-

View metadata, citation and similar papers at core.ac.uk brought to you byj‘: CORE

provided by Queen's University Research Portal

UNIVERSITY
BELFAST

ESTP1845

Optimal day-ahead scheduling of integrated urban energy systems

Jin, X,, Mu, Y., Jia, H., Wu, J., Xu, X., & Yu, X. (2016). Optimal day-ahead scheduling of integrated urban
energy systems. Applied Energy, 180, 1-13. DOI: 10.1016/j.apenergy.2016.07.071

Published in:
Applied Energy

Document Version:
Peer reviewed version

Queen's University Belfast - Research Portal:
Link to publication record in Queen's University Belfast Research Portal

Publisher rights

Copyright Elsevier 2016.

This manuscript is distributed under a Creative Commons Attribution-NonCommercial-NoDerivs License
(https://creativecommons.org/licenses/by-nc-nd/4.0/), which permits distribution and reproduction for non-commercial purposes, provided the
author and source are cited.

General rights

Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated
with these rights.

Take down policy

The Research Portal is Queen's institutional repository that provides access to Queen's research output. Every effort has been made to
ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in the
Research Portal that you believe breaches copyright or violates any law, please contact openaccess@qub.ac.uk.

Download date:06. Nov. 2017


https://core.ac.uk/display/74405857?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://pure.qub.ac.uk/portal/en/publications/optimal-dayahead-scheduling-of-integrated-urban-energy-systems(d3d1cae5-8825-48d2-ab16-eda52f1e7d19).html

© 00 N o 0 b~ W

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Optimal Day-Ahead Scheduling of Integrated Urban Energy Systems

Xiaolong Jin3, Yunfei Mu®, Hongjie Jia?, Jianzhong WuP, Xiandong Xu®, Xiaodan Yu?

aKey Laboratory of Smart Grid of Ministry of Education, Tianjin University, Tianjin 30072, China
®Institute of Energy, School of Engineering, Cardiff University, Cardiff CF24 3AA, UK

®School of Electronics, Electrical Engineering and Computer Science, Queen’s University Belfast,
Belfast BT9 5 AH, UK

Email address: xljin@tju.edu.cn, yunfeimu@tju.edu.cn, hjjia@tju.edu.cn, wuj5@cardiff.ac.uk,
X.Xxu@qub.ac.uk, yuxd@tju.edu.cn

*Corresponding author: Yunfei Mu: Tel.: +86-158-2250-9583; E-mail address: yunfeimu@tju.edu.cn

Abstract

An optimal day-ahead scheduling method (ODSM) for the integrated urban energy system (IUES) is
introduced, which considers the reconfigurable capability of an electric distribution network. The
hourly topology of a distribution network, a natural gas network, the energy centers including the
combined heat and power (CHP) units, different energy conversion devices and demand responsive
loads (DRLs), are optimized to minimize the day-ahead operation cost of the IUES. The hourly
reconfigurable capability of the electric distribution network utilizing remotely controlled switches
(RCSs) is explored and discussed. The operational constraints of the unbalanced three-phase electric
distribution network, the natural gas network, and the energy centers are considered. The interactions
among the above systems are described by an energy hub model. A hybrid optimization method based
on genetic algorithm (GA) and a nonlinear interior point method (IPM) is utilized to solve the ODSM
model. Numerical studies demonstrate that the proposed ODSM is able to provide the IUES with an
effective and economical day-ahead scheduling scheme and reduce the operational cost of the IUES.

Keywords: Integrated urban energy system (IUES), energy center, combined heat and power (CHP)

unit, reconfiguration, energy hub, day-ahead scheduling.
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1. Introduction

The increasing level of environmental pollution and depletion of fossil fuels are the two main factors
that restrict the development of future low-carbon cities [1]. In order to tackle these problems, more
and more attention has been paid on the integrated urban energy system (IUES) with couplings and
interactions among various energy systems (e.g. electric power systems, natural gas supply systems,
and heat systems) at the urban or community level [2] [3]. The IUES is able to coordinate the above
energy systems to provide new solutions for more secure, sustainable and economical energy
production, distribution and consumption in the future low-carbon cites [4].

