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a b s t r a c t

The high potential of hub energy in power systems has considerable profits to improve resiliency and
sustainability of system. Variable energy sources embedded in multi-carrier energy systems could be
used to propose a robust operation model for improve resiliency of multi-carrier systems during high
risk time intervals such as extreme weather condition. Thermal energy sector could be rescheduled
for storing heat generated by combined heat and power (CHP) units and boilers in certain periods
to coordinate with electrical sector when required. Such cooperation increase operator’s capability to
manage electrical grid during time intervals with high uncertainty of outages due to extreme weather
condition. Accordingly, in this paper an information gap decision theory (IGDT) method is used to
model uncertainty of power outages in optimal system operation. By applying the IGDT method,
distribution network operator is able to employ an appropriate methodology to have a robust optimal
operation. Also, such methodology leads to make suitable decisions during high risk time intervals
such as extreme weather condition. The simulation results proved that proposed model improves the
performance and resilience of system by cooperation between thermal and electrical sectors. Also, the
chance of electrical grid for successful islanding process increased by reduction in power imbalance
during high risk time intervals.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

In Presidential Policy Directive 21 issued back in 2013, the
nergy section was introduced as a crucial element, especially
egarding its role in making the necessary functions and pro-
esses much easier across all basic infrastructures. Researchers
ave established the significance and delicate interrelationship
etween carriers of energy years ago. Since there seems to exist
ertain unused synergies and supplementary features belonging
o various energy carriers, these networks of energy possess
hysical interconnection and can be investigated as a unified
etwork. Although traditional models have taken a different ap-
roach to energy networks in studying them with separated
eatures from planning and execution viewpoints, and merely
ome interrelationships between energy systems have been taken
nto account in recent researches. Achieving high efficiency rates,
ore resilient systems and minimizing operating costs have been
irect positive results of integration of energy system. Combined
eat and power (CHP) plants are capable of generating both heat
nd power at the same time, and make the efficiency rate of CHP
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rise to up to 90%. Meanwhile, CHP units can limit gas pollutant
emissions by about 15%. Also, it is possible to consider more
maneuvering ability to systems using CHP units during crisis. It is
of outmost significance to obtain idea set points of operation of
energy networks generation; that is why they have been focused
in various researches [1–3].

The most recent literature on different aspects of integrated
energy systems would seemingly be classified into two major
groups. In the first, research projects focused on investigating
and exploring the role of disruptions and lack of certainty in
integrated networks. Models with constraints in terms of security
for gas and power networks have been introduced by some other
studies to study the impact of interruptions in gas/electricity
systems reliability/ resiliency [4,5], while others have advanced
sophisticated models to explore arrangement of demand tak-
ing into account power output of sources that are considered
renewable energy [6,7]. In current CHP plants, the researchers
present a unit commitment (UC) where influence of heat storage
is assessed and analyzed. In order to clarify the unknown aspects
of power market price and wind output capacity, a risk analysis
of integrated CHP has been conducted [8]. In [9], the robust
model has been applied by the authors to assess the degree of
uncertainty in terms of load on the programming of systems with
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Abbreviations

T Time duration
NE Power plants number
NGW Gas suppliers number
t Time interval
n Power plant
SUn,t/SDn,t Start-up/shut-down cost for non-gas-

fueled power unit
sun/sdn Start-up/shut-down price of non-gas-

fueled power unit
SUGn,t/SDGn,t Start-up/shut-down gas consumption of

gas-fired power plant
sugn/sdgn Start-up/shut-down gas usage rate of

gas-fueled power unit
Pn,t Plant power supply
F Operation cost of plants
O Objective function
Pmin
n /Pmax

n Min/max power thresholds for plants
Rup
n /Rdn

n Ramp up/down of units
In,t On/off status of plant
Pwf ,t Wind turbine output
St Wind speed
Dj,t Electricity demand
PFL,t Power flow through lines
Vb,t/δb,t Voltage and angle in bus number b
xL Reactance of line number L
PFmax

L Transmission capacity of line number L
Fpl,t Gas transmission capacity
πm,t gas pressure in system node
πmin
m /πmax

m Min/max gas pressure thresholds in
node

GWg,t Supplied gas
GLl,t Gas load
GWmin

g /GWmax
g Min/max gas supply

GLmin
l /GLmax

l Min/max gas load
an, bn, cn, dn, en, f n Gas consumption/operation cost coeffi-

cients of the power unit
Pwater,t Power usage of the water carrier
Pdesa,t Power usage of the desalination system
Ppu,w,t Power usage of the water well pump
Ppu,st,t Power usage of the water source pump
Bhs,t The thermal energy level of the thermal

storage system
HSchhs,t Thermal energy charge of the thermal

storage system
HSdishs,t Thermal energy discharge of the ther-

mal storage system
ηchhs Thermal energy charging efficiency of

the thermal storage system
ηdishs Thermal energy discharging efficiency

of the thermal storage system
ηhs Thermal storage efficiency

various chillers, in which, in order to satisfy the cooling load,
they have proposed a day-ahead scheduling scheme. In [10], in
order to cope with the uncertain aspects of this problem, the
researchers have introduced an optimum robust energy manage-
ment problem for these systems that includes the wholesale price
and demand of system.
2

