Northumbria Research Link

Citation: Hemmati, Mohammad, Mirzaei, Mohammad Amin, Abapour, Mehdi, Zare, Kazem,
Mohammadi-ivatloo, Behnam, Mehrjerdi, Hassan and Marzband, Mousa (2021) Economic-
Environmental Analysis of Combined Heat and Power-Based Reconfigurable Microgrid
Integrated with Multiple Energy Storage and Demand Response Program. Sustainable
Cities and Society, 69. p. 102790. ISSN 2210-6707

Published by: Elsevier

URL: https://doi.org/10.1016/j.s¢cs.2021.102790
<https://doi.org/10.1016/j.scs.2021.102790>

This version was downloaded from Northumbria Research Link:
http://nrl.northumbria.ac.uk/id/eprint/45592/

Northumbria University has developed Northumbria Research Link (NRL) to enable users
to access the University’'s research output. Copyright © and moral rights for items on
NRL are retained by the individual author(s) and/or other copyright owners. Single copies
of full items can be reproduced, displayed or performed, and given to third parties in any
format or medium for personal research or study, educational, or not-for-profit purposes
without prior permission or charge, provided the authors, title and full bibliographic
details are given, as well as a hyperlink and/or URL to the original metadata page. The
content must not be changed in any way. Full items must not be sold commercially in any
format or medium without formal permission of the copyright holder. The full policy is

available online: http://nrl.northumbria.ac.uk/policies.html

This document may differ from the final, published version of the research and has been
made available online in accordance with publisher policies. To read and/or cite from the
published version of the research, please visit the publisher’'s website (a subscription
may be required.)

ke Northumbria

University : : .
NEWCASTLE “8 UniversityLibrary


http://nrl.northumbria.ac.uk/policies.html

n [SST \S)

S O 0 3

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

Economic-Environmental Analysis of Combined Heat and Power-Based
Reconfigurable Microgrid Integrated with Multiple Energy Storage and
Demand Response Program

Mohammad Hemmati', Mohammad Amin Mirzaei!, Mehdi Abapour', Kazem Zare!, Behnam Mohammadi-

ivatloo"?, Hassan Mehrjerdi’, Mousa Marzband*

"Faculty of Electrical and Computer Engineering, University of Tabriz, Tabriz, Iran
2 Department of Energy Technology, Aalborg University, 9220 Aalborg, Denmark
3 Electrical Engineering Department, Qatar University, Doha, Qatar

4 Department of Mathematics, Physics and Electrical Engineering, Northumbria University, Newcastle, England

Abstract

Microgrids (MGs) are solutions to integrate high shares of variable renewable energy which can
contribute to more economical and environmental benefits, as well as improving the energy supply
efficiency. One significant potential of MGs is an expanded opportunity to use the waste heating
energy from the conversion of the primary fuel (such as natural gas) to generate electricity. The
use of waste heat in combined heat and power (CHP)-based MG is more efficient to meet local
load and decrease the emission pollution. Hence, this paper elaborates on optimal multi-objective
scheduling of CHP-based MG coupled with compressed air energy storage (CAES), renewable
energy, thermal energy storage (TES), and demand response programs through shiftable loads,
which considers a reconfiguration capability. The embedded CAES, in addition to the
charging/discharging scheme, can operate in a simple cycling mode and serve as a generation
resource to supply local load in an emergency condition. The daily reconfiguration of MG will
introduce a new generation of MG named reconfigurable microgrid (RMG) that offers more
flexibility and enhances system reliability. The RMG is coupled with TES to facilitate the
integration of the CHP unit that enables the operator to participate in the thermal market, in
addition to the power market. The main intents of the proposed multi-objective problem are to
minimize the operation cost along with a reduction in carbon emission. The epsilon-constraint
technique is used to solve the multi-objective problem while fuzzy decision making is
implemented to select an optimal solution among all the Pareto solutions. The electricity prices
and wind power generation variation are captured as random variables in the model and the
scenario-based stochastic approach is used to handle them. Simulation results prove that the
simultaneous integration of multiple technologies in CHP-based RMG decreases the operation cost

and emission up to 3% and 10.28%, respectively.
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P!, Wind active power output (kW)
/ Wind reactive power output (kVAr)

1. Introduction

1.1. Motivation

Microgrid (MG), which was primarily introduced to mitigate the integration of distributed
generations (DGs) in the distribution system, offers multiple goals for utility, and consumers,
including a reduction in greenhouse emission, power loss, and operation cost, and improving
system flexibility and reliability [1]. Combined heat and power (CHP) systems are becoming very
popular in the MGs. The CHP unit generates both thermal and electrical energy, simultaneously,
which enhances the optimal operation of the system. The CHP-based MG provides much higher
flexibility by supporting both electrical and heating loads and offers a suitable opportunity for the
system operator to participate in the thermal market, in addition to the electricity market.

Furthermore, providing a flexible structure through reconfigurable capability for CHP-based MG
5
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will give additional benefits to consumers, MG's owner, and utility. The optimal structure of MG
could be achieved by changing the status of embedded tie-switches in MG's structure via a
reconfiguration capability. The reconfigurable microgrid (RMG) is a new generation of
conventional MG that optimizes the hourly structure of MG to diminish the power loss, as well as
operation cost [2]. Compressed air energy storage system (CAES) with unique features like higher
efficiency, no dependency on geographical conditions, and one more operation mode can be
integrated into the CHP-based RMG model to support the more renewable energy utilization, as
well as carbon dioxide reduction [3]. Integrated CHP-based MG with CAES facility by considering
charging, discharging, and simple cycle operation modes can satisfy economic and environmental
benefits. Also, the demand response program (DRP) is introduced as a new capability to improve
load managing and flexibility, which has been much attention in the modern power system like
RMGs. The incentive-based DRP provides the opportunity for consumers to participate in the
management of MG and receive encouragement in their bills via shifting their energy consumption
from peak hours to off-peak intervals. Given that MG often utilizes renewable energy and
participates in the electricity market to meet the required energy, along with hourly load variation,
the optimal operation of MG is exposed to high-level uncertainty caused by electricity price, load,
and renewable energy output. Therefore, the implementation of a more accurate and realistic

optimization approach to capture all random variables in the model is urgently needed.

