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The penetration level of distributed generations and renewable energy sources have been generally in-
creased in power systems. However, such generation units with small capacities are not able to participate
in electricity markets. Therefore, virtual power plant (VPP) concept is defined to integrate such power
plants and cooperate them into power markets. A well-known type of distributed generation is com-
bined heat and power (CHP) units, which has attracted significant efforts in recent years. In this paper, a
VPP is modelled to obtain optimal participate into day- ahead market and response to local heat demand.
The VPP includes wind power, two types of CHP units, NaS battery for electrical components and CHP
units, heat storage, and boiler unit. Moreover, the stochastic model is accounted for scheduling of VPP
to meat uncertainty of wind power units. The proposed stochastic model for the VPP is simulated, and
the simulation results are reported and analyzed for evaluating the performance of the proposed model.
The analysis proves the effectiveness and practicality of the proposed model is participation of VPP in

electricity markets. © 2018 Journal of Energy Management and Technology
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1. INTRODUCTION

The penetration of renewable energy sources containing wind
turbines and photovoltaic systems have been increased in power
systems according to significant advantages of such power
sources, which include reduction of pollutant gas emission,
decrement of power losses, improving power quality and re-
liability indexes of the system, peak shaving and voltage reg-
ulation [1,2]. On the other hand, micro generation units such
as combined heat and power (CHP) units and diesel genera-
tors have been integrated to power systems in order to attain
active distribution networks and overcome issues appeared by
dramatic increment of load and insufficient power sources [3].
Micro generation units are not capable to participate in power
market, which has been proceeded by appearing concept of vir-
tual power plants (VPPs). The main objective of VPP concept is
managing a vast group of micro generation units, whose total ca-
pacity can be considered as a conventional power unit. All kinds
of micro generation units can be considered in VPP concept in-
cluding renewable energy sources, conventional power units,
battery storage units, and controllable loads. VPPs permits the
small generation units to assess the power market in aggregated

form. In addition, such units compensate unexpected power
fluctuations of renewable energy sources [4,5].

Energy storage units are introduced as practical solution to
overcome fluctuations associated with power generation output
of renewable energy sources, which are important technolo-
gies of smart grids. The application of energy storage units
takes advantages of providing ancillary services, improving re-
liability indexes of the system, and peak load shaving [6]. The
energy storage units and application of such units in energy
systems have been investigated in the area of power system
planning [7], energy markets [8], joint energy and reserve mar-
kets [9], and operation of micro-grids [10]. Different technolo-
gies have been introduced for storing energy in power network
including compressed air energy storage (CAES) [11], pumped-
storage units [12], spinning reserve criterion [13], fuel-cell tech-
nology [14], NaS storage [15], superconducting storage [16] and
lithium-ion batteries [17]. The authors have studied the ap-
plication of fuel cell and electrical energy storage systems in
optimal scheduling of a fuel cell-CHP based micro-grids in [3],
where the micro-grid is able to store the energy as electrical en-
ergy/hydrogen in off-peak hours and use it in on-peak hours.
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In [12], a coordinated scheduling framework is proposed for unit
commitment of a wind-pumped storage integrated system. The
effect of CAES unit in stochastic unit commitment problem of a
power system is investigated in [11] considering static voltage
stability analysis.

CHP plants produces heat and power, simultaneously by re-
covering the wasted heat during production process of power
by conventional thermal units [18]. The implementation of CHP
unit takes advantages of increasing the efficiency of providing
power and heat demands as 90% and reducing emission of pol-
lutant gases almost 13-18% [19,20]. The optimal power and
heat production scheduling of CHP plants should be provided
satisfying mutual dependency of generated power and heat of
such units, which is known as feasible operating region. Vari-
ous methods have been implemented for handling the optimal
scheduling of the CHP units and dealing with feasible operating
regions of such units such as Lagrangian relaxation [21], benders
decomposition [22], mixed integer non-linear programming [23]
and branch and bound method [24]. A robust model is proposed
in [10] for studying the uncertainty of power market price in
optimal scheduling of integrated heat and power micro-grids to
attain the optimal operation cost of the micro-grid in worst-case
condition of the power market price. In [25], real coded genetic
algorithm with improved Miihlenbein mutation is proposed for
obtaining optimal economic dispatch of CHP units in order to
satisfy the heat and power loads considering the operational and
electrical constraints. The authors have studied optimal schedul-
ing of CHP units in the day-ahead wholesale energy markets
using mixed-integer nonlinear programming in [23] considering
nonlinear dynamics of a CHP unit and the related individual
components.