BMin
hs /B

Max
hs Min/max heat storage capacity of the thermal

storage system
BMax,charge
hs /BMax,discharge

hs Maximum charge/discharge rate of
the thermal storage system

Pmin
n,t /P

max
n,t Thresholds for plant power supply

Pwf ,r Rated wind turbine output
Vmin
b /Vmax

b Voltage limits for bus number b
sci/sr/sco Wind turbine cut-in/ rated and cut-off speeds
WLt Water load at each time
Wdesa,t Water generation of the desalination system
x,y,z Wind turbine output parameters
C(q, l) System model
l Uncertain nature of energy loads
q Decision variable
α̂(Cr ) Resistance rate of the optimal energy man-

agement schedule
β̂ Minimum amount of α
lm,h,,̂lm,h Real and predicted load
Cr Critical amount
Cb Lowest bound of the operation cost
α Uncertainty rate
β̂(C0) The lowest rate of uncertainty that net-

work operation cost cannot surpass a critical
amount Cr

Yet, another study was conducted focusing on the benefi-
cial/environmental aspects in CHPs. In integrated hub systems,
bi-level programming has been proposed by some studies to cope
with the financial advantages of hub systems in some levels [11–
14]. In [11], a resilient operation for system is introduced based
on reinforcement of some gas system during natural crisis. In
that work, authors evaluated the impacts of each gas line in total
operation of hub system and prosed some solutions for system
upgrade by considering CHP unit on trade-of between heat and
power generation. In [12], upper/lower levels are studied by
considering existing various constraints of hub system by a bi-
level framework [12]. In [13], two contradictory goals of cutting
costs and restricting pollutant gas emissions were considered by
the researchers for operating power and gas systems. A bi-level
model is proposed in [14] that investigate the scheduling and
operating such networks in upper/lower levels. A robust model
was presented by authors in [15] to handle the uncertainty of
power market prices while running CHP units. In [16], a bi-
level model for operators of CHP system/ private owner of CHP
in upper/lower levels to profit maximally, has been introduced.
In [17], authors embarked on investigating the certain network-
constrained optimal output program of CHP based system while
those in [18] have presented a program for studying Gas/ power
energy hub designs in a systematic way by taking into account
not only stakeholders but also other viewpoints from both tech-
nical and economic perspectives. Researchers have analyzed the
influence that capacity of storage and forecasted horizon can have
operating cost of multi-carrier in [19].

A multi-carrier system has been proposed that includes uni-
fied systems of gas and electricity in [20]; interrelated hub sys-
tems in [21]; and resilient multi-carrier network in [22]. In order
to achieve the ideal set points of the energy system units, re-
searchers have proposed an approximated flow scheme in [23].
Authors have focused on and studied the features and positive
aspects of the concept of energy hub, which merely has the

capability of handling energy hubs having an equal inputs and
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Table 1
Comparison between proposed robust operation model and similar researches.
Ref # Type of system UC problem Constraints

modeling
Resilient
operation

Uncertainty
modeling

Type of uncertainty-
handling method

[8] Power and heat ✔ ✔ – – –
[9] Power and heat – – ✔ – Stochastic
[10] Power and heat – – – ✔ Robust-stochastic
[11] Power and gas – ✔ – – –
[12] Power and gas – ✔ – – –
[30] Power and gas ✔ ✔ – ✔ Stochastic
[17] Power, gas, and heating – ✔ ✔ – –
[22] Power, gas, and heating – ✔ – – –
[28] Power, gas, and heating – – – ✔ IGDT
[29] Power, gas, and heating ✔ ✔ – ✔ Two-stage stochastic
Proposed model Power, gas, water, and heating ✔ ✔ ✔ ✔ IGDT
outputs, and makes up optimal solution based on OPF in [24].
Employing dummy variables and virtual units, the authors have
presented a scheme in [25] in order to compensate the de-
ficiencies of these methods in terms of coping with irregular
equations in the ideal functioning of energy hub that also cause
a complicated problem in terms of optimization as a result of the
additional variables and a wide range of additional limitations.
In [26,27], the researchers have presented an innovative approach
for ideal operation of multi-carrier network, having capability of
halting rise in new variables when changing irregular equations
into regular ones. A method for handling uncertainty developed
based on information gap decision theory (IGDT) was imple-
mented by the authors to deal with uncertainty in terms of load
during the ideal operation of multi-carrier network with storages,
renewable energy sources, and fuel cells in [28]. A multi-objective
scheme was proposed by the authors in [29] focused on opti-
mal operational planning for CHP based on a two-stage solution
method with state-of-the-art technological advancements.

