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Abstract The electric power system consists of units for electricity production,
devices that make use of the electricity, and a power grid that connects them. The
aim of the power grid utilities is to enable the reliable transportation of electrical
energy from the production to the consumption, while satisfying system constraints,
and all these for the lowest possible price. Conventional power system is facing the
problems of gradual depletion of fossil fuel resources, poor energy efficiency, and
negative environmental effects. These problems have persuaded system utilities to a
new trend of power generation. The new trend incorporates power production at
distribution voltage level by using non-conventional or renewable energy sources
such as natural gas, biogas, wind power, solar photovoltaic cells, fuel cells, com-
bined heat and power (CHP) systems, and micro turbines. Microgrids (MGs) are
accounted as the building blocks of the future power systems known as smart girds.
This chapter presents the power flow constrained short-term hourly scheduling of
DG units. In the most of the MG scheduling literature, the physical constraints of
electric power transmission, known as power flow constraints, has not been taken
into account. This simplification may result in a solution that is not technically
acceptable. In this study, a MG incorporating cogeneration facilities, conventional
power units, and heat-only units are considered. The optimal scheduling determines
the performance of units in order to supply whole electrical and thermal demand of
the MG as well as determining the amount of exchanging power between main and
microgrid. In addition, the heat–power dual dependency characteristic in different
types of CHP units are considered, and all technical constraints of generation units
have been satisfied as well. A mixed-integer linear formulation has been employed
to model the non-convex feasible operation region of CHP unit. In this study, a heat
buffer tank, with the ability of heat storage, has been incorporated in the proposed
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framework. Moreover, in order to consider realistic model of the problem, network
operation constraints such as voltage magnitude of buses and line flow limits are
taken into account.

Keywords Microgrids � Distributed generation (DG) � Short-Term scheduling �
Combined heat and power (CHP)

1 Introduction

In recent years, the rapid escalation in implementation of fossil fuel, poor energy
efficiency, and environmental issues have been a significant concern for many
utilities, modern societies, and researchers [1, 2]. Effectively use of distributed
energy resources (DER), (e.g., wind, biomass, solar, and hydro), combined heat and
power (CHP) systems and energy storage technologies may result in a more flex-
ibility, low cost, environmentally, friendly and reliable energy [3, 4]. Aggregation
of various DERs, storage devices, and loads, at medium and low voltage distri-
bution systems, forms small power systems called microgrids (MGs). The MGs can
be utilized either interconnected or isolated from the main distribution grid as a
controlled entity [1, 5].

Recently, incorporating CHP units in MGs have drawn more attention [6].
Utilizing the CHP systems for simultaneous supply of electrical and thermal energy
is the primary motivation. In addition, conversion of primary fossil fuels, even by
the most modern combined cycle plants, could only achieve efficiencies between
50% and 60%. However, during electricity generation process of CHP units
employing waste heat to provide thermal energy will result in fuel conversion
efficiencies of the order of 90% [7]. It should be mentioned that the heat and power
outputs of CHP units are non-separable and dependent to each other. In other
words, in a CHP system, the power generation limitations depend on the heat
generation of system, and the heat generation borders depend upon the power
generation of the system. In [8, 9], the CHP economic dispatch (CHPED) problem
is handled envisaging heat–power dependency feature.

In deregulation and restructured power system, the MG owner tries to supply the
MG electrical and heat demand at minimum cost. In this regard, the MG owner
would use various resources such as self-generating facilities and highly competi-
tive electricity markets. Due to MGs major technological and regulatory innovation
of small-scale on-site CHP-based DERs, MG has become empowering to compete
with traditional centralized electricity plant [10]. However, the CHP-based MG
owner should consider network operation constraints as well as all technical con-
straints of generation units in the scheduling problem.

Most researchers concentrate on the management and scheduling ofMGs [11–14].
In [11], an intelligent MG energy management with aim of emission and operation
cost minimization has been investigated. In [12], a model to make energy trading
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decisions has been proposed. The proposed model in [12] determines scheduling of
units envisaging systems constraints.

The scheduling problem of a MG with islanding constraints is studied in [13].
The objective of [13] is to minimize the MG total operation cost. The problem is
decomposed into a grid-connected operation master problem and an islanded
operation subproblem. A stochastic framework for operation management of MGs
has been proposed in [14]. This paper considers the grid-connected mode, which
includes photovoltaic panel (PV), wind turbine (WT), micro-turbine, fuel cell, and
energy storage devices.

