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Abstract

Various energynetworks such as electricity, natural gas, and district heating can be connected by
emerging technologie®r efficient appication of renewableenergy source€On the other hand, the
pressure shortage in the natural gas network and increasing heat loss in the district heating network by
growth of gas and heat load in winter might play a significant role in the participaticrmifireed

heat and pwer units in the energy markets and operation cost of the whole integrated energy system.
Hence, this paper presents a mokiwork constrained unit commitment problenthe presence of
multi-carrier energy storage technologies aiming to minimize theatipe cost ofan integrated
electricity, gas and district heatimystemwhile satisfyingthe constraints of all three networks

addition, an information gap decision thgas developed for studying the uncertainty esfergy
sourcesinder riskseeker and rislaverse strategiasith no needor probabiity distribution function

Moreover, the role of mukicarrier energy storage technologies in integrated networks is investigated,



which indicates decrement of total operation costraddction of the effect of wind power uncertainty

on total operation cost in presence of the storage technologies.

Keywords: Multi-network constrained unit commitmeristrict heating networkGas network,

Multi-carrier energy storag&gformationgas decision theoryVind energy
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Indices and sets
t Time interval
g Gas supplier

i Generation unit

wf Wind turbine

b, b Power system bus

m, n Gas network node

h Heat system node

] Electrical load

al Gas load

hi Heat load

L Power system transmission line
gs Gas storage unit

hs Heatstorage unit

e Powerstorage unit

pl Gas pipeline

hp Heat pipeline

NT Total scheduling time horizon
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1. Introduction

1.1 Motivation
The interdependencgmong variougnergy carrierbasattained a great of importance in energy
systems by restructuration of such systems. The integrated energy systems including
renewable/nomenewable energy sourcHs 2], gasfired and thermal plants, connlad heat and
power (CHP) unit@nd energy storage technologies have significant importance in increasing the
efficiency of energy systenj8-5]. The most important advantage of integrated energy systems is
the utilization of alternative energy sources for supplying different kinds of energy demands. On
the other hand, separate optimization of energy systgasationdoes not verify the whole
optimal operation of systems since the systems operate without considering the interdependent
energy carriers.
A large source oélectricitygeneration, which is one of the main elements of economic and social
improvements, is oil, gasnd coal. In traditional studies, the operation of electricity and gas
networks was accomplished separately; however, these two networks are interconnected, and each
network hasa significanteffect on the otheone The integration of electricity and gas wetks
is increasing due ttheincremenif gasfired CHP units,gasfired norCHP units andpowerto-
gas technologies. The main advantagfeyasfired generation plants with respect to thermal plants
arelower generation cost and pollutant gas emissions and high response gbee@itiationof
renewable power. The reported statistiesify the extension of integrated gas and electricity
networks. Inthe United Statesthe consumption of natural gas generate power has been
increased from 27% in 2007 to 39% in 2089similar report showsanincrementof natural gas
consumption for power generation from 15% in 2000 to more than 50% @014

In addition,cogeneratiomf heat and powean industrial, commercial and residential sections can



be introduced agractical integrated energy systems, which utilizes CHP plants, haleds
district heating networks (DHN) to supply the power and heat denian8g CHP plants are one
of the significant technologies for supplying power and heat demands, which are able to increase
the efficiency of power generation to 90%, and decrease the emission of pollutant gasés alm
13-18%[9]. Moreover, DHN, which are systems to distribute generated heat in a central point to
supply industrial and residential heat demands, are practical instances of integrated power and heat
networks. Accordingly, DHN integrates electricity and heat netwoylk®hnecting to CHP units,
boilers and heat pumps. Such systems are effective in reducing the emission of pollutant gases and
decreasing dependency on fossil fudls.this end, in this paper, the effect of nualirrier energy
storage systems coordinateih wind power is investigated under an integrated framework called
multi-network constrained unit commitmefdC), in which the constraints related to power, gas,
and district heating networks are modeled by details.

1.2 Literature review
Recently, remarkable studies have been concentrated on integrated electricity and gas networks.
In [10], the securityconstrainedoperation of integrated electricity and gas networks has been
studied considering the consequences of both networks such as disruptions in gas pipelines and
power transmission losses. To irape the whole network operatiothe optimal coordinated
operation of such networks is proposed[ii] considering the uncertainties of wind power
generation. In addition, an incentibased demand response program is introduced for both
networks to adjust electricity and gas demarid® authors have studied anergy flow model
for electricity and gas networks[12] usingtheNewtoniRaphson approach solvethe problem.
In [3], robust operation of electricity and gas networks has been proposed consideringopower

gas technology and the effect thle integratednetwork in adjusting the power demand. The



expansion planning of integrated electricity and gas networks has been studi8flusing an
integratedmixed-integer linear programming, which is able to reduce the number of binary and
continues variables of the problem. Alével model forthe optimal operation of such networks
has beermproposed iff14] in order to minimize the operation cost of the integrated network and
maximize the profit of private owners. The authors have introducedeaddimodel for handling

the optimal operation ofan electricity network inthe upperlevel and supplying the gasetwork

in a lower-level in [15]. A multi-objective nodel has beerstudied for optimal operation of
integrated electricity and gas networtansidering power to gas technoloigy]16], where two
competing objectives amonsidered including the reduction of cost and gas emisJibasauthors
have studiedbi-levelplanning of integrated gas and electricity networkd #j considering power
to-gas technolog where the upper and lower levaiballengethe expansiomplaming and
obtainingoptimal economic dispat¢hespectively Operationmanagement of an integrated gas
and electricity network has been addressefll®} consideringthe linear representation ohé
constraints inthe gas network together withdemand response program and load demand
uncertaintyLikewise, n[19], an approximate linear methbds beemproposed for modeling the
nortlinear limitations of the gas network [20], atwo stagestochastic capptimization problem

of joint energy and resent&as beernnvestigatedn coordinated electricity and gas netwarks
nonprobabilistic model for optimal scheduling of coordinated power and gas nethasksen
proposed if21], where the compressed air energy storage is included to reduce the operation cost
of the power system. Ij22], a robust approach has been presented for the integrated power and
gas systems, where the power lmgageis considered as the uncertain paramétbe authors
have proposed @vo-stagerobust optimization problem for integrated power and gas systems in

[23], where the uncertainties of both networks are considered.



