of the system.

transformed into the output power of wind and PV-basethe final scenarios used for PV and wind generation and the
unit through equations (79) and (80), respectively. ~ expected values are depicted in Fig. 10.
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