Table 1 provides a comparison of contributions offered by the
roposed model of robust operation with models studied in the
iterature. As far as authors know, none of the studied papers
as employed a robust model to conduct an uncertainty study of
esilient hub system. Major drawback of the studies reviewed is
he fact that a sophisticated model for operating networks having
ll carriers is not obtained and functioning of hub as a whole
s not explored. Also, resiliency improvement for hub systems is
tudied rarely. The current study advances a sophisticated model
f operation based on IGDT for multi-carrier networks of energy
ased on which the storage role plants heat production program
s taken into account, and the system’s supply of thermal and
lectrical load is studied. Also, maneuvering ability for system
uring time intervals that electrical part is faced by high possi-
ility of outages is considered. This ability is based on CHP unit
escheduling for heat and power output. Employing the robust
odel proposed, the operating company of the energy network
ught to have the capability of handling the uncertainty in terms
f outages for electric grids. Accordingly, this paper applies the
GDT approach to present a model of the outages uncertainty dur-
ng high risk time intervals in hub system based on the functions
f opportunity and robustness. In this paper a robust approach
ntroduced has been incorporated in pilot hub energy system for
ssessment of performance of proposed approach.

. Materials and methods

Fig. 1 demonstrates details of proposed robust programming
f the hub system, which draws on employing the IGDT method
o cope all uncertainties in energy demand and electrical lines’
utage. The advanced approach is meant for a multi-carrier net-
ork having gas, electricity, heat, and hydro demands and will
e evaluated by conducting a selected case study. Taking the
ncertainty of power load and power interruptions into account
3

while programming the power output of facilities and the oper-
ation of the storage units in terms of charging/discharging based
on the IGDT method constitutes the most basic methodology of
the model introduced. Therefore, ideal set points of the facilities
will be employed in order to determine the total minimized
cost of operation of the energy system as a whole. Also, this
section presents formulation of operation problem in determin-
istic conditions and while having an unclear situation using IGDT
approach.

The objectives expected for multi-carrier system, that could be
appear either in the form of objective function in some various
shapes. Rescheduling of energy resource, gas consumption, al-
lowed budgets by considering uncertainties changes operational
cost and effects of outages in normal or islanding operation.
Resilience as a function of load curtailment and ENS is a related
to outages (changes by weather condition) and other outputs of
proposed strategy as mentioned before.

2.1. Objective operation

The main goal of ideal function of hub system encompassing
electricity, gas, thermal and hydro carriers is to minimize overall
expenses of supplying energy demands, penalties for potentials
outages included, a formulation of which is depicted in (1). Terms
one and two of (1) represent the expenses for operating units
which do not use gas while taking energy output and start/shut-
down along with the expenses of the consumption of purchased
gas into account. The expenses of operating the gas storage are
represented by the term three of (1) since gas makes up the
main type of fuel consumed by them for generating electrical
energy. A set of relevant acronyms of the concepts is presented in
Table 1. It must be reminded that the expenses for operating units
that consume gas is represented in the term two of (1), as gas
constitutes their main fuel consumption for producing electrical
energy.

O = Min
T∑

t=1

⎡⎣ NE∑
n=1

[
F

(
Pn,t

)
+ SUn,t + SDn,t

]
+

NGW∑
g=1

ρgasGWg,t

+

NGS∑
gs=1

CsGSoutgs,t

⎤⎦ (1)

Outages number and magnitude of load curtailment are key
factors in resiliency level and operational cost. One of solu-
tions for improve resilience and enhance economic profits is
rescheduling of energy resources. In this paper uncertainties
for demand and outages are considered. Wind speed and de-
mand level change during time intervals. Wind speed variations
changes probability of lines outage and in sequence it changes
ENS of power grid and operation cost. Three different methods
are considered to show effect of rescheduling of resources based
on risk-taker, risk-neutral, and risk-averse.
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Fig. 1. The proposed schematic for robust scheduling of hub system.

2.2. Power network constraints

This sub-section is dedicated to exploration and discussion
f the constraints and limitations of unit commitment in the
ulti-carrier network generation units. As displayed in Fig. 2,
HP plant has been investigated for supplying heat and power
emands; thermal and electricity generation have an interdepen-
ency which is known as the feasible operation region (FOR).
inear equations of CHP plant are employed in order to contain
utput heat and power by CHP plant [31].
min
n In,t ≤ Pn,t ≤ Pmax

n In,t (2)

Pn,t − PA
n −

PA
n − PB

n

HA
n − HB

n
× (Hn,t − HA

n ) ≤ 0 n ∈ NC (3)

Pn,t − PA
n −

PA
n − PB

n

HA
n − HB

n
× (Hn,t − HA

n ) ≤ 0 n ∈ NC (4)

Pn,t − PB
n −

PB
n − PC

n

HB
n − HC

n
× (Hn,t −HB

n ) ≥ −(1− In,t )×M n ∈ NC (5)

n,t −PC
n −

PC
n − PD

n

HC
n − HD

n
× (Hn,t −HC

n ) ≥ −(1− In,t )×M n ∈ NC (6)

≤ Hn,t ≤ HA
n × In,t n ∈ NC . (7)
 c

4

Fig. 2. Limited operation region for CHP unit.

In order to take into account ramp rates of electricity pro-
ducing CHPs, ramp-up/down constraints are studied as (8) and
(9). Moreover, in (10) and (11), the minimum up/down-duration
limitations of CHPs are taken into consideration.