Toward the goals of CHP-based MG scheduling in economical and reliable ways have been
investigated recently, there are still several shortcomings in this field that need to be developed.
An essential issue of the CHP-based MG operation is to consider the reconfigurable capability,

integrated DRP, as well as CAES and TES facilities in this system to supply both electrical and
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heating loads, and participate in both electrical and thermal markets with an appropriate
optimization framework.
1.2. Literature review

The MG optimal operation is extensively studied in the literature. The MG energy management in
grid-connected mode by considering the unit commitment and reconfiguration to maximize the
profit was developed by [4]. A grid-connected MG scheduling based on economic and
environmental goals was investigated by [5]. Optimal energy management of islanding MG with
the aim of the emission cost, battery degradation cost, and generation minimization was studied in
[6]. The proposed approach was formulated as a chance-constrained optimization model, and an
ambiguity set approach was applied to manage the uncertainty of renewable power output. The
coordinated energy dispatch model of a multi-carrier MG in both islanded and grid-connected
modes in the presence of the CHP, fuel cell, gas boiler, and renewable generation units was
presented by [7] to minimize total operational cost. In [8], the optimal energy planning of
autonomous hybrid MG to minimize operation and investment costs were evaluated based on the
multi-objective optimization approach. An integrated multi-objective optimization framework to
minimize the operational cost and gas emission in MG was investigated in [9]. The optimal
scheduling of RMG integrated with wind and solar energy based on the chance-constrained model
was developed by [10]. The authors of [11] investigated the coordination of photovoltaic (PV)
resources and combined cooling, heat, and power (CCHP) unit in the grid-connected MG to
minimize the operating cost. In [12], a residential CCHP-based MG consisting of hybrid electric
vehicles, PV, and battery energy storage systems was investigated to determine the optimal sets'
points of multiple generation units by considering the market price, electrical and thermal demand,

and PV power output fluctuation, based on a scenario-based stochastic approach. Authors in [13]
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studied the CCHP-based MGs energy dispatch model. The proposed scheduling was reformulated
as a two-stage optimization approach to achieve a more economic benefit. The economic dispatch
model of CHP-based MG under the network-constrained problem was studied in [14]. The
proposed network-constrained model was reformulated as a mixed-integer non-linear
programming (MINLP) model.

Recently, DRP applications as flexible, emerging resources to satisfy technical and economic
benefits have been extensively developed in the literature. In [15], a smart renewable-based MG
optimal operation with responsible loads was evaluated. The shiftable demands participate in DRP
via the time-of-use (TOU) and real-time pricing (RTP) models as two main DRPs. A dynamic
price-based DRP integrated into grid-connected MG operation incorporated with wind energy was
investigated by [16]. The economic dispatch model for the islanded MG integrated with DRP,
considering the forecasting error of renewable energy, was analyzed by [17]. Authors in [18]
implemented the DRP to mitigate the challenges resulting from the mismatch issues between
generation and consumption in an islanded renewable-based MG. The MG optimal operation
integrated with incentive-based DRP to minimize the operation cost, considering renewable energy

output, load consumption, and line outages uncertainties have been studied in [19].

Bulk energy storage technologies can provide more benefits for both utility and end-users, such
as peak-shaving, load shifting, more renewable energy integration, and ancillary services. The
CAES facility is one of the high-efficient and large-scale energy storage technology that is
especially important in an age where variable renewable energy like wind power is becoming a
more prominent energy resource. The basic CAES facility operation is the thermodynamic cycle,
which compresses the air during charging mode, and releases the high-pressure air at discharging

mode to generate power during peak interval to meet higher demand. In addition to the charge and
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discharge scheme, the CAES facility can operate as a micro-turbine when the air cavern is
depleted, named simple cycle operation mode [20]. This unique feature makes the CAES facility
different from other technologies. Integration of CAES in MG while provides more economical
and environmental benefits; it can operate as a local power plant in simple cycle mode to meet
higher demand. Due to the fast response, small environmental effects, and great economic benefits,
the CAES facility is a suitable solution for an isolated area like MG [21]. The optimal bidding and
offering strategies of CAES with a smart charging-discharging scheme based on a robust-
stochastic approach was developed by [22]. An islanded MG planning integrated with renewable
Energy and CAES facility was investigated by [23]. The integration of CAES and DRP in day-
ahead MG operation incorporated with flexible ramping products was developed by [24]. In this
work, the IGDT-based robust framework was investigated to manage the wind power variation.
The energy supply and electricity generation are key contributors to greenhouse emissions and
climate change. Hence, the optimal operation of MG from an environmental perspective should be
captured. In [25], the economic/ emission dispatch model of islanded and renewable-based MG
based on a multi-objective framework was studied. The stochastic multi-objective economic/
environmental optimal scheduling of MG incorporated with the battery was studied in [26]. In this
work, a meta-heuristic algorithm based on differential evolutionary and modified PSO was
implemented to solve the problem. In [27], a multi-objective optimization model of CHP-based
MG in the presence of renewable energy, fuel-cell, and heat storage was investigated. The
proposed MG can exchange the power and heat with the main grid and district heating network.
The multi-objective operation of CHP-based MGs incorporated with electrical energy storage and
DRPs with the aim of total operational cost and emission pollution minimization was developed

by [28]. The proposed model was reformulated as a mixed-integer linear model, while the €-
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constraint method was used to find an optimum solution. The multi-objective economic and
environmental scheduling of CHP-based MG integrated with the fuel-cell unit, thermal storage,
and DRP was studied in [29]. In the presence of load and power price variability, the epsilon-
constraint method was applied to find an optimum solution to the multi-objective scenario-based
stochastic problem. In [30], a renewable and CHP-based MG power dispatch scheduling was
developed to minimize generation cost, emission, and reliability cost based on the energy not-
supplied index. To solve the proposed multi-objective program contains three different objectives,
the weighted sum method, and an exchange market algorithm was implemented.