The active elements (e.g. the electric distribution network with hourly reconfigurable topology
enabled by remotely controlled switches (RCSs) and the energy center including combined heat and
power (CHP) units, different energy conversion devices and demand responsive load (DRL)) endow
the IUES with a more flexible operation capability, which can realize a comprehensive utilization of
multiple energy resources. However, with an increasing penetration of renewable energy resources and
a large-scale adoption of electric vehicles (EVs) at the demand side [5]-[8], the efficiency and
reliability of both natural gas and electric distribution networks in the IUES are affected significantly.
Thus, the optimization, coordination and management of these active elements in various energy
systems are of significant importance for the integration of renewable energy and reducing the cost of
energy utilization for the IUES.

The energy resource scheduling plays an increasingly important role for the daily operation of
energy systems, which mainly focuses on unit commitment and economic dispatch. The optimal
scheduling approaches for various energy systems have been intensively studied, including power
systems [9]-[12], natural gas supply systems [13]-[15], and integrated energy systems [16]-[25].

B Power systems

Optimal scheduling approaches were developed for stochastic power systems [9], distribution
networks [10] and Microgrids [11] to seek the optimum scheduling solutions. A day-ahead stochastic
scheduling approach based on a chance-constrained stochastic programming was proposed in [9]. An
optimal scheduling and control model for a Microgrid was proposed in [11] taking several uncertainties
into consideration. It is worth noting that an optimal scheduling framework was proposed in [10] which
used the flexible topology of a distribution network as a control variable to increase the amount of
imported electric power with low electricity prices. More economic saving was realized because the
topology reconfiguration increased the electric power supply capability [12].

B Natural gas supply systems
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An optimal scheduling model for a natural gas transmission network was developed in [13] to solve

the problem of transmitting natural gas at a minimum cost through a pipeline network under the
constraints of nonlinear flow-pressure relations, material balance equations and pressure bounds. A
dynamic programming-based tree decomposition algorithm was utilized in [14] to minimize the fuel
cost for natural gas transmission networks. A new geometric programming approach for optimizing the
operation in natural gas system was developed in [15].

B Integrated energy systems

The interactions between different energy systems at different scales were analyzed, including the
impact from pipeline faults of the natural gas system on the power system security [16] and the unit
commitment [17], etc. In this context, hourly optimal scheduling of integrated energy systems
(interdependent natural gas and electric power systems) with high penetration of wind energy [18] and
flexible hourly demand response [19] was proposed to determine the optimum day-ahead scheduling
solutions. Dynamic modeling and interaction of hybrid natural gas and electricity supply systems in a
Microgrid were studied in [20]. Operational scheduling of the Great Britain integrated gas and
electricity networks considering the uncertainties in wind power forecast was developed to reduce the
operation cost [21]. The optimal scheduling of IUES at the urban or community level was developed
based on an energy hub model [22]-[25]. An energy hub based optimization model of residential IUES
was presented in [22] to optimally control the residential energy loads, storage system and production
components considering the customer preferences and the comfort level. A general optimization
framework was presented for urban multiple energy carrier systems in [23]. A hierarchical energy
management system was designed for a community level Microgrid and IUES based on the energy hub
model in [24][25].

The existing research works have made good contributions to the scheduling of different energy
systems, especially power systems and natural gas systems, which are mature for engineering
applications. As to the IUES, the current research on optimal scheduling mainly concentrates on the
scheduling of energy generation and energy demand. The flexible reconfigurable topology of the
electric distribution network of the IUES was always neglected, which is conservative to some extent
for the operation cost reduction of the IUES. Actually, the topology of an electric distribution network
has close relationship with the scheduling scheme of the IUES [26]. Furthermore, the electric
distribution network of the IUES is generally characterized as an unbalanced three-phase system.
However, previous studies usually assumed that the IUES is balanced and the constraints from the
unbalanced three-phase electric distribution network were not considered in the optimal scheduling

