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Abstract 10 

Microgrids (MGs) are solutions to integrate high shares of variable renewable energy which can 11 

contribute to more economical and environmental benefits, as well as improving the energy supply 12 

efficiency. One significant potential of MGs is an expanded opportunity to use the waste heating 13 

energy from the conversion of the primary fuel (such as natural gas) to generate electricity. The 14 

use of waste heat in combined heat and power (CHP)-based MG is more efficient to meet local 15 

load and decrease the emission pollution. Hence, this paper elaborates on optimal multi-objective 16 

scheduling of CHP-based MG coupled with compressed air energy storage (CAES), renewable 17 

energy, thermal energy storage (TES), and demand response programs through shiftable loads, 18 

which considers a reconfiguration capability. The embedded CAES, in addition to the 19 

charging/discharging scheme, can operate in a simple cycling mode and serve as a generation 20 

resource to supply local load in an emergency condition. The daily reconfiguration of MG will 21 

introduce a new generation of MG named reconfigurable microgrid (RMG) that offers more 22 

flexibility and enhances system reliability. The RMG is coupled with TES to facilitate the 23 

integration of the CHP unit that enables the operator to participate in the thermal market, in 24 

addition to the power market. The main intents of the proposed multi-objective problem are to 25 

minimize the operation cost along with a reduction in carbon emission. The epsilon-constraint 26 

technique is used to solve the multi-objective problem while fuzzy decision making is 27 

implemented to select an optimal solution among all the Pareto solutions. The electricity prices 28 

and wind power generation variation are captured as random variables in the model and the 29 

scenario-based stochastic approach is used to handle them. Simulation results prove that the 30 

simultaneous integration of multiple technologies in CHP-based RMG decreases the operation cost 31 

and emission up to 3% and 10.28%, respectively.  32 
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storage, emission.  34 

Nomenclature 35 

Index:  
t  Index for time  

i  Index for MTs 

l  Index for electrical demand 

w Index of wind turbines 

s Index for scenarios  

b, b' Index buses 

 L Index of feeders 

K Index for switches 

lp Index for loops 

u Index of minimum on/ off time limits from 1 to { }max ,i iMUT MDT  

Constants:  

,b bθ ′  The value of impedance angle (degree) 

',b b
Z  The line Impedance between b and b ′  ( Ω ) 

/CH Deh eh  Charging/ discharging efficiency of thermal storage 

/ / /
/

i chp m

dis sc

g g g
g g

 
Emission factor of micro-turbine/ CHP/ power purchased/ CAES in discharging mode/ CAES 

in simple cycle mode 

ER Energy ratio of CAES 

1 2 3, , a a a  Generation coefficient of wind turbine  

/dis scHR HR  Heat rate during discharging/ simple cycle mode 

LPF  Load participation factor  
exp
maxS  Maximum power of the expander (kVA) 

,max ,max

max

/ /ch dis

sc

P P
P

 Maximum power charging/ discharging/ simple cycle of CAES (kW) 

max min,i iP P  Min/Max active power of MT (kW) 
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max min,i iQ Q  Min/Max reactive power of MT (kVAr) 

min max/V V  Min/max value of bus voltage (p.u.) 

/chp chpUT DT  Min up/downtime for CHP (hour) 
min max/E E  Min/max capacity of CAES (kWh) 

min max/HS HS  Min/max energy capacity of TES (kWh) 

/chp,min chp,maxP P  Min/max power output of the CHP (kW) 

,min ,max/D DH H  Min/max produced heat by TES (kW) 

,min ,max/CH CHH H  Min/max heating charged in TES (kW) 

NGπ  Natural gas price (¢/Mbtu) 

NB  Number of buses 

NL Number of loads 

lpNLI  Number of lines in a possible loop 

lpNCS  The initial number of closed switches before reconfiguration 

lpNPL  Required number of lines to make a loop 

NU  Number of MT units 

NS Number of scenarios  

NT  Number of time intervals 
exp / cVOM VOM  Operation and maintenance cost of expander/compressor (¢/kWh) 

, ,/chp Up chp DnR R  Ramp-up/ramp down of CHP (kW/h) 

/dn up
i iR R  Ramp up/down of MT unit i (kW/h) 

/i iMUT MDT  Min up/downtime of MT  

R
wP  Rated active power of wind plant (kW) 

LS  The capacity of line L (kVA) 

wS  The total power produced by a wind turbine (kVA) 

/i iSDC SUC  Shut down/ Start-up cost of MT i (¢/kWh) 
drC  Cost of DR (¢/kWh) 

curtC  Cost of wind power curtailment (¢/kWh) 

eh Heat loss coefficient of thermal storage 
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M Massive auxiliary number  
max
, ,l m sDR  Maximum shiftable demand (kW) 

, ,

, ,

/ /
/

chp A chp B

chp c chp D

H H
H H

 Heat output of the CHP based on operation region (kW) 

, ,

, ,

/ /
/

chp A chp B

chp C chp D

P P
P P

 The power output of the CHP based on operation region (kW) 

Variables:  

, ,L t sPF  Line active power flow (kW) 

, ,L t sQF  Line reactive power flow (kVAr) 

, ,
DR
l t sD   Active responsible load value participates in DRP (kW) 

, ,
DR
l t sQ  Reactive responsible load value participates in DRP (kVAr) 

1/chp chp
t tI I −  A binary variable for on/off status of CHP  

i,tI  A binary variable for on/off status of MT  

, ,L t sK  Binary variable equals 1 if the switch is closed, otherwise is 0 

, , ,/ /ch dis sc
t s t s t su u u  Binary variable for charging/ discharging/ simple cycle mode of CAES  

, ,b t sV  Voltage magnitude  

, ,( )i t sC P  The cost function of MT unit i 

, ,/D CH
t s t sIh Ih  Discharging/charging binary variable for heat storage (kW) 

,t sE  The energy capacity of CAES (kWh) 

, ,i t sP  Active power output by MT (kW) 

, ,i t sQ  Reactive power output by MT (kVAr) 

,
em
t sλ  Market price (¢/kWh) 

, ,/chp on chp offT T  Number of successive on/off hours of CHP (hour) 

1 2/OF OF  Objective functions  

, ,
curt

w t sP  Power curtailment of wind turbine w (kW) 