Meanwhile, the penetration of renewable power generation, and load variation, is one of the
most common challenges faced by MGs operation [31]. In [32], a probabilistic optimization
approach was investigated for optimal operation of CHP-based MGs integrated with DRP, with
the load, energy price, and wind power output uncertainty. The optimal operation of CHP-based
MG with high-level uncertainty from load demand, wind energy, and market price, was evaluated
by [33]. A new stochastic p-robust optimization framework was extended to handle system
uncertainties. The risk-based optimal scheduling of the RMG with the high penetration of wind
energy to maximize daily profit, with the wind power and market price variability, was developed
by [34]. The optimal MGs design, considering the flexible structure using the reconfiguration
process based on a robust optimization approach, was evaluated in [35]. In [36], a novel two-stage
optimization approach for the flexible operation of RMG in real-time and day-ahead markets was

developed, considering wind energy, load, and market price variation.

1.3. Novelty and contribution

The literature review indicated the importance of CHP-based MG operation integrated with

renewable energy. However, there has been no discussion about a comprehensive model for
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optimal operation of CHP-based MG while considers the reconfiguration ability, multiple energy
storage, and DRP to enhance the flexibility and efficiency of energy supply. Motivated by
economic and environmental challenges, this paper proposes a novel two-stage multi-objective
stochastic scheduling of CHP-based RMG integrated with CAES, wind energy, TES, micro-
turbines (MTs), and incentive-based DRP to meet local electrical demands. The power price and
generated power by wind turbines are associated with uncertainty, and the stochastic approach is
implemented to manage them. In addition to the charge and discharge scheme, the simple cycle
mode is considered for the CAES operation when the cavern air is depleted, which provides more
flexibility for the system. The proposed RMG relying on local resources participates in both
electrical and thermal markets and has energy exchanged (selling and purchasing) with the
corresponding market. Also, the AC-power flow equation is extended to realize the limitation of
RMG topology in detail. The main contribution of this work can be summarized as follows:
1. Eco-emission analysis of optimal hourly switching in the reconfigurable CHP-based MG
considering the C-power flow, and security constraints. Reconfiguration capability by
adjusting the hourly switches’ status, transfers the demand from heavily loaded pats to
lightly ones contributing to more economic and environmental benefits.
2. Analyzing the environmental and economic operation of reconfigurable CHP-based MG
as a multi-objective optimization problem to reveal the role of effective integration of
flexible technologies in the MG model from economic and emission pollution perspectives.
3. Coordinated operation of the DRP, tri-state CAES, TES, reconfigurable capability, and
wind plant as flexible resources in the proposed scheduling to provide more economical

and environmental benefits. In this way, while the individual scheduling of each resource

11



184 has been studied, the simultaneous integration of all of the technologies in this study results
185 in daily cost reduction, as well as a large amount of carbon dioxide reduction.
186 4. Evolving the strong uncertainty of wind power and power price to more realistic
187 modeling of the reconfigurable CHP-based MG under the two-stage stochastic approach.
188 Furthermore, the effects of simultaneous integration of several technologies in the
189 proposed model are investigated, unlike the previous studies that focused on the individual
190 coordination of these facilities.
191  To demonstrate the novelty of our work, Table I compares the main contributions with similar
192 works.
193 Table I. Comparison of novelty and contributions of the proposed model with similar works.
CHP-based Network R i bl Obiecti Mai ¢ U taint
Ref MG constraint econ 1g.u.ra € jective aln components DRP ncer a.m Yy
. . capability modeling
scheduling modeling economic | Emission | TES | CAES | RES
[7] v _ v _— v e v e Deterministic
[11] v I I v VA Stochastic
[14] v AC-OPF - v — | — | — | v | — Robust/
stochastic
[23] _ _ v _ — v v _ Deterministic
[25] _— _— —_— v v —_ — v — Stochastic
[26]  — _  — v v _ | — v v Stochastic
[27] v i v v v e v e Deterministic
(28] v —_— — 4 4 e e v v Deterministic
[29] v _— _— v v v e v v Stochastic
[30] v D —_— v v — | — v —_— Stochastic
[32] v e e v v v Stochastic
[34] _— AC-OPF v v o — Stochastic
[35] — AC-OPF v v v - Robust
[37] _— AC-OPF v v _ _ | — | — v Deterministic
[38] _ AC-OPF v v S | — | — S Deterministic
v Based Only for anectif)n v v v )
[39] MATPOWER between I\r;lcéghbormg - - Stochastic
Our / AC-OPF / / / / / / TWO-Stage
work Stochastic
Y4
195 1.4. Paper organization
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The rest of this paper is organized as follows. The problem description and formulation, including
both economic and emission objective functions with corresponding restrictions, are presented in
Section 2. The solution method to solve the proposed two-stage multi-objective problem is
represented in Section 3. Numerical results are discussed in Section 4, and Section 5 concludes the
paper.

2. Problem description and formulation

The optimal operation of CHP based MG considering reconfiguration to minimize operational cost
and emission pollution to satisty electrical loads incorporated with incentive-based DRP, TES, and
CAES facility is formulated as a multi-objective two-stage stochastic optimization problem subject
to technical and operational constraints. The RMG's operator participates in the power market to
supply local loads while the heat generation equipment such as CHP unit and TES allows the
operator to participate in the thermal market, too. Fig. 1 describes the overall schematic of the
proposed scheduling of renewable and CHP-based RMG integrated with multiple components. As
can be seen, the RMG's operator optimizes the operation of local generation units, including
CAES, CHP, TES, MTs, and makes a contract with responsible loads. Meanwhile, the operator
tends to participate in energy markets. Hence, by analyzing the power and thermal market
conditions, the operator decides on power and heating exchanged (selling or purchasing) with
electricity and thermal markets. It should be noted that the operator must manage the variability of
electricity price and wind energy by a scenario-based stochastic approach. By optimizing the
operation of local resources, hourly topology, hourly energy exchanged, and hourly scheduling of

responsible loads, the operator can satisfy the economic and environmental benefits.
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Fig. 1. The proposed multi-objective optimization problem of renewable and CHP-based RMG.