Operation of CHP units in terms of satisfying both thermal and electrical demand
has been investigated in many works [9, 15, 16]. In these works, the hourly
scheduling of industrial and commercial customers with cogeneration facilities has
been studied, taking the feasible operation region of CHP units into account. In
[17], operation of a micro-CHP-based residential MG has been investigated.
Thermal load has been studied in [17] in terms of the required hot water and desired
building temperature. A mathematical framework for operation of micro-CHPs in a
MG has been addressed in [18]. In this work, the grid-connected mode is consid-
ered for MG, in which, the MG is able to interchange the electrical energy with the
main grid. The objective of the proposed model in [18] is to minimize total costs
while meeting heat demand of the grid. In [19], a stochastic programming frame-
work for optimal 24-h scheduling of CHP-based MGs has been proposed. The
authors of [19] aim at finding the optimal set points of energy resources for profit
maximization, considering uncertainties and demand response programs.

Considering the physical constraints of electric power transmission in the MG
scheduling is very vital, especially in the presence of multiple demands.
Operational challenges of a MG associated with renewable energy resources
(RES) and controllable loads have been addressed in [20]. The power flow
(PF) constraints have been taken into account in [20]. Power flow constraints in MG
scheduling problem with multiple demands have not been taken into account in all
above mentioned works.

In the current chapter, 24-h PF-constrained scheduling of CHP-based MG is
conducted. The purpose of the work is to take advantage of the opportunity, to sell
any excess electricity to the market in order to maximize the revenue regarding to the
prices in the day-ahead market. The unit’s operating costs as well as start-up and
shutdown costs and cost of power purchases from the power market have been taken
into account while satisfying the heat and power demand of the MG. Moreover,
network operation constraints such as voltage magnitude of buses and line flow
limits have been considered to simulate more realistic model of the problem.

This chapter assumes that the MG possesses a power-only unit, a boiler unit, and
two cogeneration facilities. In addition, a heat buffer tank, with the ability of heat
storage, has been incorporated in the proposed model. The solution of the scheduling
problem meets the terms of technical constraints of all facilities, comprising of
minimum up/down time of the facilities, minimum and maximum capacity of units,
and dual dependencies of heat and power generation in the CHP systems. The
detailed descriptions of proposed model are provided in the following sections.
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2 Problem Statement and Mathematical Formulation

The optimal loadflow constrained schedulingproblem is formulated as amixed-integer
nonlinear programming optimization problem. The objective of the optimal operational
scheduling of the CHP-based MG is minimizing the cost of power and heat procure-
ment over a day-ahead period of time, in the presence of several constraints.

2.1 Objective Function

The objective function of the scheduling problem is to minimize the total cost. The
facilities’ operation cost is of importance in the MG scheduling problem. Owing to
severe problems of frequent turning on and off [18], the diminishing of units’
start-ups and shutdowns is indispensable. Hence, against the most existing works,
the all units’ start-ups and shutdowns are incorporated in the objective function. It is
noteworthy to say that it is assumed that the MG is utilized in grid-connected mode
that can buy/sell the electricity from/to the main grid regarding to the market prices.

It is assumed that the CHP-based MG is equipped with conventional power and
heat-only units, CHP units, and the heat buffer tank. Therefore, the objective
function in the load flow constrained self-scheduling problem of MG to be mini-
mized encompasses the units’ start-up and shutdown costs, units’ operational cost,
expense of procuring energy from the utility as well as taking advantage of selling
power to the market:

OF ¼
X24
t¼1

ðPgrid
t � ktÞþ

XNCHP

k¼1

CkðPCHP;HCHPÞþ
XNP

l¼1

ClðPPÞþ
XNb

m¼1

CmðHbÞ
(

þ
X

h2k;l;m
CSUh;t � SUh;t þCSDh;t � SDh;tÞ

)
h 2 k; l;m

ð1Þ

where k, l and m represent the indices for cogeneration units, power-only units and
boiler units, respectively. Pgrid

t is the amount of electricity sold to the main network,
and kt indicates the forecasted market price at time t. Also, CSUh;t=CSDh;t stand for
the start-up/shutdown cost and SUh;t=SDh;t show the binary variables representing
the start-up/shutdown status of hth system at time interval t. Cht is the total oper-
ation cost of generation facilities, which will be described in the following section.