In [24] anetworkconstrained UC probleifor the coordinated power and district heating networks
has been studied,h&rethe thermal storage has been introduced as a flexible techriologguce

the total operation casthe authors have studiasetworkconstrainedJC problemfor integrated
heat and power networks in the presence of CHP plants and Di%]inwhereheatenergy
storage technology is considered foamaging the variability of wind power generation.tie
same workthetemperaturevariation of water flowing in the DHN and the effect of heat storage
in theflexibility of the networks have been investigated2Bi, theoptimal operation of integrated
heat and powesystemdhas been analyzed considering risk index for dealing with uncertainties of
power market price and power generation of wind turbilveshis literature, the constraints of
power and heat have nbeenconsidered.A robust scheméias beerproposed for optimal
scheduling of integrated heat and power network8Jifor modeling the uncertainties associated
with powermarket price and load demand.[BY], a multiobjective modehas beerntroduced

for optimal operation of integrated heat and power networks handling two conflicting objectives
including minimization of operation cost and pollutant gas emissite. seasonalutoregressive
integrated moving average modehs beenmadopted in[28] for studying the scheduling of
integrated heat and power networks considettieguncertainties of wind power production, load
demandandpower market priceSimilar researcthas beemccomplished ifi29] proposingreat

time scheduling fodemandside management using reine power market signals foine price
Bi-level optimal power flow is proposed for heat and power networkg3®), where profit
maximization of the network and CHP plant owner are considered in the-leppéand lower
level, respectivelyAn optimal operation model for integrated heat and power netwak®een
proposed in[31] without taking uncertaintieand gas networknto account A deterministic

networkconstrained economic dispatch model has been investigated for integrated electricity and



heat networks in32] without considering the uncertainties associatgth power system
parameters such as wind power productidrfocus has beegiven tothe area of integrated
electricity, gas and heat networks in thterature In [33], the authors have proposedagtimal
power flowframework forgas, electricity and district heatisgstemsvithout multicarrierenergy
storage technologies and uncertain paramegnsilar networkconstrained power flownodels
have beeproposed i34] and[35], whereuncertainparameterandmulti-carrierenergy storage
have not been studiedAn energy management model for mudérrier microgrid has been
presentedn [36], where the network constraints of electricity, ,gasd district heating systems
have beengnored Energyflow in integrated gas, electricity and heat networks has been studied
in [37] considering uncertaiparameters implementing a scenasased modeln this literature,
the constraints related to natural gas and district heating netvhanksbeensimply modelled
without a detailed focus on the netwar&nstraintsand an interconnectingcomponent of the
integrated system

In the reviewed articles above, a roboistimization method or scenafimsed approach has been
applied mainly for modeling uncertain parametensd the impact of information gajecision
theory (IGDT) on integratedlectricity, gas and heaystems is not investigated. IGsldefined
as an uncertaintfhandling methodto deal with severe uncertain parametemshich takes
advantage daheelimination ofrequiringprobability distribution functiomnlike other uncertainty
handling techniguessuch as Monte Carlo simulaticapproach[38]. Moreover,the maximum
radius of the uncertain parametemist required to be determined B$DT that is effectivein
finding different strategies for theser.The majorobjective of thdGDT is providinga maximum
uncertainty radius for the uncertain paramebgr satisfying the objective function in a

predetermined intervallGDT is a highperformance uncertaintyandling method in energy
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systems problems, which is applied to study problems in the aregtmhal operation of
distribution networ39], energy and frequency studies of migads[40], energy management
of smart buildingg41] andUC problem[42, 43]

1.3Contribution
In none of the previous literature, interdependency between power, gas and heating networks has
been considered simultaneously. Table 1 represents the contributions of the proposed model
compared to the existing literature. The purpose of solving theibrzadinetworkconstrained UC
problem is to minimize the operation cost of the power system considering the limits of the
electricity network while the constraints of other energy networks are ignored. Literature has
developed mainly the traditional netvkezonstrained UC problem for coordinated operation of
power and gas networks, or power and heating networks, where the interdependency between all
three networks has been ignored. The pressure drop in the natural gas system and increasing heat
loss in thedistrict heating system by an increase of gas and heat loads in winterakaman
important problem for sharing the produced heat and power Hyrgddased CHP units to supply
demand. By increasing heat losses, CHP units need to generate moredessulisthe gas used
by these units increases. On the other hand, residential gas loads have a higher priority to receive
gas fuel compared to gas demand forfiyasl units. In addition, in previous literature, the effect
of multi-carrier energy storaggystems on the operation of the integrated power, natural gas and
district heating networks under a UC problem with wind energy has not been examined. To
respond to these challenges, the present work proposes aetwirk constrained UC problem
based a the IGDT method considering the med&irrier energy storage technologies integrated
with wind energy as well as constraints of gas, electricity, and district heat network, which is

shown in Fig. 1. The most important contributions of this work can ivensuwized as follows:

11



X Solving electricity, gasanddistrict heating networksonstrained UC problem based on
thelGDT approach, where the effect of residential gas load variations, gas system pressure
limits, and loss of the DHN on the total operation @t hourly dispatch of the plants are
investigated.

x Considering the mukcarrier energy storage technologies in the coordinated systems as a
practical option for decreasing the total operation cost of the system and reducing the effect
of wind power unceainty on operatiogost of the integrated network.