solutions.
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To solve the above problems, an optimal day-ahead scheduling method (ODSM) for an IUES
considering the reconfigurable capability of an electric distribution network was developed. The hourly
reconfigurable capability of the electric distribution network utilizing RCSs was explored and
discussed. The interactions between the electric distribution network and a natural gas network of the
IUES were represented by an energy hub model. The constraints of the unbalanced three-phase electric
distribution network, the natural gas network, and the energy centers were considered in the ODSM. A
hybrid optimization method based on genetic algorithm (GA) and a nonlinear interior point method
(IPM) was utilized to solve the ODSM model. The ODSM allows the operators of the IUES to
coordinate the interrelated power, gas, and heating systems, taking three-phase electric distribution
network characteristics into account. Numerical studies shown that different energy systems were

coordinated effectively and the operation cost of IUES was reduced.

2. Model of the integrated urban energy system (IUES)

An IUES is illustrated in Fig. 1, which involves three energy systems, i.e. an electric distribution
system, a natural gas system and an energy center. The IUES purchases energy (electricity and natural
gas) from different energy utilities and distributes them via the electric distribution network, the natural
gas network and the energy center to satisfy the energy demand. At the energy demand side, the IUES
signs bilateral contracts with DRLs for their participation in the provision of ancillary services for the
IUES. The coupling relationships between the electric distribution network and the natural gas network
are represented by the energy centers.

Fig. 1. Description of the IUES.

In this paper, an energy hub model is utilized to describe the energy center, which includes the CHP
unit, the power transformers, the central air-conditionings (CACs) and the gas-boilers. The input
energy consists of electricity and gas, the output energy consists of electricity and thermal energy. The
energy exchanges are executed through three different types of common coupling points (PCC), i.e. the
electric PCC, the natural gas PCC and the heat PCC, of the IUES.

2.1. Natural gas network model
The general equation for calculating gas flow F«, is shown as Egs. (1)~(2) [27]:

I:kn = kkn Skn \lskn (plf - pr%) (1)

+1if p,-p,20
Skn — L pk B pn (2)
1if p,—p,<0
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2.2. Energy center model

The energy center includes three operating modes, the electric load following mode, the thermal load
following mode, and the hybrid thermal-electric load following mode [28]. In this paper, the energy
conversion processes of the energy center under the hybrid thermal-electric load following mode are
characterized in the energy hub model incorporating interactions among different energy systems and
component constraints, as shown in Fig. 2.

Fig. 2. Structure of the energy hub model.

Two types of energy hub structure are considered in this paper as shown in Fig. 2. The first type is
composed of a power transformer, an aggregated CHP units group and an aggregated CACs group
(which are utilized to provide adequate capacity for energy supply of electric/thermal loads and hereafter
referred as CHP unit and CAC) . The input energy consists of electricity and natural gas. The output
energy consists of electric and thermal loads. The coupling relationship between the input and output

energy is expressed by Eq. (3). The partition coefficient ve is used, 0 <1. <1. 1P. represents the

electric power supply for electric loads, and (1-ve) Pe represents the electric power supply for CAC.

CHP EH
I v, Mg, P
3 _ e (3)
& AC CHP EH
L, (1 - vg)n M Pg,e
L c v P

The second type of energy hub is composed of a power transformer, an aggregated CHP units group
and an aggregated gas-boilers group (which are utilized to provide adequate capacity for energy supply of
electric/thermal loads and hereafter referred as CHP unit and gas-boiler). The coupling relationship of input
and output is the same as that of the first type, while the energy conversion loop is different. The
coupling relationship of input and output energy is expressed by Eq. (4).

CHP EH
- 1 vgng" [)L"E (4)
CHP GB EH
0 v +(1-v,)n P

g€

C P

where (1-vy)Py represents the natural gas supply for gas-boiler, and 4Py represents the natural gas

supply for CHP unit.