The total operation cost of a CHP unit [21], conventional power-only, CP
l;t, and

heat-only, CB
m; t, units, respectively can be defined as:

CCHP
k;t ¼ ak � PCHP2

k;t þ bk � PCHP
k;t þ ck þ dk � HCHP2

k;t þ ek � HCHP
k;t þ fk � HCHP

k;t

� PCHP
k;t

ð2Þ
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CP
l;t ¼ wl � PP

l; t ð3Þ

CB
m;t ¼ wm � HB

m;t ð4Þ

The binary variables SUh;t and SDh;t are used to model the start-up and shut-
down status of the facilities, as follows:

SUh ;t ¼ Uh; t � ð1� Uh;t�1Þ h 2 k; l;m ð5Þ

SDh;t ¼ ð1� Uh;tÞ � Uh ; t�1 h 2 k; l;m ð6Þ

where, Uh; t is binary variable, which is equal to 1 if the hth generation unit is
selected at time interval t; otherwise it would be zero. ak; bk; ck; dk; ek and fk
represent cost coefficient of cogeneration facility, wl and wm indicate the linear cost
coefficient of power-only and heat-only facilities, respectively.

2.2 Constraints

The objective function is restricted by equality and inequality constraints, which are
as follows.

2.2.1 Load Flow Equations

This chapter considers PF equations in the CHP-based MG scheduling problem in
order to simulate more realistic framework of the problem. The following equations
characterize the flow of power throughout the system, which are determined by
Kirchhoff’s laws:

Pgrid
t þPg

i;t � Ui;t � Pl
i;t ¼

XNbus

j¼1

ð Vi;t

�� �� Vj;t

�� �� Yij
�� �� cosðhij;t � di;t þ dj;tÞÞ ð7Þ

Qgrid
t þQg

i;t � Ui;t � Ql
t ¼ �

XNbus

j¼1

ð Vi;t

�� �� Vj;t

�� �� Yij
�� �� sinðhij;t � di;t þ dj;tÞÞ ð8Þ

which are the active and reactive power flow equations, respectively. Nbus is
number of buses of the MG. Also, Pg

i;t and Qg
i;t are active and reactive power flow of

DERs located on bus i, respectively. Pgrid
t and Qgrid

t stand for active and reactive
power bought from the utility through the bus which is connected to the main grid
at time t, respectively. Vi;t is the voltage of bus i at time interval t. Yij and hij;t are
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magnitude and phase angle of feeder’s admittance. Pl
i;t and Ql

i;t are active and
reactive load of bus i at time t, respectively.

(a) Voltage limits

Voltage limits refer to the requirement for the system bus voltages magnitude,
Vi;t, to be kept at permissible range. Moreover, the voltage magnitude for substation
buses, Vs, should be maintained at the nominal value Vn

s :

Vmin � Vi;t

�� ��� Vmaxj j ð9Þ

Vsj j ¼ Vn
s : ð10Þ

(b) Exchangeable power limit

Exchangeable apparent power with the main grid has to be in a limited bound in
order to have the stable operation [22].

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pgrid2

i þQgrid2

i

q
� Sgridmax ð11Þ

(c) Apparent power Flow limits for branches

It is essential to keep the apparent power flowing from each branch, Sbr;t of MG
in its admissible range:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P2
br;t þQ2

br;t

q
� Smax;br ð12Þ

2.2.2 Generation Units Constrains

The operating constraints of generation units contain the minimum up/down time
limits, ramping rate constrains, and the generation capacity of facilities. The time
duration for which the generation units are on/off at time t, Xon

h;t ;X
off
h;t , could be

expressed as follows:

Xon
h;t ¼ ðXon

h;t�1 þ 1Þ � Uh;t�1 � Uh;t þð1� Uh;t�1Þ � Uh;t h 2 k; l;m ð13Þ

Xoff
h;t ¼ ðXoff

h;t�1 þ 1Þ � ð1� Uh;t�1Þ � ð1� Uh ; tÞþUh;t�1 � ð1� Uh;tÞ h 2 k; l;m

ð14Þ

where, Uh;t is a binary variable defining on/ off status of the hth generation unit.
Minimum up/down time (UT=DT) limits are imposed by:
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ðXon
h;t�1 � UTÞ � ðUh;t�1 � Uh;tÞ� 0 h 2 k; l;m ð15Þ