, ,/buy sell
t s t sP P  Purchased/sold active power from/ to the grid (kW) 

upstr
tQ  Reactive power exchanged with the upstream network (kVAr) 
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exp
,t sQ  Reactive power of expander (kVAr) 

sπ  Scenario probability 

, ,/buy sell
t s t sH H  Purchased/sold thermal from/to the thermal market (kW) 

, ,,i t i tSU SD  Start-up/shut-down costs related to MT (¢/kWh) 

, ,/D CH
t s t sH H  Discharged/charged heating by TES (kW) 

,
p

t s
chH  Generated heat by CHP (kW) 

, 1,
/

t s t s

chp chpP P
−

 Generated power by CHP (kW) 

, -1,/t s t sHS HS  Heat capacity of TES (kWh) 

, ,

,

/ /ch dis
t s t s

sc
t s

P P

P
 

Charged/dischared/generated power by by CAES during charging/discharging/simple-cycle 

mode (kW) 

hm
tλ  Thermal market price (¢/kWh) 

, ,b t sδ  Voltage angle of the bus (degree) 

, ,
f

w t sP  Wind active power output (kW) 

, ,
f

w t sQ  Wind reactive power output (kVAr) 
 36 
1. Introduction 37 

1.1. Motivation  38 

Microgrid (MG), which was primarily introduced to mitigate the integration of distributed 39 

generations (DGs) in the distribution system, offers multiple goals for utility, and consumers, 40 

including a reduction in greenhouse emission, power loss, and operation cost, and improving 41 

system flexibility and reliability [1]. Combined heat and power (CHP) systems are becoming very 42 

popular in the MGs. The CHP unit generates both thermal and electrical energy, simultaneously, 43 

which enhances the optimal operation of the system. The CHP-based MG provides much higher 44 

flexibility by supporting both electrical and heating loads and offers a suitable opportunity for the 45 

system operator to participate in the thermal market, in addition to the electricity market. 46 

Furthermore, providing a flexible structure through reconfigurable capability for CHP-based MG 47 
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will give additional benefits to consumers, MG's owner, and utility. The optimal structure of MG 48 

could be achieved by changing the status of embedded tie-switches in MG's structure via a 49 

reconfiguration capability. The reconfigurable microgrid (RMG) is a new generation of 50 

conventional MG that optimizes the hourly structure of MG to diminish the power loss, as well as 51 

operation cost [2]. Compressed air energy storage system (CAES) with unique features like higher 52 

efficiency, no dependency on geographical conditions, and one more operation mode can be 53 

integrated into the CHP-based RMG model to support the more renewable energy utilization, as 54 

well as carbon dioxide reduction [3]. Integrated CHP-based MG with CAES facility by considering 55 

charging, discharging, and simple cycle operation modes can satisfy economic and environmental 56 

benefits. Also, the demand response program (DRP) is introduced as a new capability to improve 57 

load managing and flexibility, which has been much attention in the modern power system like 58 

RMGs. The incentive-based DRP provides the opportunity for consumers to participate in the 59 

management of MG and receive encouragement in their bills via shifting their energy consumption 60 

from peak hours to off-peak intervals. Given that MG often utilizes renewable energy and 61 

participates in the electricity market to meet the required energy, along with hourly load variation, 62 

the optimal operation of MG is exposed to high-level uncertainty caused by electricity price, load, 63 

and renewable energy output. Therefore, the implementation of a more accurate and realistic 64 

optimization approach to capture all random variables in the model is urgently needed.  65 

     Toward the goals of CHP-based MG scheduling in economical and reliable ways have been 66 

investigated recently, there are still several shortcomings in this field that need to be developed. 67 

An essential issue of the CHP-based MG operation is to consider the reconfigurable capability, 68 

integrated DRP, as well as CAES and TES facilities in this system to supply both electrical and 69 
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heating loads, and participate in both electrical and thermal markets with an appropriate 70 

optimization framework. 71 

       1.2. Literature review 72 

The MG optimal operation is extensively studied in the literature. The MG energy management in 73 

grid-connected mode by considering the unit commitment and reconfiguration to maximize the 74 

profit was developed by [4]. A grid-connected MG scheduling based on economic and 75 

environmental goals was investigated by [5]. Optimal energy management of islanding MG with 76 

the aim of the emission cost, battery degradation cost, and generation minimization was studied in 77 

[6]. The proposed approach was formulated as a chance-constrained optimization model, and an 78 

ambiguity set approach was applied to manage the uncertainty of renewable power output. The 79 

coordinated energy dispatch model of a multi-carrier MG in both islanded and grid-connected 80 

modes in the presence of the CHP, fuel cell, gas boiler, and renewable generation units was 81 

presented by [7] to minimize total operational cost. In [8], the optimal energy planning of 82 

autonomous hybrid MG to minimize operation and investment costs were evaluated based on the 83 

multi-objective optimization approach. An integrated multi-objective optimization framework to 84 

minimize the operational cost and gas emission in MG was investigated in [9]. The optimal 85 

scheduling of RMG integrated with wind and solar energy based on the chance-constrained model 86 

was developed by [10]. The authors of [11] investigated the coordination of photovoltaic (PV) 87 

resources and combined cooling, heat, and power (CCHP) unit in the grid-connected MG to 88 

minimize the operating cost. In [12], a residential CCHP-based MG consisting of hybrid electric 89 

vehicles, PV, and battery energy storage systems was investigated to determine the optimal sets' 90 

points of multiple generation units by considering the market price, electrical and thermal demand, 91 

and PV power output fluctuation, based on a scenario-based stochastic approach. Authors in [13] 92 
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studied the CCHP-based MGs energy dispatch model. The proposed scheduling was reformulated 93 

as a two-stage optimization approach to achieve a more economic benefit. The economic dispatch 94 

model of CHP-based MG under the network-constrained problem was studied in [14]. The 95 

proposed network-constrained model was reformulated as a mixed-integer non-linear 96 

programming (MINLP) model. 97 

     Recently, DRP applications as flexible, emerging resources to satisfy technical and economic 98 

benefits have been extensively developed in the literature. In [15], a smart renewable-based MG 99 

optimal operation with responsible loads was evaluated. The shiftable demands participate in DRP 100 

via the time-of-use (TOU) and real-time pricing (RTP) models as two main DRPs. A dynamic 101 

price-based DRP integrated into grid-connected MG operation incorporated with wind energy was 102 

investigated by [16]. The economic dispatch model for the islanded MG integrated with DRP, 103 

considering the forecasting error of renewable energy, was analyzed by [17]. Authors in [18] 104 

implemented the DRP to mitigate the challenges resulting from the mismatch issues between 105 

generation and consumption in an islanded renewable-based MG. The MG optimal operation 106 

integrated with incentive-based DRP to minimize the operation cost, considering renewable energy 107 

output, load consumption, and line outages uncertainties have been studied in [19].  108 

