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Abstract

Smart grid enables Distributed Energy Resources (DERs);
wind, energy storage and demand response through
advanced technologies. Combined Heat and Power (CHP) is
great example of the technologies which allows coupling of
independent energy networks together. Energy Hub (EH)
has been originated as a new approach to optimal planning
and operation of combined networks in recent years. Wind
turbine as an important of distributed generation in the
world as beenh integrated to electricity network over two
past decades. Optimal placement of wind turbine in multi
carrier energy network in presence of CHP as another
distributed produce source originates novel challenge which
is considered in this paper. A multi objective function is
formulated to solve the optimization problem with
considering multi carrier energy network operation costs,
loss and voltage profile. Simulation carries out a 33 bus
radial distribution network which is supplied with CHP in
some buses. CPLEX solver of GAMS and Genetic Algorithm
of MATLAB is employed to solve the problem. Simulation
results reveal optimal allocation of wind turbine in multi
carrier energy networks in presence of CHP. Results
demonstrate that optimal placement of wind turbine in the
systems improves operation costs till 8% and loss power till
5%. It also enhances voltage profile till 0.5%.

1. Introduction

Smart grid enables DERs with advanced technologies in
distribution network levels. Integration of the resources to the
network can prevent huge investment costs of transmission line
expansion and electrical power plants establishment. Customer
operation costs could be also improved by installation of the
technologies. In addition, loss reduction and voltage profile
improvement would be results of DERs installation which could
be beneficial for distribution network companies. CHP is a great
example of the technologies which has potential to convert one
energy carrier such as gas to different energy carriers such as
electricity, heat and cooling. CHP allows integration of
independent energy networks such as electricity, gas, district
heat and etc with its significant benefits on economic, efficiency
and reliability improvement.

Integrated energy systems have been considered recently as
“Micro Grid” [1], “Hybrid Energy Hub” [2], the latestapproach
originates in VOFEN (Vision of Future Energy Network)
project [3] which defines “Energy Hub” as a super node in
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electrical power system to receives varying energy carriers such
as gas and electricity in its input, then strongly schedules when
and how much of which carrier should be purchased and stored
to provide hub required demands. EH facilities optimal planning
and operation of multi carrier energy networks (See [4], [5] for
hub and interconnected hub optimization both in operation and
planning).The approach could be flexibility extended by DERs
[6] in big buildings, industrial plants, bounded geographic areas
and island systems. Optimal power flow of multi carrier energy
networks in hub and interconnected hubs is examined in [4], [7-
8] which optimization planning isn’t studied in the papers. Multi
carrier energy networks is optimally operated in an EH with
DERs integration in [9-10] which planning problem isn’t
considered in the paper. An optimal power flow problem
between interconnected EHs with distributed energy resources
integration is solved in [11] which optimal planning isn’t
researched in the paper. Multi carrier energy networks are
optimally operated in an EH in [5], [12-14] which optimal size
of EH technologies is recognized in the papers. An EH with
potential of voltage management is optimally operates in [15]
which optimization planning isn’t researched in the paper.

As a result, optimal operation problem of multi carrier energy
networks through one hub or between in EHs is seen in the
papers. Optimization planning of EH elements has been also
researched in the papers. Optimal operation problem of
integrated DERs to multi carrier energy networks in one EH or
between intercommoned EHs is also solved in above papers. But
optimal placement of DERs in multi carrier energy networks
based on EH approach isn’t seen in the papers and it is an open
problem in interconnected EHs. This paper is organized to solve
optimization placement of wind turbine in interconnected multi
carrier energy networks based on EH approach as follow:
Problem is formulated in one objective function considering
loss, voltage and operation costs in section 2. Section 3 states
methodology of problem. Simulation results are discussed in
section 4. Finally, conclusion is debated in section 5.

2. Problem Formulation
In this section, optimal placement of wind turbine is

mathematically formulated in objective function with its
constraints as follow:

2.1 Objective Function

Installation Ct'™ and maintenance Ct™ costs of wind turbine
together with operation costs Ct%” of multi carrier energy



networks are applied in the function. Loss cost Ct!*$ and
voltage penalty CtV are also considered in the function.

Multi carrier operation costs and Energy Not Supplied (ENS)
costs due to DR implementation are formulated in objective
function (1). Cost Present Value Factor (CPVF) is applied on
operation, loss and voltage costs for conversion of project future
costs to present time value in (2). PVF states Present Value
Factor (3), EL expresses Economic Life of Project, if and ir
introduce inflation rate and interest rate [16].

of = Ct'™ + CtM + CtOP + Ct'oss + CtV (1)

PVF)Ft — 1
(PVF) @

CPVE=—%yr—1
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2.2 Wind

Wind power (PJV) is produced by wind turbine which stars
to produce power in minimum wind speed (W,;). Turbine
produces power till rated wind for turbine (I4}.). If wind speed
increases, wind turbine will produce power in its rated power
(BY) till handling maximum wind speed (W,,). It would be off
for more wind speed. Z, y, x are related to wind turbine
characteristic in [9], [17]:

PY(h,d,s)
0, w < Wci
_iPrW(Z—y*w(h,d,s)+x*w2(h,d,s)), W,<w<sW, @
PYW. sw < W,
0, w =W,

2.3 Operation Costs in Multi Carrier Energy
Networks under EH approach

Hub decides to when and how much of which energy carrier
should be purchased in required times to satisfy its required
demands in response to minimization of operation costs.