Two objective functions for economic cost and emission goals are represented in the following.

2.1. Objective function

The first objective function related to operational cost minimization is represented by (1). The first
term in the objective function (1) refers to the start-up and shut-down costs of MTs. The start-up
and shut-down costs of the CHP are expressed in the next term (1). The power exchanged (selling
or purchasing) with the upstream network is shown by the third term of the objective function (1).

The heating exchanged (selling or purchasing) with the thermal market is represented by the next

14
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term (1). The fifth and sixth terms of (1) signify the generation costs of MT and CHP units,
respectively. In this paper, the generation cost of MT is represented by the quadratic function as
[40]. Also, the generation cost of the CHP unit is represented by a linear function [41]. The seventh,
eighth, and ninth terms of the objective function (1) are related to the operation cost of the CAES
facility in discharging, simple cycle, and charging modes, respectively. Finally, the last line of the

objective function (1) deals with load shedding DRP cost, as well as wind curtailment cost.
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The handling of carbon emission pollution based on the environmental standards should be
considered for the fossil-based unit (usually natural gas-fired units), including CHP, MTs, and
CAES (during discharging and simple cycle operation modes). Hence, the objective function

related to emission pollution minimization is formulated as (2).

NS NT | NU

OF2 — minzﬂs (Z|:Z(yi]3i’l’ )_I_ 7chpPth +}/D13PD13 7acPu 7/emeuy thth;ty j| J (2)
s=1 t=1 [ i=]

The objective function in (2) contains seven terms. The emission pollution by MTs and CHP units

are represented in the first and second terms of (2), respectively. The CAES facility uses the fuel

(usually natural gas) for the combustion process during discharging and simple cycle modes. In

other words, the released air from the cavern should be combined with external fuel in the
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249

250

251

252

253

254

combustion chamber to enable the turbine [42]. Also, in simple cycle mode, CAES operates as a
diesel generator and requires external fuel to operate. Therefore, the emission pollution by the
CAES facility during discharging and simple cycle modes are represented by third and fourth terms
of (2), respectively. The power and heating purchased from the corresponding market lead to
emission pollution. Therefore, the two last terms of the objective function (2) deal with emission

pollution, caused by power and heat purchased.

The sets of constraints related to multiple technologies in CHP-based RMG, as well as network

constraints, are represented in the following.

2.2. MT constraints

Constraints of MTs optimal scheme are expressed by (3) -(12). Constraints (3) and (4) represent
the active and reactive power output limits. The ramp-up and ramp-down rates for continuous
times are given in (5) and (6), respectively. Constraints (7)-(10) are related to the minimum up and

downtime limits [43]. The start-up and shut-down cost limits are respectively established by (11)

and (12).
P™I, <P, <P™], (3)
o™, <0,,,<0™1,, 4)
PP, <R” (5)
P, ~P, <R (6)
Ii,t _[i,t—l SI;’,HTU. (7)
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“10 w>MUT,
]i’t_l_]i,z Sl_li,H-TDM (9)
u u<MDT,
D, - (10)
0 u>MDT,
SUU ZSUCi ([i,t _Ii,t—l)
SU,, >0 "
SD” ZSDC[U[ H_Iiz)
, ; : (12)

SD.. >0

it =

255
256  2.3. CHP unit limitations

257  Constraints of the CHP unit operation are given by (13) -(23). The CHP operation is realized by a

258  feasible operation region that provides a link between the power and heat output, as depicted in

259  Fig. 2.
'y

z

=<

N’

o

)

3

)

A

C
Heat (kWh)

260
261 Fig. 2. Power and heat feasible region for the convex CHP operation.
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There are four boundary points to determine the generated electricity and heating energy value by

CHP. Constraints (13) -(17) determine the relationship between generated heating and power based

on the four boundary points. The ramp-up and ramp-down limits are given in (18) and (19),

respectively. Equations (20) -(23) show the minimum up and down-time limitations for CHP.

Pchp,mznltchp SPtc?p SPchp,max Itchp

hp ,A chp ,B
pceA _ pehp. , ’
= 5 x(th;‘ —H" )<0
" P? ?’ P? k4

Pchp _Pchp,A _
t,s

Pchp,B _ Pchp C

h hp ,B h hp ,B h
P _ pev T e xH —HYy > (1-17)x M
Pchp,C _Pchp,D
h hp .C h hp ,C h
P =P —— xH® —H™CY> (11" )x M
5 Hchp,C _Hchp,D t,s t

A
0<H < [ s
chp _ pchp chp Up
Pt K Pt —l,s < R
chp __ pchp chp ,.Dn
P —Po =R

chp _ ychp chp
]t [t—l Slt+UT(,,,W

u u < T chp ,on

UT chp —
! 0 u>T%wr

chp _ ychp _ychp
It—l ]t Sl It+DTC,W

Dy TR
o usT

2.4. CAES constraints

(13)

(14)

(15)

(16)

(17)
(18)

(19)

(20)

21

(22)

(23)