3. Formulation of the optimal day-ahead scheduling method (ODSM)

In this section, the ODSM for the IUES is given in details. The proposed ODSM schedules the
active elements of the IUES over a 24-h time-period with an hourly time step. Network reconfiguration

is one of the control methods for electric distribution networks that change the open/close status of
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switchgear to change the operational topology of a network. Network Reconfiguration is used for

various purposes, including loss minimization, load balancing, service restoration and reliability
improvement [26]. In this paper, the hourly reconfigurable capability of the electric distribution
network utilizing RCSs was considered in the ODSM to reduce the operation cost of IUES.

3.1. Framework of the ODSM

The framework of the ODSM is depicted in Fig. 3. The inputs of the ODSM are energy prices,
distributed energy resources forecasting results, electric/thermal/natural gas loads forecasting results
and the DRLs participation conditions. The outputs of the ODSM are the scheduling scheme of the
optimized variables in the next 24 hours. The ODSM solver was implemented based on an Open
Source Distribution System Simulator (OpenDSS) and MATLAB. The OpenDSS was utilized for
solving the three-phase power flow [29]. The natural gas flow calculation, the energy center energy
flow calculation and the optimization problem for optimal day-ahead scheduling based on a hybrid
optimization algorithm (integrated GA with IPM) were implemented in MATLAB. The data exchange
with  MATLAB was implemented by driving the Component Object Model (COM,
OpenDSSENgine.DLL) interface that is available in the OpenDSS package.

Fig. 3. The framework of the ODSM.

3.2. Objective Function
The objective function depicted in Eq. (5) is to minimize the total operation cost for day-ahead

scheduling, which consists of four cost terms: 1) the cost of purchasing electric power (CfF’tgrid ); 2)
the cost of purchasing natural gas power (CtgPtgas); 3) the cost of TUES’s contracting with DRLs

(COFPY™); 4) the switching cost of RCSs (CSWNRCS )

min f(x,u)=min{[cteag"" +COR= 4 Y cFRLFz,'zRL}chWN:é: } (5)

deDRL

where X and u are state and control variables of the IUES, which consists of both discrete and

continuous control variables as Egs. (6) - (13).

x=[F.,Fy Fe, | (6)
Fe=[V;S]=[|V1|,|V2|,...|Vm [8..1S5].---1[ N.,,] )
=0 R =[P Palo |y o B el oo Fon ] ®)
Feu =| P3PS [P, PE“\ PP ] (©)
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u :[pgrid,Pgas PDR'—,RCS’Ve’Vg:I (]_O)

t t Tt
RCS =[ RCS,,RCS,,...,RCS, | (11)
vV, = [Ve,l've,Z""’Ve,NEH,[]

v, =[Vg,1'Vg,zv--'Vg,NEH,n]

Nigs, = > abs(RCS, —RCS, ) (13)
t

(12)

where Fe, Fg and Fen are state variables of the IUES, which represent the state of electric distribution

network, the natural gas network and the energy center respectively; RCS,, is the RCS statues, with

“1” denotes that the RCS is closed and “0” the RCS is open.

3.3. Constraints

3.3.1. Three-phase electric network constraints

R+ D Ry + D R+ > R - > R

pepv wewr seRL o=
- IZL: Pl - szb Rir (VinVv;.Y;.6,) =0 4
JNens
Riin <R™™ <R (15)
Vo, SVALSV
Viin SV <V (16)
Vo SVESV
0< R <R, )
0<is <i (18)
Nigop = Npr = Neps +1 (19)

Eq. (17) is the contracts constraint for DRL. Eq. (19) is established to guarantee that the electric

distribution network has a radial structure.

3.3.2. Natural gas network constraints

as fg —
R¥ =2 Rl = 2 Fun(Pop)=0 (20)
ecEH fg ENg-bus
nENplpelme
Rimn <R™ <R (21)
pmin < pn < pmax (22)

k" <k, <kl (23)
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3.3.3. Energy center constraints
LE —CEpPE =0 (24)
where P is energy center energy power input vector; L= is energy center energy power output vector;
CF is energy conversion matrix. The concrete energy center equality constraints are illustrated in Eq.
(3) and Eq. (4).
Considering component capacities (illustrated in Eq. (25)) of the energy centers, the constraints of

the exchange power between the energy centers and energy networks PS5 and RS are defined as Eq.