     Bulk energy storage technologies can provide more benefits for both utility and end-users, such 109 

as peak-shaving, load shifting, more renewable energy integration, and ancillary services. The 110 

CAES facility is one of the high-efficient and large-scale energy storage technology that is 111 

especially important in an age where variable renewable energy like wind power is becoming a 112 

more prominent energy resource. The basic CAES facility operation is the thermodynamic cycle, 113 

which compresses the air during charging mode, and releases the high-pressure air at discharging 114 

mode to generate power during peak interval to meet higher demand. In addition to the charge and 115 
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discharge scheme, the CAES facility can operate as a micro-turbine when the air cavern is 116 

depleted, named simple cycle operation mode [20]. This unique feature makes the CAES facility 117 

different from other technologies. Integration of CAES in MG while provides more economical 118 

and environmental benefits; it can operate as a local power plant in simple cycle mode to meet 119 

higher demand. Due to the fast response, small environmental effects, and great economic benefits, 120 

the CAES facility is a suitable solution for an isolated area like MG [21]. The optimal bidding and 121 

offering strategies of CAES with a smart charging-discharging scheme based on a robust-122 

stochastic approach was developed by [22]. An islanded MG planning integrated with renewable 123 

Energy and CAES facility was investigated by [23]. The integration of CAES and DRP in day-124 

ahead MG operation incorporated with flexible ramping products was developed by [24]. In this 125 

work, the IGDT-based robust framework was investigated to manage the wind power variation.  126 

    The energy supply and electricity generation are key contributors to greenhouse emissions and 127 

climate change. Hence, the optimal operation of MG from an environmental perspective should be 128 

captured. In [25], the economic/ emission dispatch model of islanded and renewable-based MG 129 

based on a multi-objective framework was studied. The stochastic multi-objective economic/ 130 

environmental optimal scheduling of MG incorporated with the battery was studied in [26]. In this 131 

work, a meta-heuristic algorithm based on differential evolutionary and modified PSO was 132 

implemented to solve the problem. In [27], a multi-objective optimization model of CHP-based 133 

MG in the presence of renewable energy, fuel-cell, and heat storage was investigated. The 134 

proposed MG can exchange the power and heat with the main grid and district heating network. 135 

The multi-objective operation of CHP-based MGs incorporated with electrical energy storage and 136 

DRPs with the aim of total operational cost and emission pollution minimization was developed 137 

by [28]. The proposed model was reformulated as a mixed-integer linear model, while the Ɛ-138 
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constraint method was used to find an optimum solution. The multi-objective economic and 139 

environmental scheduling of CHP-based MG integrated with the fuel-cell unit, thermal storage, 140 

and DRP was studied in [29]. In the presence of load and power price variability, the epsilon-141 

constraint method was applied to find an optimum solution to the multi-objective scenario-based 142 

stochastic problem. In [30], a renewable and CHP-based MG power dispatch scheduling was 143 

developed to minimize generation cost, emission, and reliability cost based on the energy not-144 

supplied index. To solve the proposed multi-objective program contains three different objectives, 145 

the weighted sum method, and an exchange market algorithm was implemented.  146 

      Meanwhile, the penetration of renewable power generation, and load variation, is one of the 147 

most common challenges faced by MGs operation [31]. In [32], a probabilistic optimization 148 

approach was investigated for optimal operation of CHP-based MGs integrated with DRP, with 149 

the load, energy price, and wind power output uncertainty. The optimal operation of CHP-based 150 

MG with high-level uncertainty from load demand, wind energy, and market price, was evaluated 151 

by [33]. A new stochastic p-robust optimization framework was extended to handle system 152 

uncertainties. The risk-based optimal scheduling of the RMG with the high penetration of wind 153 

energy to maximize daily profit, with the wind power and market price variability, was developed 154 

by [34]. The optimal MGs design, considering the flexible structure using the reconfiguration 155 

process based on a robust optimization approach, was evaluated in [35]. In [36], a novel two-stage 156 

optimization approach for the flexible operation of RMG in real-time and day-ahead markets was 157 

developed, considering wind energy, load, and market price variation.  158 

        1.3. Novelty and contribution 159 

The literature review indicated the importance of CHP-based MG operation integrated with 160 

renewable energy. However, there has been no discussion about a comprehensive model for 161 
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optimal operation of CHP-based MG while considers the reconfiguration ability, multiple energy 162 

storage, and DRP to enhance the flexibility and efficiency of energy supply. Motivated by 163 

economic and environmental challenges, this paper proposes a novel two-stage multi-objective 164 

stochastic scheduling of CHP-based RMG integrated with CAES, wind energy, TES, micro-165 

turbines (MTs), and incentive-based DRP to meet local electrical demands. The power price and 166 

generated power by wind turbines are associated with uncertainty, and the stochastic approach is 167 

implemented to manage them. In addition to the charge and discharge scheme, the simple cycle 168 

mode is considered for the CAES operation when the cavern air is depleted, which provides more 169 

flexibility for the system. The proposed RMG relying on local resources participates in both 170 

electrical and thermal markets and has energy exchanged (selling and purchasing) with the 171 

corresponding market. Also, the AC-power flow equation is extended to realize the limitation of 172 

RMG topology in detail. The main contribution of this work can be summarized as follows: 173 

1. Eco-emission analysis of optimal hourly switching in the reconfigurable CHP-based MG 174 

considering the C-power flow, and security constraints. Reconfiguration capability by 175 

adjusting the hourly switches’ status, transfers the demand from heavily loaded pats to 176 

lightly ones contributing to more economic and environmental benefits.  177 

2. Analyzing the environmental and economic operation of reconfigurable CHP-based MG 178 

as a multi-objective optimization problem to reveal the role of effective integration of 179 

flexible technologies in the MG model from economic and emission pollution perspectives.  180 