The proposed RMG is integrated with CAES that can operate in three operation modes: charging,

discharging, and simple cycle modes. The simple-cycle process is the starting point for a natural-
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gas-fired plant. Clean-burning natural gas powers a combustion turbine, which is connected
directly to a generator that produces electricity that can operate as a micro-turbine. Sometimes
during the operation of CAES, the air cavern is depleted. In order not to disrupt the network, the
CAEE must deliver the amount of power to the network. As it is not possible to discharge to the
CAES, it operates in the simple cycle mode to generate electricity as a micro-turbine. The
restrictions of the CAES scheme are given in (24) -(31). The logical constraint that separates the
CAES operation mode at each time is represented by (24). The charging, discharging, and power
output in simple cycle modes are bounded by the maximum values that are respectively
represented by (25)-(27). The energy capacity of CAES is limited as expressed in (28). Equation
(29) realizes the equality condition for the final and initial energy levels. The current available
energy capacity of CAES is calculated in (30) [42]. During discharging and simple cycle modes,

reactive power is produced by the CAES. Hence, the power output by the CAES is limited by (31).

u +u” +u <1 (24)
0< P < phmay el (25)
0< Ptiis < pelisomaxy dis (26)
0< P < pemay, 27)
E™<E, <E™ (28)
E, o, =E (29)
E, =E,, +P% —P%xER (30)
(P wpr) +om) <(siz) ey

2.5. TES constraints
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The fast-growing of the multi-carrier energy system provides a suitable opportunity to develop
TES in the energy system for achieving multiple economic and environmental benefits [44]. The
logical constraint for the TES operation is expressed in (32). Equations (33) and (34) signify the
min and max limits of discharged and charged heating values, respectively. Equation (35)
determines the heating capacity. The heating capacity limit is represented in (36). Equation (37)

realizes the equality condition for the final and initial energy levels of TES.

IhP +IhET <1 (32)

HP™ hP <HP <H”"™ Ih] (33)

HCH ,min IhtC::I SHIC::[ SHCH ,max Ihtc::-[ (34)
H D

HS, =HS, (1-eh)+eh ™" H —eh—D (35)

HS™" <HS,  <HS™ (36)

HSt:O,s = HSt:24,S (37)

2.6. DRP constraints

As previously discussed, the shiftable loads are considered in RMG's model. Based on the time
activity of multiple loads, the RMG operator can schedule the responsible loads. Equation (38)
expresses the amount of load after the DRP. The total value of load interruption at any period
should be compensated at other hours as established in (39). The load value that participates in
DREP is limited by (40). The maximum allowable load that participates in DRP is determined in
(41). The LPF factor denotes the load participating factor in DRP. There are several types of

consumers in the system. However, only a percentage of the system load participates in the DRP.
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In this paper, 10% of the load participates in the DRP, hence the LPF equals 0.1. Constraint (42)

expresses the active and reactive responsible loads relationship.

D =D,, +DR,,, (38)
ZDR,N =0 39)
DR, |< DR (40)
DR =LPFD,, (41)

D =tang D/ (42)

2.7. Wind power generation constraint

The power produced by the wind unit depends on the hourly wind speed. The power generated by
the wind unit is calculated by (43). Equation (44) shows the active and reactive power limits of the
wind turbine. The value of wind power curtailment shouldn't exceed the hourly wind power output

in each scenario.

0 O S Uw R S Ucut —in
L -0 .
_ w,t,s cut —in
Pw ts x Pw R Ucut —in < Uw £, < Urated
Urated - Ucut —in (43)
P w,R Urated < Uw b, < Ucut —out
f curt \2 f 2 2
(Pw Ry - Pw Ry ) + (Qw g8 ) S Sw (44)
curt f
Pw,t,s SPw,t,s (45)

2.8. Power flow constraints
As previously discussed, the AC-optimal power flow model is established to model the power flow

in the RMG. Active and reactive power balance restrictions are represented by (46) and (47),
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respectively. It should be noted that the two first terms in (46) and the first term of (47) are only
considered for the main bus. The active and reactive power flow in each feeder is calculated by
(48) and (49). The thermal capacity limit of the feeder is established by (50). Constraint (51)

expresses the voltage limitation on buses.

NLI,
Pt?vw _Ptidl-i_Z(Ptx)-i_ w,t,s watnv +PSL +Pd15 PCh Zdltx ZP Lits =0 (46)
NU, NL, NLI,
upstr ch ex
pt+Ztav wtv p P ZQU? ZQ th_ (47)
: Vb N ,.S'Vb' .8
PFL,t,S = ’ bb' Tcos(é‘b,t,s _5b‘,t,s +0h,b') (48)
b.b b,b
Vb2,t S Vb o ,SVb',t S e
OF,,, = Sln(‘gb,b')_—SIH(&b,z,s _5;,' ‘s +Hh,b‘) (49)
Z . Z o
bb b.b
PF}, +OF/, <5] (50)
mein Vbts _V max (51)

2.9. Reconfiguration constraints

The reconfiguration modifies the MG structure by changing the switches' status. The
reconfiguration capability can transfer the load from heavily loaded parts to lightly ones
contributing to power loss reduction. In this way, the maximum utilization of the feeders' capacity
is achieved. Two types of switches named normally closed and normally opened (tie-switches) are

embedded in the MG. The status of each switch is indicated by a binary variable (K, ,). K,

equals 1 if the switch is closed, being 0 otherwise. Constraint (52) and (53) reformulate the active
and reactive power flow considering reconfiguration capability. To guarantee the radiality

structure of CHP-based RMG, in each given period, the number of opened switches must be equals
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to the number of primarily opened switches before applying the reconfiguration process. In other
words, no loops should appear in the structure, as established by constraint (54). Constraint (55)

satisfies the radiality topology and prevent making any loops.

Vbzl S Vb ot >SVb’ t,s
PF,, = Z;cos(eb’b,)—z—wcos(gb’t’s _55” +6,,) |K,,, (52)
bb bb'
Vbz,t S Vb ot sSVb',t S
QFL,t = 7 Sln(gb,b')_Z—SIH(é‘b,t,s _5;,'” +0b,b') KL,t,s (53)
bpb bb
NLI,
2K, =NCS, (54)
L=1
NLI,[)
> K,, <NPL, -1 (55)

L=l

2.10. Thermal balance constraint
The CHP system generates power and heat based on the feasible operating region. Also, the TES
is coupled with the CHP system to store the generated heat and enables RMG's operator to sell

heating energy to the thermal market. Constraint (56) establishes a thermal balance constraint.