ðXoff
h;t � DTÞ � ðUh;t � Uh;t�1Þ� 0 h 2 k; l;m ð16Þ

The following equations formulate the ramping up/down rate limits (Rup=Rdown)
of power generation and CHP systems:

Ph;tþ 1 � Ph;t �Rup h 2 k; l ð17Þ

Ph;t � Ph;tþ 1 �Rdown h 2 k; l ð18Þ

(a) CHP units

It is noteworthy to say that the power and heat productions of the CHP units are
mutually dependent and could not be organized separately. Two types of feasible
operating region (FOR) can be defined for CHP systems [23]. The first and second
types FOR of a CHP unit are exposed in Fig. 1. The first type FOR may be
characterized utilizing linear formulation and Eqs. (19)–(23) model this FOR in the
CHP-based MG scheduling problem [24].

PCHP
k;t � PCHP

k;A � PCHP
k;A � PCHP

k;B

HCHP
k;A � HCHP

k;B
HCHP

k;t � HCHP
k;A

� �
� 0 ð19Þ

PCHP
k;t � PCHP

k;B � PCHP
k;B � PCHP

k;C

HCHP
k;B � HCHP

k;C
ðHCHP

k;t � HCHP
k;B Þ� � ð1� Uk;tÞ �M ð20Þ

PCHP
k;t � PCHP

k;C � PCHP
k;C � PCHP

k;D

HCHP
k;C � HCHP

k;D
ðHCHP

k;t � HCHP
k;C Þ� � ð1� Uk;tÞ �M ð21Þ

P(
M

W
)

P(
M

W
)

A
B

C
D

H(MWth)

A
B

F

H(MWth)

C

D
E

G

Sec I Sec II

(a) (b)

Fig. 1 Power–heat feasible region for a CHP units a type 1, b type 2

Power Flow Constrained Short-Term Scheduling of CHP Units 153



0�HCHP
k;t �HCHP

k;B � Uk;t ð22Þ

0�PCHP
k;t �PCHP

k;A � Uk;t ð23Þ

where M is a sufficiently large number, and indices A, B, C, and D represent four
bordering points of the FOR in the first type of CHP system. Equation (19)
expresses the area under the curve AB. The area upper the curve BC and CD are
modeled implementing Eqs. (20) and (21), respectively. Referring to the Eqs. (20)–
(21), the output power for a decommitted unit (UK;t ¼ 0) would be zero. Moreover,
the heat and power generations for a decommitted unit have to be set to zero, which
would be executed by Eqs. (22) and (23), respectively.

As can be seen from Fig. 1, the FOR related to type two is non-convex which
may be divided into two-convex subregions, namely subregion I and subregion II,
as shown in Fig. 1. The type 2 FOR is surrounded by the boundary curve
ABCDEFG. Along the boundary curve BC, the power capacity decreases as the
heat generation of system increases, while the power capacity declines along the
curve CD. In this case, by employing the customary formulation, similar to the first
FOR type representation, the colored region (FEG) could not be developed.
Therefore, this non-convex area is handled by employing binary variables X1 and
X2 [23]. Hence, the non-convex region should be divided into two-convex subre-
gions I and II. The subsequent equations model the FOR of CHP unit in the MG
scheduling problem, [24]:

PCHP
k;t � PCHP

k;B � PCHP
k;B � PCHP

k;C

HCHP
k;B � HCHP

k;C
ðHCHP

k;t � HCHP
k;B Þ� 0 ð24Þ

PCHP
k;t � PCHP

k;C � PCHP
k;C � PCHP

k;D

HCHP
k;C � HCHP

k;D
ðHCHP

k;t � HCHP
k;C Þ� 0 ð25Þ

PCHP
k;t � PCHP

k;E � PCHP
k;E � PCHP

k;F

HCHP
k;E � HCHP

k;F
ðHCHP

k;t � HCHP
k;E Þ� � ð1� X1Þ �M ð26Þ

PCHP
k;t � PCHP

k;D � PCHP
k;D � PCHP

k;E

HCHP
k;D � HCHP

k;E
ðHCHP

k;t � HCHP
k;D Þ� � ð1� X2Þ �M ð27Þ

HCHP
k;t �HCHP

k;E � � ð1� X2tÞ �M ð28Þ

HCHP
k;t �HCHP

k;E �ð1� X1tÞ �M ð29Þ

X1t þX2t ¼ Uk;t ð30Þ
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0�HCHP
k;t �HCHP