3. Coordinated operation of the DRP, tri-state CAES, TES, reconfigurable capability, and 181 

wind plant as flexible resources in the proposed scheduling to provide more economical 182 

and environmental benefits. In this way, while the individual scheduling of each resource 183 
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has been studied, the simultaneous integration of all of the technologies in this study results 184 

in daily cost reduction, as well as a large amount of carbon dioxide reduction.  185 

4. Evolving the strong uncertainty of wind power and power price to more realistic 186 

modeling of the reconfigurable CHP-based MG under the two-stage stochastic approach. 187 

Furthermore, the effects of simultaneous integration of several technologies in the 188 

proposed model are investigated, unlike the previous studies that focused on the individual 189 

coordination of these facilities.  190 

To demonstrate the novelty of our work, Table I compares the main contributions with similar 191 

works. 192 

Table I. Comparison of novelty and contributions of the proposed model with similar works. 193 

Ref 
CHP-based 

MG 
scheduling 

Network 
constraint 
modeling  

Reconfigurable 
capability 

Objective Main components 
DRP  Uncertainty 

modeling 
economic Emission TES CAES RES 

[7]  –––––– ––––––  –––––  –––––  ––––– Deterministic 
[11]  –––––– ––––––  –––––– –––– ––––  –––––– Stochastic  

[14]  AC-OPF ––––  –––– ––– ––––  –––– 
Robust/ 

stochastic  
[23] –––––– –––––– ––––––  –––––– ––––   –––––– Deterministic 
[25] –––––– –––– ––––   –––– ––––  –––– Stochastic  
[26] –––––– –––––– ––––––   –––– –––––   Stochastic 
[27]  –––––– ––––––    –––––  ––––– Deterministic 
[28]  –––– ––––   –––– ––––   Deterministic 

[29]  –––– ––––    ––––   Stochastic  

[30]  –––– ––––   –––– ––––  –––– Stochastic  
[32]  –––––– ––––––  –––––– –––– –––––   Stochastic  
[34] –––––– AC-OPF   –––––– –––– –––––  –––––– Stochastic  
[35] –––––– AC-OPF   –––– –––– ––––  –––––– Robust  

[37] –––––– AC-OPF   –––– ––– –––– –––  Deterministic 

[38] –––––– AC-OPF   –––– ––– –––– ––– –––– Deterministic 

[39]  Based 
MATPOWER 

Only for connection 
between neighboring 

MG 
 –––– ––– ––––   Stochastic  

Our 
work  AC-OPF        

Two-stage 
Stochastic  

 194 

       1.4. Paper organization 195 
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The rest of this paper is organized as follows. The problem description and formulation, including 196 

both economic and emission objective functions with corresponding restrictions, are presented in 197 

Section 2. The solution method to solve the proposed two-stage multi-objective problem is 198 

represented in Section 3. Numerical results are discussed in Section 4, and Section 5 concludes the 199 

paper.  200 

2.     Problem description and formulation 201 

The optimal operation of CHP based MG considering reconfiguration to minimize operational cost 202 

and emission pollution to satisfy electrical loads incorporated with incentive-based DRP, TES, and 203 

CAES facility is formulated as a multi-objective two-stage stochastic optimization problem subject 204 

to technical and operational constraints. The RMG's operator participates in the power market to 205 

supply local loads while the heat generation equipment such as CHP unit and TES allows the 206 

operator to participate in the thermal market, too. Fig. 1 describes the overall schematic of the 207 

proposed scheduling of renewable and CHP-based RMG integrated with multiple components. As 208 

can be seen, the RMG's operator optimizes the operation of local generation units, including 209 

CAES, CHP, TES, MTs, and makes a contract with responsible loads. Meanwhile, the operator 210 

tends to participate in energy markets. Hence, by analyzing the power and thermal market 211 

conditions, the operator decides on power and heating exchanged (selling or purchasing) with 212 

electricity and thermal markets. It should be noted that the operator must manage the variability of 213 

electricity price and wind energy by a scenario-based stochastic approach. By optimizing the 214 

operation of local resources, hourly topology, hourly energy exchanged, and hourly scheduling of 215 

responsible loads, the operator can satisfy the economic and environmental benefits.   216 
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 217 

Fig.  1. The proposed multi-objective optimization problem of renewable and CHP-based RMG. 218 

Two objective functions for economic cost and emission goals are represented in the following.  219 

2.1.  Objective function  220 

The first objective function related to operational cost minimization is represented by (1). The first 221 

term in the objective function (1) refers to the start-up and shut-down costs of MTs. The start-up 222 

and shut-down costs of the CHP are expressed in the next term (1). The power exchanged (selling 223 

or purchasing) with the upstream network is shown by the third term of the objective function (1). 224 

The heating exchanged (selling or purchasing) with the thermal market is represented by the next 225 

Market operator

RMG’s operator

Wind power 
dispatch

CAES 
schedule

MT power 
dispatch

Contract with 
local consumers 
to participate in 

DRP

Wind and Price 
uncertainties

Emission 
minimization

Cost 
minimization

Solve the multi-
objective problem

CHP coupled with 
TES scheduling

• Minimum Operation cost
• Minimum Emission
• Optimal switches status
• Optimal CAES, TES, 

CHP, MT schedule for 
24-h

• Power exchange with 
upstream network

• Participation in thermal 
market

• Optimal schedule of 
shiftable loads

Purchasing 
the power
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term (1). The fifth and sixth terms of (1) signify the generation costs of MT and CHP units, 226 

respectively. In this paper, the generation cost of MT is represented by the quadratic function as 227 

[40]. Also, the generation cost of the CHP unit is represented by a linear function [41]. The seventh, 228 

eighth, and ninth terms of the objective function (1) are related to the operation cost of the CAES 229 

facility in discharging, simple cycle, and charging modes, respectively. Finally, the last line of the 230 

objective function (1) deals with load shedding DRP cost, as well as wind curtailment cost.  231 

( ) ( )

( ) ( ) ( )

( ) ( )(

, ,
1 1 1

, , , , , , ,
1 1 1 1

exp1 , , ,
1 1

1
,
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+
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i t i t t t
t i t

NT NT NT NU
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t s t s t s t t s t s i t s
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 (1) 

The handling of carbon emission pollution based on the environmental standards should be 232 

considered for the fossil-based unit (usually natural gas-fired units), including CHP, MTs, and 233 