X Modeling the uncertainty of wind power generation under-sesgker and rislverse
strategies in mukcarrier energy networks using EBDT-based approach without needing
the probability distribtion function or fuzzy members.

X Proposing arsimple conceptfor converting the blevel problem to a singlevel one in

the integrated systenwithout usingKarushaKuhn Hucker(KKT) conditions.

Table 1: Comparison between the proposed model and other preseriksd

Ref uc Modeling network constraints Energy storage systems | Modeling the uncertain
problem | Electricity Gas | District Heating | Power | Gas | Thermal parameter
(6] " ” » Stochastic
[11] " » » . Interval
[16] : : . Two-stage stochastic
[18] n : ” " Two-stage stochastic
[21] . » " , Robust
[22] " " " » Robust
(23] " ” " ” Two-stage robust
[24] . » " " Deterministic
[25] » . » " Two-stage robust
[42] . IGDT
[43] : : , IGDT
Proposed \GDT
model
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Fig. 1. Schematic diagram of the proposaddel

2. Problem formulation

In this section the formulation of the proposed model for integragdettricity, gas and heat

networkis provided, and the constraints of each network as well as the interconredetimgnts

as shown in Fig. areinvestigated.

o [ Wi e g g o
L] e L]
. Gas storages
= 5

Heat storages .
L]
= L]
o | >
e L]
e Electrical demand demand .
L ] ° 9
® °
L4 °
e °
L e )
L]

Fig. 2. The interconnection in multarrier energy systems

13



2.1.0Dbjective function

The main objective of the proposed modetasminimizethe operation cost of the integrated
electricity, gas and heat networks, which is defiag(ll). The first term of the objective function

is related to theostof power generation and starp and shutlown of the norgasfired units.

The second term is relatedttee variable costs of the power storage unit. Also, the third term is

the naturafas supply by the gas suppliers, andléiséterm is related to the operation cost of the

gas storage unit. It should be noted that the cost of thérgdsplants (i.e., CHP and onjyower

units) and power storage in discharge msdsonsidered in the third term since the fuel of such

units is natural gas. Power storage studied in this paper is compressed air energy storage (CAES)
with fuel consumption of natural gas in discharge mode.

NE S

E a
- P vVOM® P VOM
OF Min! ' ! « (1)

| NGW NGS «
ot oecw, ! cGs™ '

gt 5 it | «
g1l gs1 =

N
FR Sy shil

2.2.Unit commitmentonstraints

It should be mentioned that the power and heat generated by the CHP units mataal
dependencyin other words, each CHP unit can be operated ortlge feasibleoperating region
(FOR), which is shown in Fig3. Generatiorplants have capacity limitation constraiimsluding

the power generation capacity and FOR of the CHP asifsllows[29]:

Fi)min Ii . Pil d lpmaX‘ . (2)

A B
% (H.u H* do i+NC 3

PA
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(4)

(5)

(6)

(7)

H (MWth)

Fig. 3. FOR of the CHP plant

Ramp rate limitations are considered for modeling the effect of -tgofgown limitations at

consecutive periods. In addition, the minimumdgw/ntimelimitations of the generation plants

should be considered as folloye®]:
Fi),t - Fi)x-l d1- Iit (1 lit 1£| Rup |t, (1 lt. 1)|i:)min

P

it 1

-P

It

d1- Iit 1(1 IiLﬁRdn 't, 1(1 ‘t,)li:)min

(XFe T, §)t0
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(8)

(9)
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(X1 T, 1)t .
The startup and shutlown cost of th@ongasfired generation plants is considered as {{l3).
Moreover, the fuel consumption of the gasd plants in startip and shutlown times are studied

as (14)(15) as followq22]:

SU, tsu(l, ). i NE (12)
SD, tsd(), /) i* NE (13)
SUG, tsug(t L) is NGC (14)
SDG, t sdg( |, &) i NGC (15

2.3. Electrical storage constraints

In this paper, the CAES system is considered in the power network for storing the power at off
peak hours and discharge the power apeak hours, whiclsimodeled as (1§R1). This type of

storage compresses the air using electricity when the power cost Ndatythe compressed air

is stored in a salty dorghaped space. In periods of high power cost, this technology can use
compressed air to generate power. Hence, there is no need for extra gas to compress air. In fact,
the consumed gas by a simple cycle-ggabine is twice the gas used by CAES to generate power.
Accordingly, with respect to the features mentioned, CAES can be introduced as a suitable option
for the system operator to reduce the operating cost of the integrated energy system. Fig.
descriles the method of energy generation by a simple type of CAES. The CAES can be operated
in one of the ideal/charge/discharge modes, which is denoted in (16). The charge and discharge

powerof the CAES is limited to its minimum and maximum amounts by (17§E8)d The relation

16



between stored air at the CAES and power charge and discharge of the unit is satisfied by (19).

The limitation of stored air in the CAES and initial and final storedsatudied by (19)21).