D CH chp __ sell buy
Ht,s _Ht,s +Ht,s _Ht,s _Ht,s (56)

3. Solution method

As discussed, the optimal RMG scheduling in the presence of multiple components to minimize
operation costs, as well as emission pollution, is formulated as a multi-objective optimization
problem. To solve the proposed multi-objective problem, the €-constraint method is implemented,
which is described as following.

It is assumed that there is an optimization problem including k-objectives (that may have a conflict

with each other), and corresponding constraints as (57):
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W = max{fl(x),fz(x),fz(x), ------ afk(x)}
57
Subject to: 67
x €A
Where 4 is a feasible region for the multi-objective problem and x is a set of decision variables. In
the epsilon-constraint method, one of the objective functions is captured as the basic goal, and

others are assigned as its constraints. For example, the multi-objective problem (57) is transferred

to (58) based on the epsilon- constraint:

W = maxf (x)
Subject to:
frx)ze,
fi(x) =& (58)
fi(x) =g
x €A

The members of €-set: {52,53,54,...,gk } , are modified parametrically to find the most optimum

solutions. The optimum solution values of €-set are determined based on the k-/ objective
functions.

There are various methods to find the optimal solution among the generated Pareto set in the multi-
objective optimization problem. The fuzzy-based decision-making approach is one of the best
solutions to find the optimum solutions among all solutions in the Pareto set. In this approach, for

all available solutions in the Pareto set, the membership function €[0,1] is assigned. The

membership function shows the degree of optimally for all objective functions of the k™ Pareto

solution. For each of the objective function in (57), the fuzzy membership is calculated as follows:
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1

PR G
fe= W fé<fo < (59)
0 fe2fe

To specify the best reconciliation between produced solutions, the min-max method based on the

minimum values of f and f,, and selecting the maximum optimum of [min {/Al, ;}J is applied.

Fig. 3 shows the flowchart of the proposed multi-objective operation of renewable and CHP-based
RMG with multiple components to minimize operational cost and emission, which is solved by &-

constraint and fuzzy-based decision-making method.
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358 Input data including line data, MT generation and emission factors, wind speed, load demand, DRP
cost, CAES, TES and CHP unit data, load demand, and etc.
) 4 L 2
Generating scenarios for Wind speed using Generating scenarios for Market price using
Weibull distribution Normal distribution
¥ ¥
Reducing the number of Produced scenariosTo desired scenario via SCENRED tool in GAMS
software
v v
Objective function 1: Objective function 2:
Minimize operation cost of RMG Minimize emission pollution

Multi-objective framework

based on epsilon-constraint

and fuzzy-decision making
approach

Multi-objective optimization
Trade-off analyzing
2

€ -constraint method
€ =Min{emission}

Transfer OF1 and OF2 with corresponding constraint to:

Min OF1
OF2 <&
+

(3)-(56)

v

e=et+Ae € > Max {emission}

v

Normalized the solution of k objective

Determining the optimum compromise solution by (59)

2
Results: Total operation cost and emission of RMG, Optimal structure, MTs power dispatch, Hourly
scheduling of CAES, CHP and TES, Purchased power from the market, Hourly scheduling of
shiftable loads, Hourly optimal topology, Scheduling of shiftable loads

359
360 Fig. 3. The flowchart of the solution method for the proposed multi-objective problem.

361
362 4. Simulation Results

363  4.1. Case study
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364  The proposed multi-objective CHP-based RMG model, equipped with multiple components, is
365 examined on the sampled 10-bus microgrid, which is depicted in Fig. 4. The forecasted load
366 demand (active and reactive) with wind power output is depicted in Fig. 5. The daily power and
367  thermal prices are shown in Fig. 6. All the characteristics of MTs (G1 and G2) and CHP units are
368  presented in [34, 45]. The maximum charge, discharge, and simple cycle value of the CAES
369 facility are 20 kW, and the maximum capacity of the cavern is 100 kWh. Other characteristics of
370  the CAES facility are given in [20]. The maximum capacity and charge and discharge values of
371  TES are 20 kW, 20 kW, and 100 kWh, respectively. The natural gas price is assumed to be constant
372 during the time horizon and equal to 1.8 ¢/Mbtu. Also, the cost of demand response is considered

373 5 ¢/kWh.

District heating
network

Upstream @ |
network Fee |

20Kv /400 v

switch opened Normally —-—-

switch closed Normally _—

Bus B
Switch K
Load 1
374
375 Fig. 4. The sampled 10-bus reconfigurable microgrid with multiple components.

27



B Active B Reactive =@=Wind power

450 - - 40
400 - - 35
350 1 50
~ 300 - =
: .2
2 250 1 5
2 L 20
Q
5 200 - &,
<
g L 15 2
150 A §
100 10
50 M3
0 - ]
1 23 45 6 7 8 9 1011 1213 14 1516 17 18 19 20 21 22 23 24
Time (h)
376
377 Fig. 5. The forecasted load demand and wind power generation.
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378
379 Fig. 6. The hourly power and heat prices.