CAES (during discharging and simple cycle operation modes). Hence, the objective function 234 

related to emission pollution minimization is formulated as (2). 235 

(2) ( )2 , , , , , , ,
1 1 1

min
NS NT NU

i chp chp Dis Dis sc sc em buy hm buy
s i t s t s t s s t t s t s

s t i
OF P P P P P Hπ γ γ γ γ γ γ

= = =

 = + + + + +     
∑ ∑ ∑ 

The objective function in (2) contains seven terms. The emission pollution by MTs and CHP units 236 

are represented in the first and second terms of (2), respectively. The CAES facility uses the fuel 237 

(usually natural gas) for the combustion process during discharging and simple cycle modes. In 238 

other words, the released air from the cavern should be combined with external fuel in the 239 
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combustion chamber to enable the turbine [42]. Also, in simple cycle mode, CAES operates as a 240 

diesel generator and requires external fuel to operate. Therefore, the emission pollution by the 241 

CAES facility during discharging and simple cycle modes are represented by third and fourth terms 242 

of (2), respectively. The power and heating purchased from the corresponding market lead to 243 

emission pollution. Therefore, the two last terms of the objective function (2) deal with emission 244 

pollution, caused by power and heat purchased. 245 

The sets of constraints related to multiple technologies in CHP-based RMG, as well as network 246 

constraints, are represented in the following.  247 

2.2. MT constraints 248 

Constraints of MTs optimal scheme are expressed by (3) -(12).  Constraints (3) and (4) represent 249 

the active and reactive power output limits. The ramp-up and ramp-down rates for continuous 250 

times are given in (5) and (6), respectively. Constraints (7)-(10) are related to the minimum up and 251 

downtime limits [43]. The start-up and shut-down cost limits are respectively established by (11) 252 

and (12).  253 

 254 
(3) min max

, , , ,i i t i t s i i tP I P P I≤ ≤ 

(4) min max
, , , ,i i t i t s i i tQ I Q Q I≤ ≤ 

(5) , , , -1,- up
i t s i t s iP P R≤ 

(6) , 1, , ,
dn
gi t s i t sP P R− − ≤ 

(7) 
,, , 1 , i ui t i t i t TUI I I− +− ≤ 
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, , 1 ,

,

( )
0
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i t

SD SDC I I
SD

−≥ −

≥
 

 255 
2.3. CHP unit limitations 256 

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

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

Fig. 2.  259 

 260 

Fig.  2. Power and heat feasible region for the convex CHP operation.  261 
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There are four boundary points to determine the generated electricity and heating energy value by 262 

CHP. Constraints (13) -(17) determine the relationship between generated heating and power based 263 

on the four boundary points. The ramp-up and ramp-down limits are given in (18) and (19), 264 

respectively. Equations (20) -(23) show the minimum up and down-time limitations for CHP.  265 

 266 

2.4. CAES constraints 267 

The proposed RMG is integrated with CAES that can operate in three operation modes: charging, 268 

discharging, and simple cycle modes. The simple-cycle process is the starting point for a natural-269 

,
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gas-fired plant. Clean-burning natural gas powers a combustion turbine, which is connected 270 

directly to a generator that produces electricity that can operate as a micro-turbine. Sometimes 271 

during the operation of CAES, the air cavern is depleted. In order not to disrupt the network, the 272 

CAEE must deliver the amount of power to the network. As it is not possible to discharge to the 273 

CAES, it operates in the simple cycle mode to generate electricity as a micro-turbine. The 274 

restrictions of the CAES scheme are given in (24) -(31). The logical constraint that separates the 275 

CAES operation mode at each time is represented by (24). The charging, discharging, and power 276 

output in simple cycle modes are bounded by the maximum values that are respectively 277 

represented by (25)-(27). The energy capacity of CAES is limited as expressed in (28). Equation 278 

(29) realizes the equality condition for the final and initial energy levels. The current available 279 

energy capacity of CAES is calculated in (30) [42]. During discharging and simple cycle modes, 280 

reactive power is produced by the CAES. Hence, the power output by the CAES is limited by (31). 281 

, , , 1        ch dis sc
t s t s t su u u+ + ≤  (24) 

,

,max
,0       

t s

ch ch ch
t sP P u≤ ≤  (25) 

,

,max
,0        

t s

dis dis dis
t sP P u≤ ≤  (26) 

,max
, ,0        sc sc sc

t s t sP P u≤ ≤  (27) 

min max
,        t sE E E≤ ≤  (28) 

0, int                  t sE E= =  (29) 

, , ,1,        ch dis
t s t s t st sE E P P ER−= + − ×  (30) 

( ) ( ) ( ), ,

2 2 2exp exp
, max+        

t s t s

dis sc
t sP P Q S+ ≤  (31) 

2.5. TES constraints  282 
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The fast-growing of the multi-carrier energy system provides a suitable opportunity to develop 283 

TES in the energy system for achieving multiple economic and environmental benefits [44]. The 284 

logical constraint for the TES operation is expressed in (32). Equations (33) and (34) signify the 285 

min and max limits of discharged and charged heating values, respectively. Equation (35) 286 

determines the heating capacity. The heating capacity limit is represented in (36). Equation (37) 287 

realizes the equality condition for the final and initial energy levels of TES. 288 

, , 1D CH
t s t sIh Ih+ ≤ (32) 

,min ,max
, , ,

D D D D D
t s t s t sH Ih H H Ih≤ ≤ (33) 

,min ,max
, , ,

CH CH CH CH CH
t s t s t sH Ih H H Ih≤ ≤ (34) 

,
, -1, ,(1 )

D
t sCH CH

t s t s t s D

H
HS HS eh eh H

eh
= − + − (35) 

min max
,t sHS HS HS≤ ≤ (36) 

0, 24,t s t sHS HS= == (37) 

 289 
2.6. DRP constraints  290 

As previously discussed, the shiftable loads are considered in RMG's model. Based on the time 291 

activity of multiple loads, the RMG operator can schedule the responsible loads. Equation (38) 292 

expresses the amount of load after the DRP. The total value of load interruption at any period 293 

should be compensated at other hours as established in (39). The load value that participates in 294 

DRP is limited by (40).  The maximum allowable load that participates in DRP is determined in 295 