_d Ener :  Ener
Input Compression: A/ : &Y
...................... ' Storage i Extraction
Compressed . .
Air Storage m Electricity
Tank
Wind power f

GAS

Fig. 4 mehod of energy storagad generation of CAES

I 1o 1 (16)
PEM IS, PE PE™ 14, &
PPMMI, Pod PG (18)
Ao Au KR i (19)
K
A" Ad A™ (20)
Ao Aun (21)
Ao A (22)

2.4. Thermalstorage constraint
A waterbased sensible thermal storage has been used in the district heating network under

temperature 100 °C to meet demahle heat stored in the thermal storage unvaigablein the
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scheduling time horizon, which mentioned in (23) considering heat loEguation (24) denotes
the limitation of energy stored in the thermal storage tm&ddition, the limitations of the charge

and discharge of the thermal storage unit are satisfied by(ZB})

H dis
an,t (1 /gs) Bhs t1 ?g(sHSCES t T:t I(éSU hs t gaﬁSDhg (23)
e By d BY (24)
Bt By Bt (25)
Biot1 Buge Bho @™ (26)

2.5. Gasstorage constraints

The gasstoragesystem is studied in the integrated system in this peg@epracticakolutionwhen
the gasload cannot be supplied. Equatio2s)(and ¢8) formulate thelimitation ofthe storage
and release of the storagt. Moreover, (29) and (30) formulates tterage balance and capacity

limits. In addition,the initial and final conditiomof storagearesatisfied by(31) and 32).

0 GSMd G, (27)

0 GS1d GS,., (28)
o G

Egs,t Egs t1 KZSGSZ]st Ftt (29)

Ex' E.d EX (30)

Egs (o] Egs intial (31)

Egs,o Egs enc (32)
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2.6 Electrical networkconstraints
The power balance of the electricity networks determines the balance between the power
generation of plants and load demand. In additieepower flow between the electricity network

busess considered linear, which should be limited tola&er and upper bounds:

NU, NES, NW§ Ng NE.
P I pe I p | D ! PF
L it (!3 L et et |Wf L Wf.tl i1 bty 4 Lt (33)
G.
PR, —L b (34)
X
PF™ PR.d PR™ (35

2.7.District heating network constraints
The mass flow balance in the heat network should be considgi@s) aBor each node apositive

mass flow ratelefined aghe inflow and negative mass flow rasalefined aghe outflow.

NCy, NHS NHL, NHR,

'HQ, ! (HDQ,, HSQ,) ! HLQ, ! HR, (36)
1 hs 1 hl 1 hp 1

The relation between mass flow and heat energy can be stated as follows for heat load and heat
source, respectivelfzquations (38) and (39) define the generated heat and stored heat in the heat

storage in terms of mass flow rg84].

HQ, uT,, T3 w 3600 H, 0i NC (37)
HDQ,,, UT,, Ti*) w 3600 HDY, O (38)
HCQ, UT,, Th") W 3600 WHS, 0 (39)
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HLQ,, uT,, T2 w 3600 wtL,, C (40)

A temperatura@rop ofthe hotwater is a function of mass flow, length and heat loss coefficient of
theline, which can be obtained as (41). Heat lossfficient can be determined using the water
temperature in the pipeline, the environment temperature and resistance of the channel and

insulation material as follow[81]:

, 36, Ul £) us, (41)
™' 1000 @ HRy,

" T T (42)
p
R R
The water temperature of each heat node should be limited to its minimum and maximum values

(43). The capacity limitation adhewater flow of each heat line should be considers@4).

-I-hmin Th’ td ThmaX (4 3)

HRY"  HR_ d HR™ (44

hp t

2.8. Gas network constrats

The natural gas flow through lin@ without compressors is formulated as a quadratic function of
the two end nodes pressuras (45)(46). The natural gas flow through lingl considering
compressors is stated in (47), where the gas flow capacity of the gas pipeline will be increased.
Gas mdes have pressure limitation constraints as @8k suppliers have capacity limitation for
providing the nodal gas demands as (M&ural gas endsers in this model contain the residential

gas loads and gdsed generation units (i.eGHP,poweronly unitsand CAES. Natural gas loads

should be limited to its lower and upper bou(®®). The gas balance of the gas networks verifies

20



the balance between the gas provided by gas supplies and gas consumptiof2as (51)

Foo SON(S.. S)Crmll 28 s (45)

P SON(S, 8)C[ W 5 (47)
g owd S (48)
GW,™ GW, d GW™ (49)
GL™ GL,d GI™ (50)
NGW, NG Ghy NP,

N
| OW, | GSL GG
1 1 g

| |
gs

GLH : B (51)
1 p

| 1

9

2.9.Coupling constraints for integrated networks

The natural gas fuel consumption of the CHP ukit§) (s a function of generated heat and power,
which can be stated &2). Similarly, the natural gas fuel consumption of the peavdy plants

is a function ofproducing power, which can be stated és3). Each gas supply amount for
providing the natural gas fuel CAES is a natural gas load of the gas netwluich can be
mentioned by (54)CHP units and poweonly units are considered as large consumerhef

natural gas network, which are connediethe gas network as natural gas loads as(f&B)

FS* ¢ BP, a(R)* dH, e(H,? fH,R,+SUG,  SD§ i NC (52

FS ¢ hP, a P "+SUS SDG + N (53
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F.. HR.P (54)

Gl,, R gl i..NC (55)
Gl,, Ry d i..NG (56)
G, R, 9 &..,NES (57)

3. The problem formulation based on IGDT approach
In this paper, an IGDbased method is applied for modelling the uncertainty of wind power in
multi-network constrained UC. IGDT is an effective approach to assess and analyze the strategies
used at times odincertainty, and the operator would be ready to determine the effectiveness of
each strategyased on the definegriorities and objective functi@n The proposednodel is
defined asa btlevel optimization methadBi-level problemis described as a mathetital
problem, where an optimization problem includes another optimization problem as a constraint
[44]. Solving a bilevel problem ishard by applying availablesolvers The method of Lagrange
Multipliers is used for achieving the optimal solution ofraljem constrained to one or more
equalities. The model must be extended to the KKT conditions when the problem equations also
have inequalities. In other words, the objective funckifr) is minimized regarding all equalities
hi(x) = 0 and all inequalitiegk(x) @. The inequality conditions are added to the Lagrange
Multipliers method regarding the objective function as well as the constraints in a single
minimization problem, where the equality constraint by a fachod the inequély constraints by
a factork are known as the KKT multiplief8]. As a resultthe proposed IGD-based technique
canbe converted to a single leveroblem applying KKT conditions. however, in this paper an

innovative approaclis applied to make a singlevel problem IGDT has several advantages
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compared to the scenarimmsed modeling methauhd robust optimizatioapproach, which can be

classified as follows

1. The IGDI approach, unlike the scenatiased programming, does not require a probability

distribution function to model the uncertain parameter of the problem.