380  4.2. Numerical results
381  The proposed multi-objective problem was formulated as an MINLP model carried out in GAMS

382  software and solved by a DICOPT solver. To model uncertainties caused by electricity power price
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383  and wind power production, 1000 scenarios are produced using the Monte-Carlo simulation that
384  isreduced to 10 most likely scenarios using the SCENRED tool in GAMS software. It should be
385  noted that the forecasted errors of wind power and electricity price follow the Weibull and Normal
386  distribution function, respectively [46].
387  Numerical results are provided for two cases. At first, the optimal operation of the CHP-based
388 RMG G is solved as a single objective model to minimize operational cost. Then, the multi-objective
389  two-stage optimization model of the CHP-based RMG to minimize emission and operational cost
390 is extended.
391  The probability and corresponding operational cost of each scenario are indicated in Table II.
392  Hence, the expected value of the total operation cost is $90164.65.
393 Table II. The operation cost and probability value for reduced scenarios
Scenarios S1 s2 S3 S4 S5 S6 s7 S8 59 S10
psrf):;zr:l?; 0.153 0.047 0.109 0.002 0.002 0.021 0.158 0.252 0.154 0.102
Ocpo Zrta::;n 89413.626 | 78085.459 | 91846.177 | 94553.085 | 92693.746 | 90760.152 | 90292.785 | 85408.517 | 87257.926 | 74309.178
394
395  To demonstrate the effects of the proposed model, the following cases are examined:
396 1. Evaluating the optimal scheduling of RMG under a single-objective model.
397 2. Evaluating the optimal scheduling of RMG considering economic and environmental goals
398 based on the multi-objective framework.
399 According to Table II, scenario number 8 has the highest probability. Hence, this scenario is
400  selected to show the results, including power dispatch, CAES scheme, DRP effects, hourly
401  reconfiguration, etc. in detail.
402 e Evaluating the power dispatch in Case 1
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The optimal power dispatch of the local generation resources, as well as the hourly power
exchanged with the upstream network for scenario number 8, is given in Fig. 7. For the periods
12-23 (higher load demand hours), the CHP unit is committed to producing power with the
maximum capacity. The G1 is committed for periods between 13 to 23 to satisfy economic
benefits, while the G2 as the expensive generation unit, is only committed between hours 14-22
when the load demand reaches a higher value. Furthermore, as shown in Fig. 6, when the electricity
price is low, the RMG operator tends to purchase more power from the upstream grid. As the
electricity prices reach higher values, the power purchased from the grid is reduced. For the periods
18-20, as the electricity price is higher than other periods, the operator tends to sell extra power
generated by local resources to the upstream network and contributes to more economic savings

benefits.

ECHP ®mGl ®mG2 mSold power ™ Purchased power
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Time (h)

Fig. 7. Hourly power dispatch by units and power exchanged with the main grid in scenario 8.

e Evaluating the optimal scheduling of CAES in Case 1
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417  The optimal scheme of the CAES facility for scenario number 8 is given in Fig. 8. According to
418  Fig. 8, for periods 1-4, as the electricity price is lower than other hours, the CAES is charged.
419  Then, for the periods, including 13, 17-18, and 22, the CAES is discharged and injects the power
420  to the MG. Also, for the periods, including 14-16, 19-21, and 23, CAES operates in the simple-
421  cycle mode and generates electricity to meet local demand. The main reasons for this phenomenon
422 are related to the higher electricity price compared with natural gas price, as well as the operation
423  cost of CAES in simple-cycle mode compared to discharged mode. Therefore, at these periods,
424  CAES operates as a conventional diesel generator and generates power to satisfy more economic

425  benefits.

m Charge ®Discharge ™ Simple cycle

25 A
20 A
= 15 A
X
5}
2 101
~
5 m
O ' T T T T T T T T T
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (h)
426
427 Fig. 8. The optimal scheme of CAES facility for scenario number 8.
428
429
430 e Evaluating the thermal energy procedure

431  The optimal scheme of TES, as well as the generated heat by the CHP unit for scenario number 8§,
432  are depicted in Fig. 9. According to Fig. 9, at lower heat prices, the TES is charged. As the heat

433 prices reach higher values, TES is discharged. Also, due to the feasible operation region and the
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interdependency between produced electricity and heating energy by the CHP, as it is committed
to producing electricity, the heating energy is generated. Therefore, the coordinated scheme
between the CHP unit and TES provides an opportunity for the operator to participate in the

thermal market and saving costs.
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Fig. 9. The hourly charging-discharging scheme of TES and generated heat by CHP unit for scenario 8.

e Evaluating the DRP on the load profile in Case 1
The effect of the DRP on the hourly load profile for scenario number 8 is depicted in Fig. 10.
According to Fig. 10, the load demand shifts from higher electricity price hours to lower electricity
prices times through DRP execution. For the first hours of the day, when the electricity is lower
than in other periods, the load profile is increased. For the higher demand hours (16-23), the
operator encourages the responsible load to reduce their demand. Consequently, the load profile
peak is shifted. Increasing and decreasing load value during off-peak intervals, and peak hours,
respectively, while smoothes the load profile compared with the initial load profile, provides an

appropriate solution for more cost-saving.
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450
451 Fig. 10. The effect of DRP on the network load profile.
452 e Evaluating the effect of reconfiguration capability
453  The optimal hourly topology of the RMG in scenario number 8 is given in Table III. As previously
454  discussed, reconfiguration uses the maximum of the feeder's capacity by transferring the load from
455  heavily loaded parts to lightly ones. As can be seen from Table III, there are two open switches in
456  the RMG's topology at each period. The optimal scheduling of the network switches results in
457  minimizing the RMG power loss, which contributes towards a lower operating cost.
458 Table I11. The optimal hourly switches status through reconfiguration.

Time (h) KI K2 K3 K4 K5 K6 K7 K8 K9 K10 K11
1 v 4 v v v v 4 v v % X
) v v v v v v v v v x X
3 v X v v v v v v v v X
4 v X v v v v v v v v X
5 v X v v v v v v v v X
6 v X v v v v v v v v X
7 v X v v v v v v v v X
3 v X v v v v v v v v X
9 v v v v v v v v v X X
10 v v v v v v v v v X X
1 v v v v v v v v v X X
12 v v v v v v v v v X X
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3 v v v v v v v v v X X
14 v v v v v v v v v X X
15 v v v v v v X v v x v
16 v x v v v v x v v v v
17 v X v v v v v v v v X
18 v X v v v v X v v v v
19 v v v v v v X v v X v
20 v x v v v v x v v v v
21 v X v v v v x v v v v
22 v v v v v v X v v X v
23 v v v v v v X v v X v
24 v x v v v v v v v v X
459

460  The simultaneous effect of reconfigurable capability along with the CAES, TES, and DRP on the

461  total expected cost and active power losses are represented in Table IV. According to Table 1V,

462  considering reconfigurable capability, CAES, TES, and DRP simultaneously, the total operation

463  cost reduced up to 3 %. Also, reconfigurable capability plays a major role in reducing the active

464  power loss of up to 10.28%.