(41). The LPF factor denotes the load participating factor in DRP. There are several types of 296 

consumers in the system. However, only a percentage of the system load participates in the DRP. 297 
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In this paper, 10% of the load participates in the DRP, hence the LPF equals 0.1. Constraint (42) 298 

expresses the active and reactive responsible loads relationship.    299 

(38) , , , , , ,
DR
l t s l t s l t sD D DR= + 

(39) , , 0l t s
t

DR =∑ 

(40) max
, , , ,l t s l t sDR DR≤ 

(41) max
, , , ,l t s l t sDR LPF D= 

(42) , , , ,tanDR DR
l t s l t sQ Dφ= 

2.7. Wind power generation constraint 300 

The power produced by the wind unit depends on the hourly wind speed. The power generated by 301 

the wind unit is calculated by (43). Equation (44) shows the active and reactive power limits of the 302 

wind turbine. The value of wind power curtailment shouldn't exceed the hourly wind power output 303 

in each scenario.  304 
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w t s w t sP P≤ 
 305 
 306 
2.8. Power flow constraints 307 

As previously discussed, the AC-optimal power flow model is established to model the power flow 308 

in the RMG. Active and reactive power balance restrictions are represented by (46) and (47), 309 
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respectively. It should be noted that the two first terms in (46) and the first term of (47) are only 310 

considered for the main bus. The active and reactive power flow in each feeder is calculated by 311 

(48) and (49). The thermal capacity limit of the feeder is established by (50). Constraint (51) 312 

expresses the voltage limitation on buses.  313 

(46) 
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(50) 2 2 2
, , , ,L t s L t s LPF QF S+ ≤ 
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, ,b b t s bV V V≤ ≤ 

 314 
2.9. Reconfiguration constraints  315 

The reconfiguration modifies the MG structure by changing the switches' status. The 316 

reconfiguration capability can transfer the load from heavily loaded parts to lightly ones 317 

contributing to power loss reduction. In this way, the maximum utilization of the feeders' capacity 318 

is achieved. Two types of switches named normally closed and normally opened (tie-switches) are 319 

embedded in the MG. The status of each switch is indicated by a binary variable ( ,L tK ). ,L tK320 

equals 1 if the switch is closed, being 0 otherwise. Constraint (52) and (53) reformulate the active 321 

and reactive power flow considering reconfiguration capability. To guarantee the radiality 322 

structure of CHP-based RMG, in each given period, the number of opened switches must be equals 323 
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to the number of primarily opened switches before applying the reconfiguration process. In other 324 

words, no loops should appear in the structure, as established by constraint (54). Constraint (55) 325 

satisfies the radiality topology and prevent making any loops. 326 
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 327 

2.10. Thermal balance constraint  328 

The CHP system generates power and heat based on the feasible operating region. Also, the TES 329 

is coupled with the CHP system to store the generated heat and enables RMG's operator to sell 330 

heating energy to the thermal market. Constraint (56) establishes a thermal balance constraint.  331 

(56) , , , , ,
ychD CH sell bu

t s t s t s t s t s
pH H H H H− −=+ 

 332 

3.    Solution method 333 

As discussed, the optimal RMG scheduling in the presence of multiple components to minimize 334 

operation costs, as well as emission pollution, is formulated as a multi-objective optimization 335 

problem. To solve the proposed multi-objective problem, the Ɛ-constraint method is implemented, 336 

which is described as following.  337 

It is assumed that there is an optimization problem including k-objectives (that may have a conflict 338 

with each other), and corresponding constraints as (57): 339 
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{ }1 2 2 max ( ), ( ), ( ),......, ( )

 Subject to:
                

kW f x f x f x f x

x A

=

∈

 (57) 

Where A is a feasible region for the multi-objective problem and x is a set of decision variables. In 340 

the epsilon-constraint method, one of the objective functions is captured as the basic goal, and 341 

others are assigned as its constraints. For example, the multi-objective problem (57) is transferred 342 

to (58) based on the epsilon- constraint: 343 

1

2 2

3 3

 max ( )
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                ( )
                ( )
                
                ( )
                

k k

W f x

f x
f x

f x
x A

ε
ε

ε

=

≥
≥

≥
∈



 (58) 

The members of Ɛ-set: { }2 3 4, , ,..., kε ε ε ε , are modified parametrically to find the most optimum 344 

solutions. The optimum solution values of Ɛ-set are determined based on the k-1 objective 345 

functions. 346 

There are various methods to find the optimal solution among the generated Pareto set in the multi-347 

objective optimization problem. The fuzzy-based decision-making approach is one of the best 348 

solutions to find the optimum solutions among all solutions in the Pareto set. In this approach, for 349 

all available solutions in the Pareto set, the membership function [0,1]∈  is assigned. The 350 

membership function shows the degree of optimally for all objective functions of the kth Pareto 351 

solution. For each of the objective function in (57), the fuzzy membership is calculated as follows: 352 
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     (59) 

To specify the best reconciliation between produced solutions, the min-max method based on the 353 

minimum values of 1f and 2f , and selecting the maximum optimum of  { }1 2
ˆ ˆmin ,f f 

   is applied.  354 

Fig. 3 shows the flowchart of the proposed multi-objective operation of renewable and CHP-based 355 

RMG with multiple components to minimize operational cost and emission, which is solved by Ɛ-356 

constraint and fuzzy-based decision-making method. 357 
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 358 

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

 361 
4.    Simulation Results 362 

4.1. Case study 363 

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.