k;C � Ui;t ð31Þ

0�PCHP
k;t �PCHP

k;A � Uk;t ð32Þ

In the second type, again indexes A, B, C, D, E, and F represent the connection
points of the FOR relevant to Fig. 1b. Equations (24) and (25) describe the region
under the curve BC and upper the curve CD, respectively. The upper area of the
curves EF and DE are described using (26) and (27), respectively. In Eqs. (26–29),
CHP unit operation in the first (second) convex subdivision of FOR could be
modeled by using X1t ¼ 1 (X2t ¼ 1). Referring to Eq. (30), the operation region of
CHP unit type 2 can be either I or II as the unit status is ON and none of them
whenever the unit turns OFF. Furthermore, for a decommited unit, Eqs. (31) and
(32) will fix the heat and power production to zero.

(b) Power-only and heat-only units’ constraints

The capacity restrictions of power and heat-only units can be stated as below:

PP;min
l � Ul;t �PP

l;t �PP;max
l � Ul;t ð33Þ

Hb;min
m � Um;t �Hb

m;t �Hb;max
m � Um;t ð34Þ

2.2.3 Heat Buffer Tank

The heat buffer tank has been developed from the model presented in [18]. The heat
buffer tank is subjected to the boiler and CHP units. In the proposed system, the
heat storing is also possible. The total produced heat, Ht, could be calculated as:

Ht ¼
XNCHP

k¼1

HCHP
k;t þ

XNb

m¼1

Hb
m;t ð35Þ

As the heat exposed to the heat buffer tank is, respectively, effected by the loss
(bloss) and extra heat generation (bgain) during shutdown and start-up periods, the real
heat, Ht, that the buffer tank would be supplied could be presented as follows [18]:

Ht ¼ Ht � blossSUh;t þ bgainSDh;t h 2 k; l;m ð36Þ

Hence, the existent heat in the heat buffer tank, Bt, could be stated as:

Bt ¼ ð1� gÞBt�1 þHt � HD
t ð37Þ

where g and HD
t are heat loss rate and heat demand at time interval t (MWth). In

addition, the capacity of heat storage is constrained as:
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Bmin �Bt �Bmax ð38Þ

In this chapter, the practical state of heat storage system is simulated by
envisaging the ramping up/down rates as below:

Bt � Bt�1 �Bcharge
max ð39Þ

Bt�1 � Bt �Bdischarge
max : ð40Þ

3 Simulation Studies

In this section, at first the structure of the considered MG is introduced, and
afterward the simulation results of optimal PF-constrained scheduling are presented.

3.1 Microgrid Structure

To investigate the validity and outperformance of the proposed scheduling model, a
six-bus meshed MG has been implemented as the test bed here. The single line
diagram of this system is depicted in Fig. 2. In the studied case, bus 1 is connected
to the main grid, and the MG is able to procure the power from the grid according to
the pool market prices. Referring to Fig. 2, the studied MG comprises a power-only

Bus 2

Bus 4

Bus 5

Bus 6

Bus 3

Bus 1

P

H Power only unit

P

H

Heat buffer tank

Boiler

1

63

7

2

4

8 9

CHP unit 1

CHP unit 2

5

Fig. 2 Single line diagram of six-bus meshed MG
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unit and a boiler unit, two cogeneration units with different FORs, and a heat buffer
tank along with the electrical and thermal loads. The location of all units is illus-
trated in Fig. 2. The fundamental network data including the active and reactive
loads for all buses and impedance of branches are presented in Fig. 3 and Table 1,
respectively [19, 25]. The admissible range for the voltage magnitudes of all buses

Fig. 3 Bus data a active loads, b reactive loads

Table 1 Line data (in per
unit)