(26).

e (25)

&£,min & &£,max

{PCHP < PCHP < PCHP

etemln— et,e — ' et,e,max (26)

PEH PEH < PEH

gtgmln— g.te g.t,e,max

{PEH PEH PEH

For the two types of energy centers, different upper and lower boundaries are illustrated in Eq. (27)
and Eq. (28), respectively.

P = L“" PCHP
(Electricity)q &bemn e
etsmax_Lg +P£max/77
(Type-—-1) e o -
@ oo
_ pcHe
(Electricity) P =L — P
Pet g,max L:,t
(Type---11)) PEH oL g .
Gas CHP
( ) P;t'_fg,max PEC;':X CHP 4 (L _ PngH:X * 77%th Y UGB
ge

3.3.4. Solution
A hybrid optimization method, integrating GA with a nonlinear IPM, was employed to solve the
above mixed-integer and nonlinear constraint ODSM problem [30]. The flow chart of the hybrid
optimization method is shown in Fig.4.
Fig. 4. Flowchart of solving the ODSM based on the hybrid method.
The optimization problem is decomposed into two sub-problems. The first one is the continuous
optimization sub-problem and is solved by the IPM, where the discrete control variables (RCS) are

kept constant. The second one is the discrete optimization sub-problem and is solved by GA, where the
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continuous control variables (R, B9, B v, v, ) are kept constant. The steps of solving ODSM
based on the hybrid method are given as follows:

Step 1) Initialize the IUES, including energy center initialization, electric distribution network
initialization and natural gas network initialization, based on the system structure and the input data;

Step 2) Separate the discrete control variables and continuous control variables; Generate the initial
population of GA based on the input data and set iteration count k=1 for GA,

Step 3) Solving the continuous optimization sub-problem using the IPM with the discrete control
variables (RCS) constant; Check the constraints and ensure all initial individuals satisfy the operating
constraints; An individual is a solution for the ODSM encoded as a string, called chromosome in GA
and every chromosome defines a unique scheduling solution of the IUES.

Step 4) Assess an individual based on the fitness calculation: If the iterations satisfy the stopping
criteria, then go to Step 6); Otherwise, set k=k+1 and go to Step 5);

Step 5) Produce the offspring generation by solving the discrete optimization sub-problem using GA

keeping the obtained continuous control variables ( R, R B ,v,,v ) in the continuous

optimization sub-problem constant; Check the radiation of the electric distribution network and ensure
all individuals satisfy the operating constraints and go to Step 3);

Step 6) Obtain the optimal day-ahead scheduling results for the IUES and the corresponding set-
points of control variables for all participants.

The algorithm is stopped if one of the following stopping criteria is satisfied:

1) The number of iterations exceeds its limit (maximum number of iterations is set to be 150);

2) The optimal individual keeps unchanged within 10 iterations.

4. Case studies

4.1. Case Study

An IUES test case in Fig. 5 was utilized to verify the effectiveness of the developed ODSM. The
day-ahead scaled wholesale market prices of electricity and forecasted load on January 16, 2015 at
NYISOs NPX were utilized to assess the proposed scheduling method [31]. The natural gas price was
42.5$/MWHh! taken from PG&E [32]. The energy prices are shown in Fig. 6 and the forecasted day-

ahead electric load is shown in Fig. 7 [10].

LIn order to study the natural gas power and electric power in a unified scale, the unit of natural gas price is
converted from $/therm to $/MWh (1therm=29.32kWh).
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Fig. 5. Scheme of the IUES case.

Fig. 6. Day-ahead market energy price.