Pn,t − Pn,t−1 ≤ Rup
n (8)

Pn,t−1 − Pn,t ≤ Rdn
n (9)

Ii,t − Ii,t−1 ≤ Ii,t+TUi,u (10)

TUi,u =

{
u u ≤ MUTi
0 u > MUTi

(11)

Ii,t−1 − Ii,t ≤ 1 − Ii,t+TDi,u (12)

Di,u =

{
u u ≤ MDTi
0 u > MDTi

(13)

Start-up and shut-down expenses of CHP would be taken into
account for both gas-consuming or non-gas-consuming units, are
explored here. Expenses for the non-gas-consuming plants can
be as (14)–(15), while the expenses for gas-fueled units can be
presented as (16) and (17).

SUn,t ≥ sun(In,t − In,t−1) n ∈ NE (14)

SDn,t ≥ sdn(In,t−1 − In,t ) n ∈ NE (15)

SUGn,t ≥ sugn(In,t − In,t−1) n ∈ NGC (16)

SDGn,t ≥ sdgn(In,t−1 − In,t ) n ∈ NGC (17)

The multi-carrier system’s balance of power should be re-
arded in order to guarantee the balance between the CHP plant
ower output and traditional generation units and power de-
and. Such sense is devised as (18). Power loss happening during
ower transmission and these constraints are modeled as (19)
nd (20), respectively.

NUb

n=1

Pn,t +

NESb∑
e=1

(
PD
e,t − PC

e,t

)
+

NWfb∑
wf=1

Pwf ,t −

NJb∑
j=1

Dj,t =

NLb∑
L=1

PFL,t (18)

PFL,t =
δb,t − δb′,t

xL
(19)

PFmax
L ≤ PFL,t ≤ PFmax

L (20)

.3. Limitations of gas systems

The passage of gas through the pipelines can be devised in
ormulae as (21)–(22) and (23), the former representing it with
onsidering compressors, and the latter representing it as without
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considering them. As these equations illustrate, using a compres-
sor in the gas system will lead to improvement of gas pipeline
steam capacity. Equations (24) and (25) put a threshold on pres-
sure of gas and its demand of suppliers, respectively. While (26)
and (27) denote the lowest and the highest thresholds of gas
demand and its balance, respectively [32].

Fpl,t = sgn(πm,t , πn,t )Cm,n

√⏐⏐π2
m,t − π2

n,t

⏐⏐ (21)

sgn(πm,t , πn,t ) =

{
1 πm,t ≥ πn,t
−1 πm,t ≤ πn,t

(22)

Fpl,t ≥ sgn(πm,t , πn,t )Cm,n

√⏐⏐π2
m,t − π2

n,t

⏐⏐ (23)
min
m ≤ πm,t ≤ πmax

m (24)

GWmin
g ≤ GWg,t ≤ GWmax

g (25)

GLmin
l ≤ GLl,t ≤ GLmax

l (26)
NGWm∑
g=1

GWg,t +

NGSm∑
gs=1

(
GSoutgs,t − GS ings,t

)
−

NGLm∑
gl=1

GLgl,t =

NPLm∑
pl=1

Fpl,t (27)

2.4. Limits of heat storage

According to the multi-carrier energy system under study,
heat energy storage technology has been considered in order to
explore the probability of heat storing and consumption upon
necessity. Formulation (28) can represent the heat which is stored
in the thermal energy storage, while taking into account the rates
and relevant efficiency of thermal charge/discharge rates at each
time, along with any thermal loss of the storage and the latest
level up to which heat energy has been stored in the storage.
It is essential that the lowest and the highest capacities thermal
storage be regarded for system (29). While, charge and discharge
rate of heat energy is required to be confined to their maximum
amounts as (30) and (31), respectively [33].

Bhs,t = (1−ηhs)Bhs,t−1 +ηchhsHS
ch
hs,t −

HSdishs,t

ηdishs
−βlossSUhs,t +βgainSDhs,t

(28)

BMin
hs ≤ Bhs,t,s ≤ BMax

hs (29)

Bhs,t − Bhs,t−1 ≤ BMax,charge
hs (30)

Bhs,t−1 − Bhs,t ≤ BMax,discharge
hs (31)

2.5. Systems interconnection constraints

Each CHP’s consumption of gas can be taken as a function of
the electricity and thermal output that can be presented as (32).
Likewise, the power-only unit’s consumption of gas is related to
the electricity produced by the plant that we can present as (33).
The gas supply value in feeding CHP is modeled as (34). These gas
demands are presented as (35)–(36).

F CHP
n,t = cn + bnPn,t + an(Pn,t )2 + dnHn,t + en(Hn,t )2 + fnHn,tPn,t

+ SUGn,t + SDGn,t n ∈ NC (32)

FG
n,t = cn + bnPn,t + an

(
Pn,t

)2
+ SUGn,t + SDGn,t n ∈ NG (33)

Fe,t = HRePD
e,t (34)

GLgl,t = F CHP
i,t ∀gl = i, . . . ,NC (35)

GL = FG
∀gl = i, . . . ,NG (36)
gl,t i,t

5

In order to meet water demand, desalination of water is added
to the system under study. The water carrier is interconnected to
the power network in such systems whereby electrical energy is
used to generate drinkable water. A formulation of power used in
the mentioned desalination system could be devised drawing on
water supply as (37).