Line no. Start bus End bus R X B

1 1 3 0.0342 0.18 0.0106

2 3 4 0.114 0.6 0.0352

3 1 2 0.0912 0.48 0.0282

4 3 4 0.0228 0.12 0.0071

5 3 5 0.0228 0.12 0.0071

6 1 3 0.0342 0.18 0.0106

7 2 4 0.114 0.60 0.0352

8 4 5 0.0228 0.12 0.0071

9 5 6 0.0228 0.12 0.0071
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has been determined to be between 0.95 and 1.05 p.u, respectively. The heat
demand of MG is developed from [19, 25] and provided in Table 2. In addition,
Table 2 presents the hourly market price in $/kW. The FOR of cogeneration units is
portrayed in Fig. 4. Characteristics of the heat buffer tank are provided in Table 3.
The start-up and shutdown cost of units are presented in Table 4. Table 5 provides
the cost function coefficients of CHP systems. The cost functions of power-only and

Table 2 Hourly thermal load of the MG and market prices

Hour
(h)

Thermal load at bus 2
and 5 (p.u.)

Market price
($/kWh)

Hour
(h)

Thermal load at bus 2
and 5 (p.u.)

Market price
($/kWh)

1 0.211 0.2704 13 0.324 0.4331

2 0.223 0.2662 14 0.249 0.3866

3 0.172 0.2036 15 0.359 0.6114

4 0.090 0.2178 16 0.383 0.6965

5 0.128 0.2565 17 0.276 0.6178

6 0.264 0.3174 18 0.357 0.4217

7 0.282 0.4466 19 0.316 0.4092

8 0.305 0.4789 20 0.372 0.5974

9 0.265 0.4975 21 0.405 0.4866

10 0.274 0.5427 22 0.404 0.3494

11 0.340 0.5145 23 0.333 0.4368

12 0.261 0.4008 24 0.260 0.4075

H(kWth)

247

98.8

180

215

104.8

81

P(
kW

)

P(
kW

)

H(kWth)

125.8

44
40

15.9 32.4 75 135.6

110.2

(a) (b)

Fig. 4 Power–heat feasible region for CHP units a unit 1, b unit 2

Table 3 Characteristics of
the heat buffer tank

bgain bloss g Bcharge
max Bdischarge

max Bmax Bmin

0.3 0.6 1% 5 5 30 0
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heat-only are supposed to be linear and stated in Eqs. (41)–(42), respectively. The
proposed optimization problem is a mixed-integer nonlinear programming
(MINLP) that considers the load flow constraint. Hence, the problem can be
classified as an optimal power flow problem, focusing on the energy resource
management in the MG. Mathematical modeling of the load flow constrained
CHP-based MG scheduling problem is solved by using SBB/CONOPT solver [26]
under General Algebraic Modeling System (GAMS) environment [27]. The SBB is
a GAMS solver for MINLP models. It is based on a combination of the standard
Branch and Bound method known as mixed-integer linear programming (MILP)
and the standard nonlinear programming (NLP) solvers, which are already sup-
ported by GAMS.

Cl;tðPPÞ ¼ 0:5� PP
l;t 0�PP

l;t � 150 kW ð41Þ

Cm;tðHbÞ ¼ 0:234� Hb
m;t 0�Hb

m;t � 200 kWth ð42Þ

In this chapter, two case studies have been investigated:

Case 1: CHP-based MG scheduling neglecting PF constraints.
Case 2: CHP-based MG scheduling considering PF constraints.

3.2 Simulation Results

3.2.1 Case Study 1

CHP-based MG scheduling In this case, the MG scheduling problem has been
solved using proposed framework. All technical and economic constraints
excluding PF constraints have been envisaged. Table 6 and Fig. 5 summarize the
results of case 1. Regarding Table 6, the cost of MG energy supply would be
$339.298. In addition, the MG revenue from the electricity market participation