2. In scenariebased approachgsoblemsolving time is increaseadle to the production of a large
number of scenario$iowever the calculation time of the problem usitige IGDT approachs

decreased due tbe absenc®f the scenarias

3. Compared tohe robust optimization method that considers only one-aigkrse approach for
an uncertain parameter, theDT approach considers twisk-averseand riskseekerstrategies

that increase the decisionaking range of the netwodperator

In the following, the formulation ahelGDT approach is expressed in detail.

3.1.1GDT based problem formulation

The mathematical description of the uncertainty of the problem is defined as (58), where the

predicted value of the parameter is indicatedkhyMoreover, £is the maximum possible deviation
of an uncertain parametieomits prediction value, whicls calledtheunknownuncertainty radius

for thedecisioamaker[44].

< <

U U< ) < d (58)

<

In the IGDT approach, theisk-averse and riskeeker gategy are consideredyhich are

demonstratedn Fig. 5. Equations (59) and (60) defines thethematical model of these two
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strategieswhere ' . and OF, are the critical value and the base value ofatbectivefunction,
respectivelyAlso, x is the decision variable of the problef.is defined as a cost deviation factor
thatmodelsthe maximum cost accepted by the operdipris expressed as a cost deviation factor

thatmodelsthe minimum cost desired by the operdist].

- §>1/

(X,'.) MaxD: Max OFd'. (1 E)OF@ (59
< <u(<H ©;¢
- §>1/

(X,':) MinE: Min OFd'. (1 E_)OR# (60)
T <u(<h ©y¢

In therisk-aversestrategythe uncertairparameter causes an undesirable effect oolbjextive
function. Therefore, the system operatoreinto accounta higher cost associated with the

undesirable deviation of wind powar this strategywhich is given by(61)-(64) asa bilevel

problem

MaxD (61)

NE NSE a

v F R  SU spi! 1 E VOM® P VOM,
Max ! 1 «d (62)

v G GW, I cGs™ ' «

g1 - gs 1 ! I -
@ )Ry, dRs, d1 H)R,, (63
(2)-(57) (64)

In therisk-seekeistrategythe network operator solves theilti-network constrainedC problem
under a loweroperaton cost due toa desirabledeviation of wind power production from its

predicted value, which & btlevel problem indicated b{65)-(698).
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Fig. 5. The flowchart othe proposedGDT approach
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3.2.Singlelevelformulation
The proposed Hevel optimization problem is transformed intsiagle level problem for solving
by common solvers in both the rglkverse and riskeeker strategy, which is stated in the

following.

3.2.1.Robustness function

As statedbefore,the forecast error in power generatiarthe riskaver® strategys modeled in a
way that increases thlaperationcost. Therefore, in this strategy, only a reduction in wind power
hasan undesirableffect on theoperation cosbf the system. As a result, thelevel problem

given in(61)-(64) can be converted into a singlevel problem as follows.

MaxD (69)
(70)

(71

(72)

(2)-(57) (73)

In (71), OF is the operation cost in the base state, which is formulated aé/@4)t is worthto
note thaimulti-carrier energgtorage systems are not considered in calculéiimigasicoperation

costs.
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(74)

(79

and (76)

3.2.2.0pportunity function

As discussed earlier, the uncertain parameter ldesisableeffect on theoperationcostof the
systemin the riskseeker strategyso, in this strategy, the optimal state occurs wiigx power
production increasesith respect tats predicted valueConsequentlythebi-level problengiven

by (65)-(68) is converted to anelevelproblemas follows

(77)

(79)

(79

(80)

(2)-(5) (81)
4. Numerical simulations

In order to evaluate the proposed model, an integrated electricity, gas, and heat network containing

a 30node heating system, an®@de natural gas network, and a modifieddgle electric power
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system is considered, which is shown in Fig. 6. Specificatelased to €bus electricity and gas
network are taken frofd4] which descript an integrated energy system in transmission[ el

21]. In addition, all data related to district heating network is givg8lh whichshowsan energy
network model in the distribution levelwith radial structurg24, 25] The forecasteenergy
demandsand wind poweire represented in g7 and 8 Capacity of the wind power plant is
assumed to be 60 M\|21]. Datafor power plants and muitarrier energystorage systemss
presented in Appendixds Tables AJ4A7 which all arecollectedfrom[20, 21, 31] The maximum
charge and discharge power of CABI®assumed to be 25MW, which covers about 30% power
demand connected to bus 5 (CAES is locatettis bus). The capacity of CAES is also considered
100 MWh, which provides 4 hours of full discharge capability for this storage. Besides, the
maximum charge and discharge power of thermal stosaga@ssumed to be 15MW, which
considering heat losses, ne@bout 30% heat demand. The capacity of thermal storage is also
considered 60 MWh, which provides 4 hours of full discharge capafilig price of natural gas

is 2 $/kcf. The proposegroblemis a mixedinteger nontlinear programming problem that is
solved by aDICOPT solver in theGAMS software.Four case studiebave beennvestigatedo

evaluate theperformance othe proposednodelfor integrated energy systems
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Fig. 6. The studied integrated electricity, ga®l heating network