Fig. 7. Forecasted day-ahead electric load.
The IUES investigated in this paper consists of three parts:
Part 1) (Electric distribution network): An typical IEEE 33-bus 12.66 kV radial distribution
system (including 5 tie-lines and 32 sectionalizing-lines, equipped with RCSs on each feeder) was

used, and the bus voltage is subject to the constraint of 0.95 <V,*”® <1.05 [33]. Three wind turbines

(forecasted hourly power generation is shown in Fig. 8) were included in the network at nodes 14, 16
(A-phase grid-connected), and 31 (B-phase grid-connected). Also, three photovoltaic panels
(forecasted hourly power generation is shown in Fig. 9) were connected to the electric power network
at nodes 19, 27 (A-phase grid-connected), and 32 (C-phase grid-connected). Five controllable loads at
nodes 8, 14, 24, 30, and 32 were considered as DRLs. The controllable loads can be decreased up to 20%
as the contracts constraints for DRLs. The price for 1 MW decrease by DRLs was $90. Also, the cost
for each switching action was $1 [10].

Fig. 8. Forecasted hourly power generation by WTSs.

Fig. 9. Forecasted hourly solar radiation.

Part 2) (Natural gas network): A modified 7-node natural gas network is used here [25], which
was initially designed for line-pack studies. And the natural gas network data is shown in Tab. Al. The
upper and lower limits of the natural gas pipeline pressure are mmin =0.2 (p.u.) and zmax =1.3 (p.u.)
respectively. The natural gas node GBL1 is the gas resource node with a constant gas pressure 400kPa.

Part 3) (Energy centers): Four energy centers were plugged to the electric buses 8, 13, 16, 33 in the
electric network and the natural gas nodes GB3, GB4, GB6, GB7 in the natural gas network. Energy
center 1 and energy center 4 are set to be the type | of energy hub (depicted in Fig. 2(a)) and energy
center 2 and energy center 3 are set to be the type 11 of energy hub (depicted in Fig. 2(b)). The energy
center component capacities are given in Tab. A2. The electric/thermal loads of the four energy centers
in a whole day are shown in Fig. 10.

Fig. 10. The electric/thermal loads of energy centers in a whole day.

4.2. Simulation results

Two comparative cases are presented to illustrate the effectiveness of the proposed ODSM.
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Case 1): Optimal day-ahead scheduling without electric distribution network reconfiguration, i.e.,

seeking the optimal day-ahead scheduling solutions through controlling the electricity purchases,
natural gas purchases and DRL participations, without changing the topology of the electric
distribution network.

Case 2): Optimal day-ahead scheduling with reconfigurable topology of the electric distribution
network, i.e., optimally scheduling all the active elements of the IUES including the hourly electric
distribution network reconfiguration capability, the electricity purchases, the natural gas purchases and
the DRL participations, seeking to minimize the day-ahead total operation cost.

The optimal day-ahead scheduling scheme of the power purchases for Case 1 and Case 2 are shown
in Fig. 11. For the time periods including 1 to 6, 12 to 16 and 23 to 24, as the electricity purchase price
is lower than that of other periods, the IUES tends to purchase more electric power and less natural gas
power in both Case 1 and Case 2. For these time periods including 7 to 9 and 17 to 22, as the electricity
purchase price is higher than that of other hours, the IUES tends to purchase more natural gas power
and less electric power in both Case 1 and Case 2.

Fig. 11. Power purchase from energy utilities.

Compared with Case 1, the advantages of Case 2 including electric distribution network
reconfiguration lie in two aspects:

1) The voltage profile for the worst bus has been improved in the whole day by adjusting the statuses
of RCSs in Case 2 as shown in Fig. 12. This reason is that electric distribution network reconfiguration
can transfer loads from heavily loaded feeders to lightly loaded ones contributing voltage profile
improvement. Actually, the low voltage is an important factor causing decrease of power supply
capability.

Fig. 12. Worst bus voltage magnitudes.

2) For the time periods including 1 to 6, 12 to 16 and 23 to 24, by adjusting the statuses of RCSs in
Case 2, the reconfiguration of the electric distribution network topology enables IUES to purchase
more electric power at lower electric prices and contributes to more economic savings benefitted from
the electric power supply capability enhancement and optimized electric power flows through network
reconfiguration. The power supply capability enhancement is due to the voltage profile improvement
and optimized electric power flows through network reconfiguration, e.g. the violated bus voltage
constraints are removed in the load peak hours (between 8 and 21), as shown in Fig. 12.