Table 4 Operational constraints and economic data of generation units

Unit/characteristic Rup (kW) Rdown (kW) UT (h) DT (h) CSU CSD

CHP unit 1 100 100 2 2 10 10

CHP unit 2 60 50 2 2 10 10

Power-only unit 20 20 2 2 6 6

Boiler – – – – 4 4

Table 5 Cost function
coefficients of CHP units

Unit a b c d e f

CHP unit 1 0.0345 14.5 2.65 0.03 4.2 0.031

CHP unit 2 0.0435 36 1.25 0.027 0.6 0.011
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over 24-h time horizon would be $237.014. According to Fig. 5, CHP units 1 and 2
will produce about 62 and 26% of total produced power, respectively. Moreover,
power-only unit produces only 12% of total generated power. This fact is due to the
less operation cost of CHP units, in comparison with power-only unit and also CHP
units’ heat-power dependency.
Figure 6 illustrates the produced power of all units at the scheduling horizon. As
can be seen from Table 6 and Fig. 6, the MG would not purchase power from the
market. Due to low operation cost of CHP units, the MG prefers to sell the power to
the macrogrid regarding the market prices. It should be mentioned that the amount
of exchangeable power with grid has not been limited in this case. Hence, the CHP
unit 1 produces power in its maximum capacity at all time intervals, taking into

Table 6 Summarized simulation results of case studies

Generation
cost

Revenue from the
sale of power

Cost of buying
power

Value of objective
function

Case 1 $339.298 $237.014 $0 $102.284

Case 2 $288.951 $155.652 $0 $133.299

Fig. 5 Percentage of energy supply by different sources

Fig. 6 Generated and interchanged power results of the case 1
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account its ramp up rate constraint in order to take advantages of market partici-
pation. The CHP unit 1 does not produce heat at any intervals. Therefore, CHP unit
2 would provide all heat demand of the MG. According to simulation results, the
boiler would not participate in supplying heat demand, due to its higher operation
cost in comparison with CHP units.

3.2.2 Case Study 2

In the second case, the effect of PF constraints in the CHP-based MG scheduling
problem is scrutinized. The MG scheduling problem is solved, considering all
technical and economic constraints as well as PF constraints. The results regarding
case 2 are provided in Table 6. According to Table 6, the MG revenue from the
market participation would be $155.652. This revenue comes from selling the
excess electrical energy to the market as it is operating in the grid-connected mode.
The revenue has been decreased about 34.3% in comparison with the case study 1.
In addition, the generation cost is decreased to $288.951. This fact is due to PF
constraints which will limit the apparent power flowing from each branch of MG.
Moreover, according to Fig. 7, about 7% of produced power will be lost in the
branches of network.

Figure 8 presents the voltage magnitude of all buses. According to this figure,
the voltage magnitude of all buses is limited between 0.95 and 1.05 p.u. The
generated power of units has been depicted in Fig. 9. In this case, again,
power-only unit provides power, only in few hours of the day. Referring to Fig. 9
and market prices in Table 2, the MG sells power to the market according to the
pool market prices, namely the MG would sell more power in high market price
time intervals and less in low price hours to take the most advantages of
grid-connected mode and market participation. The heat production of units is
portrayed in Fig. 10. As can be seen from Fig. 10, the CHP units produce heat
according to their generated power and FOR. The boiler unit does not produce heat
at all, due to its high operation cost. Moreover, the buffer tank will be discharged

Fig. 7 Percentage of energy
spend on various items
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Fig. 8 Voltage magnitude of buses

Fig. 9 Generated and interchanged power results of the case 2

Fig. 10 Generated heat results of the case 2
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completely till hour eight, considering its ramp down rate. After hour eight, the
produced heat of CHP unit 1 meets the hourly heat demand of MG. Hence, there is
no need to store heat in the buffer tank.

4 Conclusions

This chapter presented a power flow constrained programing framework for opti-
mal hourly scheduling of a CHP-based MG, including two conventional power and
heat generation units, two types of cogeneration units, and a heat buffer tank. In the
optimal scheduling problem of the MG, the objective is to minimize thermal and
electrical energy supply cost of MG, as well as taking advantage of market par-
ticipation to sell excess power in high market price hours and purchase it in low
price time intervals. In this chapter, the CHP systems with heat–power dual
dependency characteristic are modeled using mixed-integer linear programming
formulation. This chapter discussed two case studies in order to scrutinize the
impact of PF constraints in the optimal hourly scheduling of CHP-based MGs.
According to the simulation results, the proposed model can cover the total thermal
and electrical demands with respect to economic criteria as well as physical con-
straints of the network. The results show that by applying PF constraints the value
of objective function has been increased about 30% from $102.284 to $133.299. In
addition, total amount of sold power to the pool market has been decreased com-
paring to the base case (case without PF constraint). This fact is due to PF con-
straints which will impose apparent power flowing from each branch of MG
limitation and power losses in the network.
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