Generating scenarios for Wind speed using 
Weibull distribution 

Generating scenarios for Market price using 
Normal distribution 

Reducing the number of Produced scenariosTo desired scenario via SCENRED tool in GAMS 
software 

Objective function 1:
Minimize operation cost of RMG

Objective function 2:
Minimize emission pollution

Multi-objective optimization 
Trade-off analyzing

 Ɛ -constraint method
Ɛ =Min{emission} 

Transfer OF1 and OF2  with corresponding constraint to:

Min OF1
           OF2  ≤ Ɛ 

     +  
            (3)-(56)    

  Ɛ ≥ Max {emission}ɛ=ɛ+Δɛ 

Normalized the solution of k objective

Determining the optimum compromise solution by (59)

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

Multi-objective framework 
based on epsilon-constraint 
and fuzzy-decision making 

approach 
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The proposed multi-objective CHP-based RMG model, equipped with multiple components, is 364 

examined on the sampled 10-bus microgrid, which is depicted in Fig. 4. The forecasted load 365 

demand (active and reactive) with wind power output is depicted in Fig. 5. The daily power and 366 

thermal prices are shown in Fig. 6. All the characteristics of MTs (G1 and G2) and  CHP units are 367 

presented in [34, 45]. The maximum charge, discharge, and simple cycle value of the CAES 368 

facility are 20 kW, and the maximum capacity of the cavern is 100 kWh. Other characteristics of 369 

the CAES facility are given in [20]. The maximum capacity and charge and discharge values of 370 

TES are 20 kW, 20 kW, and 100 kWh, respectively. The natural gas price is assumed to be constant 371 

during the time horizon and equal to 1.8 ¢/Mbtu. Also, the cost of demand response is considered 372 

5 ¢/kWh. 373 

 374 

Fig.  4. The sampled 10-bus reconfigurable microgrid with multiple components. 375 
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 376 

Fig.  5. The forecasted load demand and wind power generation. 377 

 378 
Fig.  6. The hourly power and heat prices. 379 

4.2. Numerical results 380 

The proposed multi-objective problem was formulated as an MINLP model carried out in GAMS 381 

software and solved by a DICOPT solver. To model uncertainties caused by electricity power price 382 
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and wind power production, 1000 scenarios are produced using the Monte-Carlo simulation that 383 

is reduced to 10 most likely scenarios using the SCENRED tool in GAMS software. It should be 384 

noted that the forecasted errors of wind power and electricity price follow the Weibull and Normal 385 

distribution function, respectively [46].  386 

Numerical results are provided for two cases. At first, the optimal operation of the CHP-based 387 

RMG is solved as a single objective model to minimize operational cost. Then, the multi-objective 388 

two-stage optimization model of the CHP-based RMG to minimize emission and operational cost 389 

is extended.  390 

The probability and corresponding operational cost of each scenario are indicated in Table II. 391 

Hence, the expected value of the total operation cost is $90164.65.  392 

Table II. The operation cost and probability value for reduced scenarios 393 

Scenarios S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 

Scenarios 

probability 
0.153 0.047 0.109 0.002 0.002 0.021 0.158 0.252 0.154 0.102 

Operation 

cost (¢) 
89413.626 78085.459 91846.177    94553.085 92693.746 90760.152 90292.785 85408.517 87257.926 74309.178 

 394 

To demonstrate the effects of the proposed model, the following cases are examined: 395 

1. Evaluating the optimal scheduling of RMG under a single-objective model. 396 

2. Evaluating the optimal scheduling of RMG considering economic and environmental goals 397 

based on the multi-objective framework.  398 

    According to Table II, scenario number 8 has the highest probability. Hence, this scenario is 399 

selected to show the results, including power dispatch, CAES scheme, DRP effects, hourly 400 

reconfiguration, etc. in detail. 401 

• Evaluating the power dispatch in Case 1 402 
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The optimal power dispatch of the local generation resources, as well as the hourly power 403 

exchanged with the upstream network for scenario number 8, is given in Fig. 7. For the periods 404 

12-23 (higher load demand hours), the CHP unit is committed to producing power with the 405 

maximum capacity. The G1 is committed for periods between 13 to 23 to satisfy economic 406 

benefits, while the G2 as the expensive generation unit, is only committed between hours 14-22 407 

when the load demand reaches a higher value. Furthermore, as shown in Fig. 6, when the electricity 408 

price is low, the RMG operator tends to purchase more power from the upstream grid. As the 409 

electricity prices reach higher values, the power purchased from the grid is reduced. For the periods 410 

18-20, as the electricity price is higher than other periods, the operator tends to sell extra power 411 

generated by local resources to the upstream network and contributes to more economic savings 412 

benefits.  413 

 414 

Fig.  7. Hourly power dispatch by units and power exchanged with the main grid in scenario 8. 415 
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The optimal scheme of the CAES facility for scenario number 8 is given in Fig. 8. According to 417 

Fig. 8, for periods 1-4, as the electricity price is lower than other hours, the CAES is charged. 418 

Then, for the periods, including 13, 17-18, and 22, the CAES is discharged and injects the power 419 

to the MG. Also, for the periods, including 14-16, 19-21, and 23, CAES operates in the simple-420 

cycle mode and generates electricity to meet local demand. The main reasons for this phenomenon 421 

are related to the higher electricity price compared with natural gas price, as well as the operation 422 

cost of CAES in simple-cycle mode compared to discharged mode. Therefore, at these periods, 423 

CAES operates as a conventional diesel generator and generates power to satisfy more economic 424 

benefits. 425 

 426 

Fig.  8. The optimal scheme of CAES facility for scenario number 8. 427 

 428 
 429 

• Evaluating the thermal energy procedure  430 

The optimal scheme of TES, as well as the generated heat by the CHP unit for scenario number 8, 431 

are depicted in Fig. 9. According to Fig. 9, at lower heat prices, the TES is charged. As the heat 432 

prices reach higher values, TES is discharged. Also, due to the feasible operation region and the 433 
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interdependency between produced electricity and heating energy by the CHP, as it is committed 434 

to producing electricity, the heating energy is generated. Therefore, the coordinated scheme 435 

between the CHP unit and TES provides an opportunity for the operator to participate in the 436 

thermal market and saving costs.  437 

 438 

Fig.  9. The hourly charging-discharging scheme of TES and generated heat by CHP unit for scenario 8. 439 

• Evaluating the DRP on the load profile in Case 1 440 

The effect of the DRP on the hourly load profile for scenario number 8 is depicted in Fig. 10. 441 

According to Fig. 10, the load demand shifts from higher electricity price hours to lower electricity 442 

prices times through DRP execution. For the first hours of the day, when the electricity is lower 443 

than in other periods, the load profile is increased. For the higher demand hours (16-23), the 444 

operator encourages the responsible load to reduce their demand. Consequently, the load profile 445 

peak is shifted. Increasing and decreasing load value during off-peak intervals, and peak hours, 446 

respectively, while smoothes the load profile compared with the initial load profile, provides an 447 

appropriate solution for more cost-saving.  448 
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 449 