The main objective of this study is investigating optimal
scheduling of VPP including NaS battery storage, CHP units,
and wind turbine as renewable energy source. The VPP studied
in this paper not only is able to cooperate in power market, but
also, is capable to supply heat demand of adjacent area. The
proposed model is simulated and the results are provided and
analyzed, which shows the effectiveness and practicality of the
model.

This paper is organized as follows: Section 2 prepares the
problem formulation of optimal scheduling VPPs. Case study
and simulation results are provided in Section 3. Finally, the
conclusion of paper is accomplished Section 4

2. PROBLEM FORMULATION

The mathematical model of VPP plant and distinct heat are
investigated in this section. The VPP includes micro generators,
CHP units and NaS batteries as electrical equipment. Also, CHP
units, boiler, and thermal storage are installed for supplying heat
demand. The mathematical of each components are introduced
in the following.

A. CHP units

The operational cost of CHP units is modeled in (1). According
this model can conclude that CHP cost depends on heat and
power generated in each time.

C]-(t,s) = le(Pj(t,S))z + b]'P(t,S) + C]'+
dj(Hj(t,S))z + ej H]'(f,S) —l—f] Hj(i’,S) P]-(t,s)

where, the parameters aj, bj, cj d i e and f] show the cost coeffi-

(1

cients of the j CHP plant. The power and heat generated by j*"
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Fig. 1. FOR of CHP type 1

CHP plant in st scenario are determined by P]-(t, s), H ]'(t, s), re-
spectively. Total CHP cost for time t in sth scenario is illustrated
by Ci(t,s). Also, the heat and power produced by CHP unit are
limited to its minimum and maximum values. This constraint is
show in (2).

P]Fmin % Vj(t,S) < Pj(t,S) < P].C"“‘x X V]-(t,S)
Himn x Vi(t,s) < H(t,s) < Hi™ x Vj(t,s)

)

where, the lower and upper bounds of power geneation of j"
CHP plant are defined by Pf“““ and ch'“"“, respectively. In ad-
dition, the respective indicators for minimum and maximum
heat geneation of j* CHP plant are defined by H;““" and H;m‘“,
respectively. The binary variable Vj(t,s) is used to define the
ON/OFF status of the j* CHP plant in s scenario.

Fig. 1 shows the feasible operating region (FOR) for CHP
type 1. The feasible operating region of the CHP type-1 can be
stated as equations (3)-(7).

Pespy(AS) —Peppy (BS)
Penpi(ts) = Peup (Ar8) = 50T o B (g

X (Heppy (t5) — Hepp(A,5)) <0

Peyypy (Bs) —Peyypy (Cos)
Perpi(t5) = Peppr (B,s) — Horiny (B.5) —Herpon (C.)

X (Hegpy () — Heppi (B,s)) > —(1—Veppi(t,s) ) x M
4)

P, (C,5)—P, (D,s)
Penpi(t8) = Pepp (Cr8) — g e = (D3)
X(Heppy(t:8) = Hoppy (Cr5)) = —(1 = Vegpy (£5)) x M

(5)

Equations (3) and (4) define the area under the curve AB, and
under the curve BC. In addition, equation (5) shows the area
under the curve CD. FOR of CHP type 2 is demonstrated in Fig.

2. CHP type 2 has a non-convex characteristic, which is divided
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Fig. 2. FOR of CHP type 2

to two convex regions. Equations (6)-(12) are applied to model
the FOR region.