465 Table IV. Simultaneous effect of multiple resources on the expected operation cost, and power loss.

- CAES CAES+TES | CAES+TES+DR CAES+TES*DR+
reconfiguration capability
Expected O(%irat“’“ €St 1 94513417 | 93112187 |  92866.900 90766.465 90162.964
Expected power losses
(kWh) 145.6 144.3 144.3 155.6 139.6

466

467  Case 2:

468  The proposed results in the previous part are related to the single-objective optimization

469  framework, while the emission pollution is neglected. Now, the multi-objective is solved to

470  minimize the operational cost, as well as environmental pollution.

471  Pareto solutions for the multi-objective problem in the presence of all the sources are listed in

472  Table V for 10 iterations. According to Table V, as the environmental benefit reduces, the

473  operation cost of the RMG increases. This action indicates a conflict between the operational cost

474  and the emission benefits. After the implementation of the fuzzy-based decision-making approach,
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475 and are normalized, and the maximum value between all minimum values are selected. Iteration

476  numbers 2 and 6 are selected to analyze the optimal multi-objective scheduling of the RMG in

477  detail.
478 Table V. The optimal Pareto solutions for the proposed multi-objective problem.
Iteration Expected operation cost Expected emission } f
(9] (kgcoz/day) 1 2
1 90162.964 5820.047 1 0
2 90708.273 5653.472 0.977 0.023
3 90751.219 5486.897 0.976 0.024
4 91461.124 5320.322 0.947 0.053
5 92880.674 5153.747 0.889 0.111
6 94848.866 4987.172 0.809 0.191
7 97449.057 4820.597 0.652 0.348
8 101950.468 4654.022 0.329 0.671
9 106302.947 4487.447 0.342 0.888
10 114710.359 4320.872 0 1
479
480
481 e Evaluating the optimal scheduling of CAES in Case 2

482  The optimal power dispatch of local generation units, including G1, G2, and CHP for iteration
483  numbers 2 and 6 are compared in Fig. 11. According to Fig. 11, the values of total power dispatch
484 by all units (especially G1 and G2) are significantly increased, which increases the operational

485  cost, and consequently, reducing the emission pollution.
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Fig. 11. The effect of pollution reduction on the power generation for two iterations.

Expexted power dispatch (kWh)

e [Evaluating the optimal exchanged for Case 2
The hourly power exchanged between the main grid and RMG for iterations numbers 2 and 6 is
drawn in Fig. 12. The power purchased has a significant impact on total emission pollution. Hence,
in iteration number 6, as the total operational cost increases, the operator tends to decreases the

power exchanged with the upstream network, results in emission pollution reduction.
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Fig. 12. The effect of pollutant gas production reduction on the microgrid power exchange

e [Evaluating the optimal scheme of CAES and TES in Case 2

The optimal scheme of CAES and TES for iteration number 2 and 6 are shown in Table VL. In

iteration number 6, the value of the charge and discharge scheme for the TES is significantly

reduced. Also, the CAES is mainly operated in a simple cycle mode. The heating exchanged with

the thermal market decreases, and TES is less utilized in iteration number 6. Also, by operating in

the simple-cycle mode in iteration number 6, the CAES facility releases less carbon dioxide.

Consequently, the environmental benefit is satisfied.

Table VI. Energy distribution of CAES and TES for two different iterations.

TES CAES
Iteration 2 Iteration 6 Iteration 2 Iteration 6
Charge Discharge | Charge | Discharge | Charge | Discharge Simple Charge | Discharge Simple
cycle cycle
mode mode mode mode mode mode mode mode
mode mode
Power
(KWh) 82.81 71.606 20 17.691 80 72.2 160 0 0 340

e Evaluating the reconfiguration capability in Case 2

The four switches status with the most changes in the hourly topology of RMG in iteration number

2 and 6 for scenario number 8 are given in Table VII. As can be seen, the optimal hourly switch
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status for two iterations are different. The optimal switches status in iteration number 6 is to reduce

the total emission pollution.

Table VII. The optimal scheduling of the reconfiguration process for two different iterations.
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S. Conclusion

The optimal two-stage multi-objective scheduling of the combined heat and power-based
reconfigurable microgrid integrated with demand response program, compressed air energy
storage, thermal energy storage, and wind energy was proposed in this paper, which considers the
reconfiguration capability. The operator optimized the operation of multiple components, as well
as power and heating, exchanged (selling or purchasing) with electricity and thermal markets,
considering the AC-power flow equation to minimize total operational cost and emission pollution.

By considering wind power, and electricity price variability, the proposed model was formulated
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as multi-objective two-stage stochastic programming, and the €-constraint approach was used to

solve the problem. The proposed model was examined on a reconfigurable microgrid test system,

and numerical results were discussed for different cases. The following major conclusions are

drawn from the results:

The integration of multiple energy storage systems consists of CAES, and TES reduces the
total operational cost up to 1%.

The integration of demand response programs in the model reduces the total operational
cost up to 2.26%.

For more emission reduction, the CAES facility is only operated in simple-cycle mode, and
the charge/ discharge scheme of TES is mainly reduced. Also, the power exchanged
between RMG and the upstream grid is reduced to satisfy environmental benefits.
Reconfiguration capability transfers the load from heavily loaded sections to lightly ones,
contributing to the power loss reduction of up to 10%.

Simultaneously integration of all flexible resources, including CAES, TES, reconfiguration
capability, and demand response, reduce total operational cost and emission up to 3% and

10.28%, respectively.
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