 450 

Fig.  10. The effect of DRP on the network load profile.  451 

• Evaluating the effect of reconfiguration capability 452 

The optimal hourly topology of the RMG in scenario number 8 is given in Table III. As previously 453 

discussed, reconfiguration uses the maximum of the feeder's capacity by transferring the load from 454 

heavily loaded parts to lightly ones. As can be seen from Table III, there are two open switches in 455 

the RMG's topology at each period. The optimal scheduling of the network switches results in 456 

minimizing the RMG power loss, which contributes towards a lower operating cost.  457 

Table III. The optimal hourly switches status through reconfiguration. 458 
Time (h) K1 K2 K3 K4 K5 K6 K7 K8 K9 K10 K11 

1            
2            
3            
4            
5            
6            
7            
8            
9            
10            
11            
12            
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13            
14            
15            
16            
17            
18            
19            
20            
21            
22            
23            
24            

 459 

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

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

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

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

power loss of up to 10.28%. 464 

Table IV. Simultaneous effect of multiple resources on the expected operation cost, and power loss. 465 
 - CAES CAES+TES CAES+TES+DR CAES+TES+DR+ 

reconfiguration capability 
Expected operation cost 

(¢) 94513.417 93112.187 92866.900   90766.465 90162.964   

Expected power losses 
(kWh) 145.6   144.3 144.3 155.6 139.6 

 466 

Case 2:  467 

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

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

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

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

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

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

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

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

detail.  477 

Table V. The optimal Pareto solutions for the proposed multi-objective problem. 478 
Iteration 

Expected operation cost 

(¢) 

Expected emission 

(kgco2/day) 1

^
f  2

^
f  

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 

• Evaluating the optimal scheduling of CAES in Case 2 481 

The optimal power dispatch of local generation units, including G1, G2, and CHP for iteration 482 

numbers 2 and 6 are compared in Fig. 11. According to Fig. 11, the values of total power dispatch 483 

by all units (especially G1 and G2) are significantly increased, which increases the operational 484 

cost, and consequently, reducing the emission pollution.  485 
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 486 

Fig.  11. The effect of pollution reduction on the power generation for two iterations.  487 

• Evaluating the optimal exchanged for Case 2 488 

The hourly power exchanged between the main grid and RMG for iterations numbers 2 and 6 is 489 

drawn in Fig. 12. The power purchased has a significant impact on total emission pollution. Hence, 490 

in iteration number 6, as the total operational cost increases, the operator tends to decreases the 491 

power exchanged with the upstream network, results in emission pollution reduction.  492 

0

200

400

600

800

1000

1200

1400

1600

1800

CHP G1 G2

E
xp

ex
te

d 
po

w
er

 d
is

pa
tc

h 
(k

W
h)

 

Iteration 2 Iteration 6



37 
 

 493 
Fig.  12. The effect of pollutant gas production reduction on the microgrid power exchange 494 

 495 
 496 

• Evaluating the optimal scheme of CAES and TES  in Case 2 497 

The optimal scheme of CAES and TES for iteration number 2 and 6 are shown in Table VI. In 498 

iteration number 6, the value of the charge and discharge scheme for the TES is significantly 499 

reduced. Also, the CAES is mainly operated in a simple cycle mode. The heating exchanged with 500 

the thermal market decreases, and TES is less utilized in iteration number 6. Also, by operating in 501 

the simple-cycle mode in iteration number 6, the CAES facility releases less carbon dioxide. 502 

Consequently, the environmental benefit is satisfied.  503 

 504 
Table VI. Energy distribution of CAES and TES for two different iterations. 505 

 TES CAES 
 Iteration 2 Iteration 6 Iteration 2 Iteration 6 

 Charge 
mode 

Discharge 
mode 

Charge 
mode 

Discharge 
mode 

Charge 
mode 

Discharge 
mode 

Simple 
cycle 
mode 

Charge 
mode 

Discharge 
mode 

Simple 
cycle 
mode 

Power 
(kWh) 82.81 71.606 20 17.691 80 72.2 160 0 0 340 

 506 
• Evaluating the reconfiguration capability in Case 2 507 

The four switches status with the most changes in the hourly topology of RMG in iteration number 508 

2 and 6 for scenario number 8 are given in Table VII. As can be seen, the optimal hourly switch 509 
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status for two iterations are different. The optimal switches status in iteration number 6 is to reduce 510 

the total emission pollution.   511 

Table VII. The optimal scheduling of the reconfiguration process for two different iterations. 512 
Time (h) Iteration 2 Iteration 6 

 K2 K7 K10 K11 K2 K7 K10 K11 
1         
2         
3         
4         
5         
6         
7         
8         
9         
10         
11            
12         
13         
14         
15         
16         
17         
18         
19         
20         
21         
22         
23         
24          

 513 

5.  Conclusion  514 

The optimal two-stage multi-objective scheduling of the combined heat and power-based 515 

reconfigurable microgrid integrated with demand response program, compressed air energy 516 

storage, thermal energy storage, and wind energy was proposed in this paper, which considers the 517 

reconfiguration capability. The operator optimized the operation of multiple components, as well 518 

as power and heating, exchanged (selling or purchasing) with electricity and thermal markets, 519 

considering the AC-power flow equation to minimize total operational cost and emission pollution. 520 

By considering wind power, and electricity price variability, the proposed model was formulated 521 
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as multi-objective two-stage stochastic programming, and the Ɛ-constraint approach was used to 522 

solve the problem. The proposed model was examined on a reconfigurable microgrid test system, 523 

and numerical results were discussed for different cases. The following major conclusions are 524 

drawn from the results: 525 

• The integration of multiple energy storage systems consists of CAES, and TES reduces the 526 

total operational cost up to 1%. 527 

• The integration of demand response programs in the model reduces the total operational 528 

cost up to 2.26%. 529 

• For more emission reduction, the CAES facility is only operated in simple-cycle mode, and 530 

the charge/ discharge scheme of TES is mainly reduced. Also, the power exchanged 531 

between RMG and the upstream grid is reduced to satisfy environmental benefits.  532 

• Reconfiguration capability transfers the load from heavily loaded sections to lightly ones, 533 

contributing to the power loss reduction of up to 10%. 534 

• Simultaneously integration of all flexible resources, including CAES, TES, reconfiguration 535 

capability, and demand response, reduce total operational cost and emission up to 3% and 536 

10.28%, respectively. 537 
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