_ _ Peripa (B,S)—Peypy (Cs)
Penr (t5) Penp (B,s) Heyypp (B,S)—Hepypy (C8) (6)

X (Pepzpy(t,8) = PEypy(B,s)) <0

_ _ Peripa(C8)—Peppy (C5)
PCHPZ(t’ S) PCHPZ(C’ S) Heppo (Cs)—Heppy (D,s) @)

X (Heppy(ts) — Heppa(Cr8)) 2 0

— Peripa (ES)—Pepipa (E.8)
Perpa(E/s) = gt B —He (Fe) ®)

Heppo(Ers)) > —(1= X (t,s)) x M

Peppy(t,s) —
X (Heppy(ts) —

P (Ds)—P
Pespaltss) = PespalD:3) = G ©
X(Heppy(ts) = Heppa (D, s)) = =(1 = X, (t5)) x
Xq(t,8) + Xy (t,8) = Vepp(t,s) (10)

Heppo(ts) = Heppa(E/s) < (1= X4 (t5)) x M (11)
Heppo(ts) = Heppo(E 5) =2 —(1=Xp(ts)) x M (12)
Equations (6) and (7) define the under the curve BC, and

upper the curve CD. In addition, the upper areas of curves EF
and DE are defined by (8) and (9).

B. Wind turbine

Due to the low operation cost of wind power generation, opera-
tional cost of such plants is often neglected in research studies.
The total power of wind farm is modeled as fellow:

0 Vivs (8:5) < Veutin (k) Viys (£5) 2 Veutout (k)
Vaos (45)=Veygin 0 3

Py (kt,s) = Veutin (k) < Vaws (£:5) < Vigeq (K)

Viated ) < Viys (t:9) < Veutout (k)
13)

P k) x
WG max (¥) (me{(k)*vcnhn(k))

PG max (K)

Wind speed and wind turbine characteristics are two parameters
which are utilized to model power injection of wind plants. The

available power of kth wind turbine at time t in st scenario

is indicated by Py (k, t,s). The cut-in, cut-out and rated speed
of the wind turbine k are defined by V4, (k), Veutour (k) and
Vyated (k). The nominal power output of the k' wind turbine is
determined by Py g max (k)-

C. NaS

Sodium sulfur (NaS) batteries are generally installed in wide
range of power ratings from 1.0 MW to 34 MW. This storage can
operate in three mode (charging, discharging, and off line) equal
other storage. A NaS batteries can formulated as follow:

us(t,s) < Npyise(t, ) < 2.6us(t, s) (14)

0 < Ps(t,5) < Npyise(t,s) Pmax (15)

0 < Py(t,s) < up(t,s)Pmax (16)

us(t,s) +up(t,s) <1 (17)

E(t,s) = E(t —1) — Ep(t,s) + Es(t,s) — Piyss(t,5) (18)

Emin < E(t/ S) < Emax (19)

d(t,s) = 34497N> 1. (t,5) +21.5962N7 . (t,5)

—45.7961N 5 (1,5) + 34.7117

(20)

7= (Npulse(tfs) X d(t,S))
d(t,s)

The constraint (14) is used to model Na$S pulse limitation. In
this equation, the pulse number is demonstrated by Np,s.. In
addition, the binary variable u; is used to determine charging
mode. The active and reactive power outputs through the AC-
DC converter can be controlled independently by NaS battery.
The power can be instantaneously discharged by such system
from one to five times as much as the rated capacity by suffi-
cient capacity of the AC-DC converter device. NaS battery has
a limitation of output based on the internal temperature. Due
to participation VPP in day ahead market, the maximum value
of Npyjse is set as 2.6. The power charging and discharging of
the NaS battery at time t in scenario s are defined by Ps(t,s)
and Py(t,s). The lower and upper limitation of charging and
discharging (Pmax) modes are considered in (15), (16), respec-
tively. The storage can operate as a certain mode each period.
The constraint (17) satisfies this limitation. The energy balance
is formulated in (18). In this constraint, E is the energy stored in
battery and Py, is the battery loss, which is calculated by using
(20), (21). The minimum (Ej,) and maximum (Emax) limits of
energy stored amount are provided by (19). In (20), the NaS
pulse trend is modeled by a third order polynomial. In addition,
the power loss versus different NaS pulse factors is obtained by
(21).

Ploss(tfs) =

u(t,s) (21

D. Boiler

The operation cost of the boiler is a function of generated heat
by such units, which can be stated as:

C(H,) =
The heat generated by boiler should be limited to its lower
and upper bounds as:

)‘h X Hli; (22)

HMM x Vi < HE < HP™ <V (23)
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Fig. 3. Bidding offer of the VPP

E. Thermal Storage
The thermal storage is modelled as following:

min x Vi< HY, < HR < VE, (24)
HR, X Ul < Hiyoo, < Hiiog, X Ulioer (25)
ut, +ub, <1 (26)

ATt = AL +HY - HY 27)

The minimum and maximum limitation of charging mode of
heat storage are accounted by (24). The similar limitations for
discharge condition are provided in (25). The operation of stor-
age in one of the charge/discharge/ideal modes is considered
in (26). The heat balance of thermal storage is studied by (27).