Fig. 7. The forecasted electrical agdsdemand

Fig. 8. The forecasted heat demand and wind power

Case 1:The main aim of this case is to concentrate on natural gas network constraints due to
variations in residential gas loadsgure 9 shows the effect of natural gas load variationtio
pressuref nodes 1 and 3 of the natural gas system that contains the natural gas loads. As it can be
observedfrom this figure, decrement or increment of the forecasted residential gas load has a

significant impact on the pressures of such nodes in a way that the pressure of such nodes has been
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decreased by increasing the forecasted gas load. The gas pressure iatt@idedLits minimum

value by the increment of gas load demand (i.e., by 1.1 times of its forecasted value) between t=7
to t=24. Such a shortage of pressure can result in a shortage of transferring @idRplant that

is located at this node. The &dt of natural gas load changes on the hourly dispatch of power plant
production is given in Tabl2. As can be predicted, the increase in natural gas load has resulted in
declining the power generation capacity of the CHP plant, which has led to arsénanethe
participation of the G1 and G2 power plants in power dersaipgly. It should be noted that due

to the location of the G2 power plant in the natural gas network (i.e., node 3), this plant is not
facing fuel shortage and it can produce power §yriaximum capacity. The operation cost for
various values of gas load demands is provided in Tabldich demonstrates that the operation
cost ofintegrated energy systemas increased significantly by increasing natural gas load demand.

This fact showshe interdependegaf electricity and gas networks.

Fig. 9. Pressure changes in nodes ofghssystemdue to variations in residential gas load

Table 2. Hourly scheduling of units for different values of forecasted residential gas load

Time 90%forecasted gas load| 100% forecasted gasloaq 110%forecasted gas load
CHP Gl G2 CHP G1 G2 CHP G1 G2
1 | 142.410, O 0 142.410, O 0 142.41 0 0

30



2 144.090] O 0 144.090f O 0 144.09 0 0
3 141290 O 0 141.290f O 0 141.29 0 0
4 138.150] O 0 138.150{ O 0 138.15 0 0
5 123.236] O 0 119.220] O 0 119.22 0 0
6 126.780] O 0 126.780| O 0 126.78 0 0
7 138.110] O 0 138.110f O 0 138.11 0 0
8 163.720] O 0 163.720] O 0 163.72 0 0
9 169.160] O 0 169.160{ O 0 147.497| 11.663 10
10 | 181.520f O 0 181.520] O 0 137.466| 20 24.054
11 1196890 O 0 186.890| O 10.000 | 137.466| 20 39.424
12 1196.820f O 0 196.820] O 0 147.497| 20 29.323
13 | 200.963] O 11.357 1199479 O 12.841 | 147.497| 20 44.823
14 | 200.963] O 19.117 | 199.479| 10.000| 10.601 | 147.497| 20 52.583
15 | 200.963| 10.000| 19.417 | 200.963| 10.000| 19.417 | 157.529| 20 52.851
16 | 200.588| 14.922| 20.000 | 199.479| 16.031| 20.000 | 147.497] 20 68.013
17 | 200.963| 12.877| 20.000 | 172.120| 41.720| 20.000 | 117.403] 20 96.437
18 | 200.963| 10.000| 10.377 | 172.120| 29.220| 20.000 | 117.403] 20 83.937
19 | 200.963] O 12.107 | 172.120| 20.950| 20.000 | 117.403] 20 75.667
20 |190.110f O 10.000 | 180.074| 10.000| 10.036 | 127.18 20 52.93
21 1195150 O 10.000 | 195.150{ O 10.000 | 157.275] 20 27.875
22 1191.060f O 0 191.060f O 0 191.06 0 0
23 0 0 0 0 0 162.950 0 0 0
24 0 0 0 0 0 161.390 0 0 0

Table 3. Operation cofr different values of forecasted gas load

90%forecasted gas loaq 100%forecasted gas loa{ 110%forecasted gas loa
Total operation coqt$) 237294.09 259093.001 291724.55
Gas SySter?$)°perat'°” co 232661.92 247364.608 242507.96
Power systenoperation 4632.17 11728.393 41216.582
cost($)

Case 2:In this case, the effect of district heating network constramtdie optimal scheduling of
the integrated energy system is evaluakagure 10 shows thempact of considering heat losses
on temperature drop &6 andt=12. As it can be seen in this figure, the temperature has dropped
from 1 to 30 in both time intervals, which is resulted from the depegd&niceat losses to the

mass flow rate and the lengbhthe pipeline. In fact, the temperature has dropped from 100 °C in

node 1 to 99.308 and 99.474 in node 36=6tandt=12. Also, the temperature drops in ttw

are more significantthan t=12, which is due to the higher heat loadta6. The effect of

considering heat losses on the heat produced by the CHP poweisplapicted inFig. 11. As it
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can be seen in this figure, the CHP plant should generate more heat to meet the demand when heat
losses are considered, which reduitiee CHP electrical power generation and increase the
participation of more expensive power plants in supplgiegtricpoower demandn fact, the heat
produced by the CHP power plant increased @ considering heat losse$able4 reports the
dependeng of electricity andnatural gas networks on the heating system. As can be seen in this
table, the total operation cost, the operation cost of the power systdthe operation cost of the

gas systenmavebeenincreasedand power dispatch by the CHP power plant has decreased by

considering the heat losses.