Pdesa,t = Qdesa,t × ηdesa (37)

The water demand is provided for power usage CHP, the pump
of water well, and pump, a representation of modeled as:

Pwater,t = Pdesa,t + Ppu,w,t + Ppu,st,t (38)

The water output of the desalination plant ought to meet the
water demand of the system, in general.

WLt = Wdesa,t (39)

2.6. Grid constraints

The generated power of wind turbine which corresponds to
the hourly wind speed is expressed in Eq. (9).

Pwf ,t =

⎧⎨⎩ 0 if 0 < st < sci
Pwf ,r (z − y × st + x × s2t ) if sci ≤ st < sr
Pwf ,r if sr ≤ st < sco

(40)

The constraint of wind turbine power is presented in Eq. (41)
ased on which the generated electrical power of wind turbine
hould be within the nominal range.

≤ Pwf ,t ≤ Pwf ,r (41)

The limitations for power generation of each DG plants and
oltages are considered as follow:
min
n,t ≤ Pn,t ≤ Pmax

n,t (42)

Vmin
i,b ≤ Vi,b ≤ Vmax

i,b (43)

2.7. Outage model for power lines

Results of different researches show that extreme weather
conditions (Storm) are the main reason for more than half of
faults inception in electrical grids [34]. In order to evaluate how
a resilient grid modifies operational scheduling by considering
weather conditions, outages are distinguished into two classes.
In the first class, outages with non-weather caused reasons are
modeled by a constant interruption value. In the second class,
weather-caused faults are considered. In order to have a proper
analysis to evaluate weather condition effect on outage rate, the
faults mentioned in the second class are modeled by correlations
as presented in [34]. Unfortunately, standard distribution test
systems do not have weather-caused events data, so, real normal-
ized data is used in simulations in order to evaluate a resilience
grid behavior during different weather conditions. In [34] corre-
lation between events and wind speed for short-time intervals is
introduced by using (42)

Nw = 0.0012S2t − 0.0131St (44)

It is assumed that average wind speed probability could be
predicted in one-hour time intervals. In this paper, average wind
speed for all time intervals is used. Wind speed affects number
of outages. It is clear that wind flow patterns and wind speed
profiles changes by time and it is possible to estimate some wind
patterns for each area.
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2.8. Island operation

Forecasting of power imbalance value, where the virtual equiv-
lent inertia constant of the whole micro grid is needed is difficult
o determine. Moreover, some energy resources, which link to
ower grid through inverters have no inertia. In this paper, it
s tried to prove that new method that lead to reduce power
mbalance value during high risk time intervals. The base idea of
his task is based on reduction in power imbalance and maximum
sage of sources during high risk time interval due to reduce
NS penalty costs. It is obvious that incensement in the inertia
f power grid, number of resource could inject power and power
eneration level and in other side, reduction in power demand
re key parameters in successful islanding. In this study, power
mbalance value during high risk time intervals is considered as a
actor to evaluate resilience of islanding against extreme weather
ondition. Note that predict of the power imbalance value is an
mportant data in load shedding process and ENS value based on
he response of the system, which can automatically take the line
utages into consideration. The power imbalance value based on
ystem inertia could be formulated in the following:

2Hi

fn

dfi
dt

= Pmi − Pei (i = 1, 2, 3, . . . ,N) (45)

P =

N∑
i=1

∆Pi =
2
∑N

i=1 Hi

fn

dfc
dt

= ξ
dfc
dt

(46)

. System’s IGDT based optimal operation

The main difference between IGBT approach and stochastic
rogramming is related to rare events and their outcome. There
re some serious different in modeling uncertainties in both
pproaches. For problems with known probabilistic model and
nough data the stochastic approaches is easier to use. However,
n cases that there is not enough data or accurate model, IGBT
pproach has more reliable results due to IGBT ability to classify
ata based on non-determined parameters. Decision making pro-
ess to select best possible solution in the presence of high level
ncertainty is more reliable in IGBT approach because it considers
ess assumption in structure of uncertainty structure. So, IGBT is
ble to consider priorities and risks in decision making process
nd evaluate their impacts on final decision. IGBT is based on
uantitative models but it lets to analyze solutions and strategies
n uncertainties impact on objective function. IGBT is useful for
roblems with high levels of uncertainty and limited data.
The power load model, lines outage caused by weather con-

ition and nature of resilient operation caused to select IGBT
pproach due to non-accurate models and their impact on objec-
ive function. It could be construed as a risk-aversion potential of
GDT.

.1. Developing a model of the uncertainty

An uncertainty modeling of fractional info-gap is performed as
40) in order to study uncertainty factor in hub energy systems
.e. the power load [35].

(α,̃ lm,h) =

{
lm,h :

|lm,h − l̃m,h|
l̃m,h

⩽ α

}
, α ⩾ 0 (47)

In the resulting equation, real and predicted load are de-
oted as lm,h and l̃m,h, and α defines the uncertain parameter.