F. Objective function

The objective function of VPP include the operational cost of
CHP plants, the boiler cost and diesel generator operation cost,
which can be stated as follows:

24 S, S

max Z Z ﬂs)téplt:) - Z 7Ts(CCHP + Cboiler + Cdl'sel) (28)
t=1s=1 s=1

3. CASE STUDY AND SIMULATION RESULTS

The studied VPP includes wind turbine, two types of CHP units,
NaS battery storage system, thermal storage unit and boiler. The
proposed model is solved as mixed integer non-linear program-
ming (MINLP) [26] under General Algebraic Modeling System
(GAMS) environment [27]. The expected bidding offer of the
VPP during the scheduling time horizon is proposed in Fig. 3.
As seen in this figure, the maximum bidding offer of the VPP
is related to t=4 h, where the bidding offer is equal to 3.14 p.u,
and the minimum bidding offer is related to t = 20, where the
bidding offer is equal to 0.48 p.u.

Total power output of CHP units in p.u. is shown in Fig.
4. As it is obvious from this figure, total power generation of
CHP plants at t = 3, 6,23, and 24 h are more than other hours.
The CHP units have participated in supplying power demand
during the whole scheduling time interval. Power discharge

—
—
T
1

[
{=]
T

1

Dissel generator output (p.u)

5

[
-]
T

1

5 10 15 20
Time (h)

Fig. 4. Total power output of CHP units
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Fig. 5. Power discharge of the NaS battery

of the NaS battery is depicted for the scheduling time horizon
for three scenarios in Fig. 5. The results are reported for three
different scenarios. Power charge of the NaS battery is shown for
the scheduling time interval for three scenarios in Fig. 6. Similar
to power charge of the NaS battery, the results are reported for
three scenarios. Considering Figs.5 and 6, the NaS battery has
operated only in one of the charge/discharge/idle mode at each
time in each of the three studied scenarios. The sum of power
generation by two CHP units and power discharge of the Nas
batter minus the power charge of the Nas battery storage unit
has satisfied the power load demand at each time.

The sum of heat generation by two types of CHP plants are
shown in Fig. 7. Asitis obvious, the CHP units have participated
in heat supply of the system with respect to boiler due to low
generation cost of the CHP units. Figure 8 Shows the boiler heat
output, which have generated heat at t = 1 and time interval
between t = 11 h and t = 22 h. The boiler has not participated
in supplying heat demand between f =4 h and t = 11 h due to
lower generation cost of the CHP units at this time interval. The
sum of heat generated by CHP units and the boiler has satisfied
the heat demand during the scheduling time interval. Figure 9
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Fig. 7. Total heat generation by CHP units

shows the heat discharge of the thermal storage unit for three
scenarios. Heat charge of the thermal storage unit is shown
in Fig. 10. The results are provided for three scenarios, which
shows that the heat charge of thermal storage in scenario 1 is
more than other scenarios.

4. CONCLUSION

In this paper, a stochastic model is proposed for optimal schedul-
ing of virtual power plants, which integrates small-scale dis-
tributed generations and renewable power units and investi-
gates the participation of such units into power markets. The
proposed model is studied for a system including distributed
generations, renewable power units, two different kinds of com-
bined heat and power (CHP), boiler, NaS battery and thermal
storage unit. The proposed model studies the participation of
VPP into day-ahead market supplying local heat demand. The
stochastic model is accounted for scheduling of VPP to study the
uncertainties associated with wind power generation outputs.
The simulation results of the proposed stochastic model are re-
ported for a case study and are analyzed in order to evaluate
the performance of the proposed model. The simulation results
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ig. 9. Heat discharge of the thermal storage unit
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Fig. 10. Heat charge of the thermal storage unit
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show the successful participation of VPP and NaS battery stor-
age in electricity markets to meet the power load demand and
satisfy the head load demand of the system.
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