Fig.10. Temperatur@ropsalong the pipes

Fig. 11 The effect of heat loss on the generated heat by CHP
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Table4. The impact of consideration of heat losgaordinated networks

Without heat loss

With heat loss

Total operation cogs$) 257128.84 259084.19

Electrical operation cost ($) 8867.107 11728.39

Natural gas operation cost (kcf) 248261.74 247355.8
Total generated heat by CHP (MWth) 856.82 960.24
Total generated power by CHP (MW) 4076.19 4054.54

Case3: In this case, energy storage systems are evaluated as separate and under a coordinated

framework.

x Economicevaluation of thermal storage:In this case, only théhermalstorage system is
considered. Ahermalstorage systens located in the node 1 of the heating system..Figs
12 and13 demonstrate hourly scheduling of tieermalstorage system and its impact on
the hourly dispatch of the CHP plant and the expensivegasfired G1 power plant. As
can be seen in these figures, during the hours that the heat storage system is in production
mode, it has increased the power dispat€ithe CHP plant because the gas fuel is
consumed by the CHP power plant to generate power instead of producing heat. Therefore,
the hourly participation and dispatch of the power of the expensive Gldelamasdy
increasing the power distributionttie CHP plant. The total cost of operation of the system

has been reduced fro$259084.19without a heat storage system @68363.2Gpplying

a heat storage system.
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Fig. 12. Charge and discharge power of the heat storage

Fig. 13. The effect of thdeatstorage system dhepower generation of plants

x Economicevaluation of gas storagein this case, a gas storage system is é&xtat node
1 of the gas networlCharging, discharging scheduliofnatural gas storagand its effect
on the hourly dispatch of power plants are shown inlBigndarereported in Tabl&. As
it is obvious fronthis figure, during the hours that the power generation of the CHP plant
has been reduced due to its lack of gas supply, the gas storage unit has injantedigas
natural gas system. Therefore, the power production of the CHP plant is increased, which

resuted in reducing the participation of expensive power plants and reducing the operation
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cost. The operation cqsh this caseis 57686.41 which islower thanthe state without

storage unit (i.e., #9084.19.

Fig. 14. Charge and discharge of the gasrage

Table5. The impact of gas storage on hourly dispatch of plants

Time Without gas storage With gas storage

(h) CHP Gl G2 CHP Gl G2

1 142.410 0 0 142.410 0 0

2 144.090 0 0 144.090 0 0

3 141.290 0 0 141.290 0 0

4 138.150 0 0 138.150 0 0

5 119.220 0 0 119.220 0 0

6 126.780 0 0 126.780 0 0

7 138.110 0 0 138.110 0 0

8 163.720 0 0 163.720 0 0

9 169.160 0 0 169.160 0 0

10 181.520 0 0 181.520 0 0

11 186.890 0 10.000 | 186.890 0 10.000
12 196.820 0 0 196.820 0 0

13 199.479 0 12.841 | 199.479 0 12.841
14 199.479| 10.000 | 10.601 | 200.963 0 19.117
15 200.963| 10.000 | 19.417 | 199.827| 10.553 | 20.000
16 199.479| 16.031 | 20.000 | 199.479| 16.031 | 20.000
17 172.120| 41.720 | 20.000 | 186.258| 27.582 | 20.000
18 172.120| 29.220 | 20.000 | 180.892| 20.448 | 20.000
19 172.120| 20.950 | 20.000 | 193.070 0 20.000
20 180.074| 10.000 | 10.036 | 188.846 0 11.264
21 195.150 0 10.000 | 195.150 0 10.000
22 191.060 0 0 191.060 0 0

23 162.950 0 0 162.950 0 0
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x Economic evaluation of power storage:In this case, theffect of the power storage
system on the optimal operation of mwdérrier energynetworkshasbeen investigated
Fig. 15 demonstrates the energy level in the CAES system in the whole scheduling time
interval. As it can be seen in this figure, the CAES system is in charge mode between t=7
and t=12. Then, when abundant fuel is not supplied to the CHP plant, the CAES system is
in production mode, which results in reducing the contribution of expensive power plants
in demandsupply. Table6 reports the effect of the CAES systemtbaoperation of the
integrated electricity, gas and heat systemsshmsvnin this Table the CAES system, as

an ideal auxiliary option, reduces the operation cotteélectricity system

Fig. 15. Energy storage level in CAES

Table6. The effect of CAES on total operation cost

Without CAES With CAES
Total operation cog$)
Electrical operation cog$)
Natural gas operation cos) 247355.80 252017.05
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x Economicevaluation of energy storage systems under a coordinated frameworkin
this case, all three energy storage systems are consgilengdthneously. Table 7 provides
the advantages of simultaneous consideration of these energy storage technologies.
Simultaneous consideration of these storage technologies has prevented the contribution of
the expensive power plant G1 in all time intésvahich leads to a decrease in the power
system operation cost. So, simultaneous consideration of energy storage systems has
reduced the operation cost of the integrated energy system by 1.3% which can be seen in

this Table.