The scheme introduced in (45) constitutes an envelope-bound
info-gap scheme. Also, gap magnitude is within proportion of
anticipated value.
 c

6

3.2. fundamental of IGDT

It is of outmost significance to devise a plan for modeling
the uncertainty of essential input parameters in the energy net-
works since they vary remarkably in terms of certain features
e.g. demand. In fact, the IGDT approach seems to present an
efficient tool for devising model of the functions of robustness
and opportunity of the energy systems vis-a-vis changes in sys-
tem parameters [35]. The researchers in the current study have
examined the probabilistic character of demand that is named l,
hile, decision parameter is named q.
It is necessity to mention that the objectives expected for

ulti-carrier system, that could be appear either in the form of
bjective function in some various shapes. Assessment of such
bligatory criteria could be conducted in terms of robustness and
pportunity functions as follows:

= max
α

{α :maximum total cost which is is not higher than a

specified cost} (48)

ˆ = min
β

{α :minimum total cost which is less than a specified cost}

(49)

The robustness function evaluates robustness of a hub sys-
em relative to potential decrease in electrical loads outages and
nviolability of grid relative to overall expense of operation. Put
nother way, the robustness function is a factor whereby one can
efine the maximum uncertainty value attainable by the uncer-
ain parameter. It could be construed as a risk-aversion potential
f IGDT. A formula could be devised in which the robustness
unction might be presented as [35]:

ˆ (Cr ) = max
α

{α : max(C(q, l)) ⩽ Cr} (50)

here α̂(Cr ) represents robustness of operational planning against
robabilistic factors. While it must be noted that an increase in
erms of robustness of operational planning might be achieved by
dopting more values of α̂(Cr ).
Opportunity function acts as a means by which the profit value

an be measured and it might be obtained from probabilistic
haracter of demand. In other words, it is a means for describing
pportunity of receiving advantages from the optimum deviation
f probabilistic characters.
β̂ denotes lowest value of α which constitutes the minimum

ost of the operation. A limited value of β̂ represents situation
n which the lowest operation cost is obtained in presence of a
ertain level of uncertainties, that could be presented as follow:

ˆ (Co) = min
β

{α : min(C(q, l)) ⩽ Co} (51)

.3. Robustness function

One can obtain robust status of decision-making for a multi-
arrier network operation utilizing the next equation:

(Cr ) = max

{
α : ( min

l∈U(α,l̃m,h)
cos t total ⩽ Cr ) = (1 + ω)Cb

}
(52)

ccording to which, α̂(Cr ) denotes uncertainties with high possi-
ilities that total operation cost of hub energy may not go beyond
critical level which is set as Cr . Meanwhile, Cb denotes multi-
arrier network’s lowest bound of the operation cost, which is
nticipated to pay, and w denotes the cost change factor which
an be employed for developing and designing a model of growth

ost of system. Considering a multi-carrier network whose major
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m
n
i

α

characteristic is risk aversion, function of robustness that pro-
posed by IGDT method is maximizing parameter of uncertainty
whenever the needed cost of operation is fulfilled.

α̂(Cr ) = maxα (53)⎧⎨⎩
T∑

t=1

⎡⎣ NE∑
n=1

[
F

(
Pn,t

)
+ SUn,t + SDn,t

]
+

NGW∑
g=1

ρgasGWg,t

+

NGS∑
gs=1

CsGSoutgs,t

⎤⎦⎫⎬⎭ ≤ Cr (54)

lm,h ≥ (1 + α)l̃m,h (55)

lm,h ≤ (1 − α)l̃m,h (56)

Regarding α, representing the rate of uncertainty, cost of multi
carrier network operation will fall in upper bound provided that
maximum outage amount allowed by IGDT is loaded in α (reign of
uncertainty)—that is, lm,h ⩽ (1 + α) l̃m,h. As mentioned in Eq. (52),
ay be presented in a straightforward version, by which the
egative uncertain parameter impact swing on objective function
s taken into account:

ˆ (Cr ) = maxα, (57)⎧⎨⎩
T∑

t=1

⎡⎣ NE∑
n=1

[
F

(
Pn,t

)
+ SUn,t + SDn,t

]
+

NGW∑
g=1

ρgasGWg,t

+

NGS∑
gs=1

CsGSoutgs,t

⎤⎦⎫⎬⎭ ≤ Cr (58)

lm,h = (1 + α)l̃m,h. (59)

In order to achieve the desired value of the objective function,
all of system’s elements limits in terms of equality and inequality
ought to be met. The desired solution of (55) acts as a guarantor
based on which if outage uncertainty rate (α) is less than consid-
ered upper bound (α̂), total cost of hub energy operation will not
go beyond definite level of cost (Cr ).

3.4. Opportunity function

Uncertainty of outage is a concept denoting the increase or de-
crease in demand caused by forecasting error. Robustness against
a decrease in the demand was brought up and investigated in
previous sub-section and the current sub-section will focus on
explaining the positive impact on reduction in terms of demand
based on proposing an opportunity function.

It is possible to get the opportunity function for multi-carrier
network operation by exploring as follow:

β̂(Co) = min

{
α : max

l∈U(α,l̃m,h)
cos t total ⩽ Co = (1 − ψ)Cb

}
, (60)

where β̂(C0) denotes uncertainty lowest rate based on which the
total cost of operation that is impossible to go beyond a critical
value i.e. Cr . Cb denotes the lowest bound energy hub operation
cost anticipated to pay, and factor of cost change applied for
developing a model of the reduced cost of system is denoted by
ψ . For a risk-averse hub system, robustness function for the pro-
posed IGDT is pushing the uncertain parameter to its maximum
level whenever the needed operation cost is met.