The electric power purchase and the natural gas power purchase in Case 1 and Case 2 are shown in
Fig. 13 and Fig. 14 respectively. The imported electric power has increased and consequently the

imported natural gas power has decreased by adjusting the statuses of RCSs in Case 2. This is because
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in order to minimize the operation cost, the IUES tends to purchase more electricity and minimize the

natural gas power purchase with the energy price conditions depicted in Fig 6.

Fig. 13. Electric power purchase.

Fig. 14. Natural gas power purchase.

The optimal day-ahead schedules of the four energy centers are shown in Fig. 15. It can be seen that
all the energy centers consume electric power (the positive value of electric power represents power
consumption, and the negative value of electric power represents power generation) and natural gas
power to satisfy the electric/thermal loads within the power regulation constraints (depicted by the
black dotted lines in Fig. 15).

Fig. 15. The optimal day-ahead schedule of energy centers.

1) Energy center 1

For the time periods including 1 to 6, 12 to 16 and 23 to 24, as the electricity purchase price is lower
than that of other time periods, the energy center 1 tends to consume more electric power (close to the
upper electric power regulation boundary) and less natural gas power (close to the lower natural gas
power regulation boundary) in both Case 1 and Case 2. In Case 1, due to the bus voltage constraint, the
required electric power cannot be imported from the substation and the required electric power cannot
be consumed by the energy center. Compared with Case 1, the electric power supply capability is
improved and the violated bus voltage constraint is also removed in Case 2 through changing the
network topology, which has resulted in more electric power consumption.

For the time periods 7 to 9 and 17 to 22, as the electricity purchase price is higher than that of other
time periods, the energy center 1 tends to consume more natural gas power and less electric power in
both Case 1 and Case 2. It is worth noting that energy center 1 tends to consume more natural gas
power to generate electric power and inject the extra electric power back into the electric network in
the time period 7 to 9, as shown in Fig. 15(a). There are two main reasons for this phenomenon. Firstly,
the electricity purchase price is higher in the time period 7 to 9, and the energy center 1 tends to
consume less electric power for cost saving. Secondly, the energy center 1 has more thermal load and
relatively less electric load (high heat to power ratio of energy center loads [34]) in time period 7 to 9
(depicted in Fig. 10 (a)), which matches the relative high heat to power ratio of the CHP unit [35] (set
to be 1.43) closely. Therefore, most of the natural gas is utilized by the CHP unit in the time period 7 to
9 for cost saving and the extra electric power generated by the CHP unit is injected back into electric
network to reduce the operation cost.

2) Energy center 2
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Energy center 2 tends to consume more electric power and less natural gas power in time periods 1

to 9, 15 to 17 and 20 to 24 in both Case 1 and Case 2, as shown in Fig. 15(b). The reason is that the
primary energy efficiency of CAC for generating heat [36] is higher than that of the CHP unit for
generating electricity and heat [37]. Therefore, almost all the thermal loads are satisfied by CAC and
most of the electric loads are supplied by the electric distribution network, in despite of the high
electricity purchase prices in the time periods including 7 to 9 and 20 to 22. In Case 1, due to the bus
voltage constraint, the required electric power cannot be consumed by energy center 2, which results in
more natural gas power consumption in the time periods 10 to 14 and 19 to 22. Compared with Case 1,
by adjusting the statuses of RCSs in Case 2, the electric power supply capability is improved and the
violated bus voltage constraint are removed through reconfiguring the network topology, which has
resulted in more electric power consumption and almost no natural gas power consumption. As Fig.
15(b) shows, energy center 2 consumes natural gas power only in hour 18 in Case 2, which is due to
the highest electricity price at hour 18.

Comparing the power schedule results of energy center 2 with energy center 1, different components
characteristics (different primary energy efficiency of the energy center components) and different
energy center load conditions (heat to power ratio of energy center loads) can lead to different power
schedule results. And the optimal schedule results of energy center 2 are mainly determined by the
energy market price and the electric power supply capability of the electric distribution network.