Table7. The effect of multicarrier energy storage systemsghietotal operation cost of integrated energy systems

Storages - Thermal Gas Power Thermal+gas+powe
Total op(%r)atlon cost 259093.001
Electrical operation 11728.393 0

cost($)
Natura(':gsi‘?g)’perat'o' 247364.608 | 249946.35 | 251277.06 252017.03

Case4: In this case, the effect of multarrier energy storage systems on the uncertainty of the
wind is investigated. In order to model windvger uncertainty, an IGDT approach has been used

to model the uncertainty in wind power production under tweaigkrse and riskeeker strategies
without the needbr a probability density function. In order to apply the IGDT approach, first
operation cost in the base condition is calculated, which is $259084.196, in which theamnigti

energy storage systems are not taken into account in the calculation of this cost. Tavensgk

and riskseeker strategies are implemented. ThamatelE; is increased from 0.005 to 0.02 with
steps of 0.005 in order to apply the IGDT method based misk-averse approach, where the
network operator considers a robust approach against the uncertainty of wind power. As shown in
Fig. 16, the optimarobust function. increases bgnincrementof theE, robust parameter, which

means that the network operator considers a more robust approach against the uncertainty of the
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wind power byan incrementof the E;. Consequently, the network operator considetsgher
operationcost for the dayahead scheduling of the muttarrier energy systems. For example, the
optimal robust function. is 0.094 forE;=0.005 without the presence of myftiegnancy storage
systems. This means that by 0.5% increaseperation cost, the maximum prediction error in

wind power production for the system operator is equal to 0.094, and the hourly distribution of
power plants is based on this forecasted elmdfig. 16, the effect of multicarrier energy storage
systems o wind power uncertainty is shown under the-aslerse strategy. As it is obvious from
WKLV ILIJIXUH WKH RSWLPDO UREXVW IXQFWLRQ -caiddNHV OD
energy storage systems, which means that a wider range of predicbosi® wind power
production is acceptable under a certain operation costthéibresencef multi-carrier energy
storage systems. For example, to reach the specific operation cost of $(1+0.02)*259084.196, the
maximum acceptable errors in predictingndipower with and without the presence of multi
carrier energy storage systems are 0.346 and 0.55, respectively. This indicates theatrriaurlti

energy storage systems can make significant contributiiathe riskaverse approach.

In order to apply the riskeeker based IGDT approach, the opportunity parargeisiincreased

from 0.005 to 0.02, whictlecreasethe operation cost compared to its base value. As seen in Fig.
17, the opportunity function is increased bwnincrementof the opportunity parameté. For
example, undeE =0.0Q®, the opportunity function without the presence of multarrier energy
storage systems is3®4, which means that to achietlee desiredcost of $(10.02) *259084.196,

the least acceptable prediction enrothe wind power generation is 0.394, and the operator does
not attain its desired operation cost when the prediction error is less than 0.394. Also, under the
optimal operation cost @&(1-0.02)*259084.196, when mutiarrier energy storage technology is

considered, the optimum opportunity functiomeducedo 0.152. This means thatthe presence
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of multi-carrier energy storage technologies, the system operator can achieve i opération
at a lower prediction error. For this reason, the nudtrier energy storage technologies are
capable of playing positive role in the system operation in both risgeker and rislaverse

strategies.

Fig. 16. The effect otheEr robust parameter on robust function

Fig. 17. The effect of( ! on the opportunity function
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5. Conclusions

This paper proposetie optimal dispatch of an integrated energy systemsidering wind power
uncertaintyand relateadonstraints of theatural gas and district heating networKseinformation
gapdecision theory (IGDTapproach was used for modeling the wind power uncertainty, enabling
the operator of the integrated energy system to consider twea@ter and riskverse strategies
without the need for a probability density function of the uncertain parametera 8athod could
increase the decisiemaking range under different strategi€be proposed model was alével
problem thatwasconverted to &inglelevel problem with aisple concepwithout the need to
apply theKarushi&KuhnHucker KKT) conditions. In addition, the effect of muttarrier energy
storage systems was examined on the operation of integrated sySsmgation results

demonstrated that

X The operation cost of the power system increasetil®y due to a drop in gas pressure
when the residential gas load increased. Also, the generated heat by the combined heat and
power (CHP) unit increased A% when heat loss of DHN was considered.

X Multi-carrier energy storage systemaslucedthe operation cost of thategratedsystem
by 1.3%.

X Multi-carrier energy storage systewwuld reduce the effect of the uncertainty of wind
power production on the operation cost of the entire sybie2d%.

X Multi-carrier energy storageechnologiescould have a twdold advantagein the risk
averse strategy, it helps the network operator to implement the straitdgp higher
reliability level by 20%, while in a riskseekerapproach such technologies helthe
network operator to implement their own rs&eker strategy under lower rivelsby

60%.
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Appendix
Table Al.Fuelcoefficients of the CHP unit
Unit a b c d e f
(kefIMW2h) | (kefIMWh) | (kefih) | (keommeh) | (ketMth) | ($IMWith)
CHP 0.0172 7.2 55.205 0.015 2.1 0.031
Table A2. Characteristics @HP unit
PP PP H L HPHS, HP | Initial Min Down | Min Up | Ramp
(MW) (MWth) Status (h) (h) (h) | (MWi/h)
205, 178,66,80 | 0, 150,85,0 1 1 55
Table A3. fuelcoefficients and characteristics of plant G2
Initial Min Min
. a b c Prax Pin Ramp
Unit | ectmwzny | (etiMwihy | (kefih) | (Mw) | (Mw) Szﬁgus D(‘;]")V” tff; (MW/h)
G2 0.0025 8.85 68.705 20 10 -1 1 1 20
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Table A4. Cost coefficients and characteristics of plant G1

_ a b c ) P Initial Min Min Ramp
Unit | gmwen) | @mwhy | @h) | (Mw) | (vw) SE;‘;US D&")V” RS (MW/h)
Gl 0.001 32.63 | 129.97 100 10 -3 3 2 50

Table A5.Thermalstorage system parameters
(MWh) (MWh) (MWh) (MWh) (MWh) (MWh) ’
60 0 15 15 0 0 0.9 0.95
Table A6.CAES system parameters
(MWh) (MWh) (MW) (MW) (MW) (MW) ’ (kcf/MWh)
100 30 25 5 25 5 0.9 4.102

Table A7.Gas storage system parameters

(kef) (kef) (kef) (kef)

300 0 100 100
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