ˆ
β(Co) = minα, (61)

7

⎧⎨⎩
T∑

t=1

⎡⎣ NE∑
n=1

[
F

(
Pn,t

)
+ SUn,t + SDn,t

]
+

NGW∑
g=1

ρgasGWg,t

+

NGS∑
gs=1

CsGSoutgs,t

⎤⎦⎫⎬⎭ ≤ Co, (62)

lm,h ≤ (1 + α) l̃m,h, (63)

lm,h ≥ (1 − α)l̃m,h, (64)

Regarding the uncertainty rate of α, cost of operation will the
lowest provided that the minimum amount of curtailed load al-
lowed by IGDT is ordered at reign of uncertainty, α, equal to lm,h ⩽

(1 − α) l̃m,h. Accordingly, opportunity function, whereby positive
impact of variation in uncertain term in objective function is
considered, may be presented in a briefed version presented as
follow:

β̂(Co) = minα (65)⎧⎨⎩
T∑

t=1

⎡⎣ NE∑
n=1

[
F

(
Pn,t

)
+ SUn,t + SDn,t

]
+

NGW∑
g=1

ρgasGWg,t

+

NGS∑
gs=1

CsGSoutgs,t

⎤⎦⎫⎬⎭ ≤ Co (66)

lm,h = (1 − α)l̃m,h (67)

Like the robustness function as mentioned before, the desired
value of objective function is obtainable only if the equality and
inequality constraints are taken into account.

4. Simulation results

In order to assess the suggested robust operation model-
ing, while adopting IGDT method, an energy hub including gas,
electricity, thermal demand, and water carriers is simulated.
Schematic of simulated system is presented in Fig. 3. The test
system consists a 6-bus electrical grid, a 6-node natural gas net-
work. Also, two nodes for heat and water are considered, as well.
Heat storage and thermal node are linked to each other. Also,
heat exchange between heat storage and thermal node is based
on network operation strategy. The data related to simulated
hub energy system are taken from [34–37]. The main features of
the heat energy storage technology are demonstrated in Table 2.
The demands for gas, electricity, thermal demand, and water are
displayed in Fig. 4. Gas price is assumed fix rate and equal by 2
$/kcf.

4.1. The analysis of robustness solution

As Fig. 5 displays it, the solution of robustness function with
related constraints are used to perform a robustness analysis. The
cost of robustness means desired amount of objective function
while taking negative impact on variation in uncertain parameter
into consideration. As presented in (55)–(57), robustness function
is applied to take into account and consider the relationship
between negative impacts of uncertain term changes on the
objective function. The relationship between robustness function
and cost of robustness based on which the cost of operation
increases by considering higher values for robustness function,
so, hub operator has to agree to higher costs in order to achieve
the robust operation strategy by considering potential demand
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Fig. 3. Schematic of test system.
Table 2
Thermal storage parameters [36–39].
Data of thermal storage

BMax
hs (MWth) BMin

hs (MWth) BMax, charge
hs

(MWth)
BMax, discharge
hs

(MWth)
BMin, charge
hs BMin, discharge

hs
(MWth)

ηhs ηchhs , η
dis
hs

60 0 15 15 0 95% 90%
Fig. 4. The energy demand of hub system.

rowth. Drawing on interpretation of results, a $5000 additional
udget for system operation will be beneficial in terms of over-
oming a 4% change in power demand by reduction in outages
8

Fig. 5. The relationship between robustness function and operation cost.

side effects. In addition, if one increases the operation cost by
$10,000, the robust model presented here can cope with a 6%
uncertainty in outages. It is noteworthy that operation cost of hub
excess $5000 for each step for robustness function.
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t

Fig. 6. The relation between opportunity function and operation cost.

Fig. 7. Output of schedule for CHP plant.

4.2. The opportunity solution analysis

As demonstrated in Fig. 6, the opportunity function is inves-
tigated based on taking suitable solution of opportunity function
(52) with related constraints into account. The opportunity cost
is a desired value by considering positive effects of variation
in uncertainty in objective function. A representation of oppor-
tunity function can be depicted in (58)–(60), that is based on
positive penetration of changes in uncertainty level of objective
function. Fig. 6, shows relationship between opportunity function
and opportunity cost. According to its analysis, cost of hub sys-
tem operation decreases by robustness function reduction. Put
another way, system operator needs to spend less in order to
obtain a programming of the system that is robust. Also results
show that operation cost decreases by $5000 by a 3.9% electricity
demand reduction. Moreover, a $10,000 reduction in operation
cost is achieved by an 8.1% electricity demand reduction. It must
be stated that hub system operation cost $2000 steps is selected
for opportunity function.