3) Energy center 3

The schedule of energy center 3 is similar to that of energy center 2 due to the same energy center
components characteristics and similar load condition.

4) Energy center 4

The schedule of energy center 4 is similar to that of energy center 1 due to the same energy center
components characteristics. It is worth noting that, different from energy center 1, energy center 4
tends to consume more natural gas power in Case 1 while less natural gas power in Case 2 in time
periods 17 to 21. The reason is that the energy center 4 has more electric loads and less thermal loads
than that of energy center 1 in time period 17 to 21 (low heat to power ratio of energy center loads).
Therefore, the load condition fails to match the heat to power ratio of the CHP unit and the extra heat
generated by the CHP unit must be shed (the extra heat power cannot be injected back to the utility like
the electric power), which has poor economic efficiency. Consequently, more electric power should be
consumed to satisfy the energy loads and reduce the operation cost, in despite of the high electricity
purchase price in the time periods 17 to 21. However, the bus voltage violation occurs in Case 1 in time
periods 17 to 21, leading to no more electric power could be consumed and more natural gas power

must be consumed to cover the energy center loads. The electric bus voltage magnitude in hour 19 for
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Case 1 and Case 2 are shown in Fig. 16. Compared with Case 1, the violated bus voltage constraint is

removed through reconfiguring the network topology in Case 2, which enables the energy center 4
consume more electric power and less natural gas power to reduce the operation cost.
Fig. 16. Electric bus voltage magnitude in hour 19.

It was found that the optimal schedule results of energy centers change with the energy market prices,
energy center loads and energy center components characteristics.

Fig. 17 shows the electric power reduction by DRLs in the optimal day-ahead scheduling. The total
electric power reduction by DRLs follows the day-ahead scaled wholesale market prices (more power
reductions in time periods 7 to 10 and 17 to 20, while less power reductions in other time periods) in
both cases and subject to the DRLs contract constraints at the same time. Compared with Case 1, the
scheduling process in Case 2 has less power reductions by DRLs at the most time periods in a whole
day, which contributes to higher comfort level of demand side.

Fig. 17. The optimal day-ahead schedule of DRLs.

The natural gas pipeline node pressures of the 7-node natural gas network in the whole schedule day
are shown in Fig. 18. The simulation results show that natural gas pipeline pressure can satisfy the
pressure boundaries in both cases, which guarantees the reliable operation of the natural gas network.

Fig. 18. Node pressure of the natural gas network.

Tab. 1 demonstrates the optimal hourly operation cost of the IUES in both cases. It is found that the
operation cost reductions at all hours in the whole day were achieved through the hourly electric
distribution network reconfiguration.

Tab. 1. Optimal day-ahead operation cost comparison.

5. Conclusion

An ODSM for the IUES considering the reconfigurable capability of electric distribution networks
was developed. The main contributions of this paper are summarized as follows:

1) An ODSM was developed to provide the IUES with economical day-ahead scheduling schemes
and reduce the operation cost of the IUES;

2) The constraints of the electric distribution network, the natural gas network and the coupled
constraints between the two energy systems are considered in ODSM to coordinate thermal, gas, and
electric energy systems in the IUES day-ahead scheduling;

3) The flexible electric distribution network topologies are considered in the ODSM making a good
use of the active network elements (e.g. the electric distribution network with the hourly reconfigurable
topology) of the IUES.
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Compared with optimal scheduling excluding RCSs, considering RCSs in scheduling of the IUES
has benefits in electric power supply capacity improvement (enables the IUES to purchase more
electric power from the wholesale market at lower electricity prices), better power quality (the worst
bus voltage magnitude has improved through electric distribution network reconfiguration) and higher
comfort level of energy demand side (lower dispatch of DRLs). Meanwhile, implementation of hourly
flexible topologies has an improvement in economic efficiency of the IUES. Numerical studies show
that the proposed ODSM made a good use of the active elements of the IUES, which coordinated
different energy systems and guaranteed the economic operation of the IUES.
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