4.3. IGDT-based robust operation of hub system

This sub-section provides detailed description of investigating
the IGDT-based operation of energy hub. As demonstrated in
Figs. 7–9, the desired output programming for three different
scenarios named risk-taker, risk-neutral, and risk-averse by con-
sidering various uncertainty level for demand and lines outages
is clarified. As reported results make it easy to understand, the
consideration of risk-taker method lead to injecting less power,
as outages decreases. What is more, taking risk-averse method
positively into account influences the power generation according
to an increment in electric loads curtailment.
 s

9

Fig. 8. Generation schedule for gas-fired G1 plant.

Fig. 9. Generation schedule for non-gas-fueled G2 plant.

Figs. 10 and 11 demonstrate optimal gas usage of G1 and
G2 plants for risk-seeker, risk-neutral, and risk-averse scenarios,
respectively. Obviously, risk-taker method is influential as G1
and G2 units used less gas as demand is reduced. Moreover,
consideration of risk-averse method leads to an increase in gas
usage by growth power demand of hub system.

The effects of outage probability on operational planning dur-
ing extreme weather condition are studied. In this section the
performance of islanding ability is evaluated. The best status for
island operation will be obtained when the generation of power
is near to demand. It is obvious that in grid connected systems it
is not easy target. So, any actions that help to reduce demand and
increase output of DGs, CHP and energy resources are important
in ENS reduction and load shedding value. In this paper, it is
shown that proposed resilient operation method increase power
generation in order to enhance resilience and decrease ENS. As
shown in Figs. 7–9, there are considerable changes in output
and working point of CHP and DGs during time intervals with
high level of outages may cause by weather condition in various
scenarios. Fig. 7 shows that power output of CHP is increased
5.5% in risk-averse method and also it increased 3.2% in risk-
neutral method in compare with risk-taker method. Also G1 and
G2 plants outputs are increased 113.6% and 52.5% in risk-averse
and risk-neutral methods in compare with risk-taker method. It
is noticeable that wind turbine inertia is same for all possible
islanding scenarios. As mentioned in Section 2.8, power imbal-
ance is main factor in chance of successful islanding process and
magnitude of load shedding and in sequence ENS penalty cost.

Heat output of the CHP unit for 24-h time scheduling time
horizon is presented in Fig. 12. According to this figure, during
(t = 5 till t = 8) and when heat production is less than heat
demand (t = 9 till t = 12), this plant supplies heat much higher
han heat demand presented in Fig. 4, highlighting impact of heat

torage system. Meanwhile, in Fig. 13, the heat charge/discharge
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Fig. 10. Gas consumption of CHP unit.

Fig. 11. Gas usage of gas-fueled unit, G2.

of heat energy storage technology is presented in addition to
programming for thermal energy stored in this storage based
on (26)–(29), that allows storages surplus heat during off-peak
periods and discharge it at peak period. By employing suitable
optimization solver, the optimal set points of heat energy storage
are obtained operation cost of hub system is minimized.

As depicted in Fig. 14, electricity used by the water desalina-
tion system in order to meet the presented water demand can
be achieved drawing on (31) and (32). It seems that desalination
unit used about 405.17 MW energy supplied by bus 5 of electrical
grid during 24-h period. As seen in Fig. 15, wind turbine electrical
output during the time horizon under study is presented, which
is taken in by bus 5 of the power network. The wind turbines
installed in the system generate a total power output of 713.92
MW.

5. Conclusion

The main goal of the current study was to introduce an IGDT-
based robust operation of hub system having power, gas, heating,
and water carriers and taking thermal storage into account at
same time. According to the model advanced in this study, the
network operator is deemed to be responsible not only for han-
dling an uncertain risk of outages and in sequence power demand
10
Fig. 12. The CHP plant thermal output.

Fig. 13. The thermal storage schedule.

Fig. 14. Electricity consumption of water desalination unit.

but also for evaluating impact of outages variation on hub energy
system optimal operation. Accordingly, functions of opportunity
and robustness for hub system based on the IGDT approach are
analyzed in order to be employed by system operator so that they
can contribute to proper decision making on the system opera-
tion, considering power demand changes by outages. Results for
hub system is presented in three different scenarios, divided to
risk-neutral, risk-averse, and risk-taker scenarios. The difference
of these scenarios with together is according to positive, negative,
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Fig. 15. The wind turbines electrical output.

nd neutral aspects of the uncertain parameter. Regarding risk-
verse method, system operator makes the decision of spending
ore for producing sufficient electrical energy so that it can be
ore robust against outage level and side effects on demand
ncertainty. Also, taking risk-taker method into account, operator
enefits from within potential decrease in electricity demand
ue to dependency of operation cost of system on total power
sed. Simulation results proved that risk-averse method has best
esilience against load shedding in islanding operation in com-
are with risk-neutral and risk-taker methods. In addition, impact
f heat storage on system operation analyzed by considering
hermal charge/discharge of heat storage along with the pro-
ramming for heat energy stored, which confirmed the desired
rogramming of the heat energy storage in terms of managing
eat demand. The focus of upcoming research projects will be
n the exploration of new demand, including an air-conditioning
nd battery system with the penetration of renewable energy
hile mot leaving out the role of the uncertainty resulting from
hysical harms to electrical part [40]. Ultimately, what is of
reat significance in operation of hub system is resilience which
ualifies to be the subject of a future study.
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