Electricity power PV, gas powers for CHP P,Y¢*HPand for
boiler P¢*® are purchased according to electr1c1ty et and

N“ gas prices. Additional produced electricity and heat

PN etsoldyith electricity and 7} ®®heat prices are also sold to grid

to achieve revenue in order to reduce operation costs (5). &
shows hours indices for one year and b introduces bus numbers
in the function.

B 8760

of = ) ) [mler() BNt ()] +
b=1 h=1

[né\let(PgNetCHP(h) + RgNEtB(h))] _ [nillletpill\letsold(h)] (5)
Hub required electricity demands P, could be supplied by
network electricity power in required times. CHP can also
produce electricity power from converting imported gas power
to electricity through its gas to electricity efficiency r]g’g P Wind
power P)could be able to produce free and clean electricity
power through its efficiency 2™ in (6).

Hub required heat demandsP,could be supplied by produced
heat by CHP through its gas to heat efficiency nCHP or boiler

through its gas to heat efficiency r]gh in (7).
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Sum of imported gas power for CHP and boiler should be
restricted by gas network constraint 2" in (8). Imported gas
power for CHP and for boiler could be respectively limited by
CHP PCHP and boiler P? capacities in (9) and (10).

P (h b) [PNet(h b) +[7’]CHPPN8tCHP(h, b)]
[mée™ P2 (h, b)] (6)

Pr(h, B)=[ngh" P'etCHP (h, b)]+[nj, P} 5 (h, b)] 7
Rqut(h' b) — PgNECCHP(h, b)+PgNetB(h,b) (8)

nglgPPgNetCHP(h, b) < PCHP (9)
n5.PNe*E(h, b) < PB (10)

2.4 Loss

Loss power of electricity network could be evaluated by several
methods. Due to high ratio of R, (resistance of each branch) to
Xpr (reactance of each branch), Backward/Forward sweep
method is used to calculate current of each branch Ry, which is
wholly formulated in [18]. Calculation of loss power cost is
stated as follow:

Br 8760

D w IRy br)

br=1 h=1

Ctlass —

an

2.5 Voltage Penalty

Optimal place of distributed generation is main solution for
voltage profile improvement in distribution network. Due to
variable consumption of customers, feeder’s voltage in every
bus V,will change in a specific rangeV, which is standard voltage
and V,, is voltage limit which are too high or low. ¢ shows an
exponent for function slope. Here, due to deviation from rated
voltage (1 p.u), utilities are obliged to pay penalty to customers
based on Voltage Penalty Function VPF [19].

ctV = Z(

2.6 Network Constraints

V(b)

—) (12)

Electrical grid PN¢t™a%, gas network PV¢'™@* | thermal limits
of each branch SJ%* and voltage of each bus

V[, VA% constraints should be applied in the problem in
equations (13), (14), (15) and (16) in sequence.

8760
Z PeNet(h,b) < PeNetmax (13)
h=1
8760
z PgNEt(h,b) < PgNetmax (14)
h=1
Spy < Sax (15)
VM < V(h, b) < VX (16)

3. Methodology

The main goal of proposed modeling is to determine proper
locations of Wind turbines by minimizing objective function.
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Fig. 1. Proposed method under multi objective function
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Fig. 2. Proposed chromosomes

Wind turbine placement in distribution network based on
Genetic Algorithm [20] can be done as following steps:

1) Initial population is generated. Each Chromosome is defined
as a string, which contain 0 and 1. The proposed chromosomes
are shown in Fig. 2.

0 : wind turbine is not installed

1 : wind turbine is installed

2) Genetic algorithm of MATLAB software proposed a
population of wind turbine situation. Next steps the strings will
be used for computing objective function.

3) wind turbines are located in case study and terms of objective
function and they are calculated as described below:

3.1) Utilities can schedule optimal operation program in a

distribution network to achieve minimum operation
cost with satisfying techno-economic constraints. To
this end, heat and electrical demand, wind turbine
situation, gas and electricity price are considered as
inputs of GAMS software to determine optimal
operation program of proposed network. After
mathematical calculation, Pcyp ,Pnets Proiler a0d  Ligon
are obtained as outputs. Pcyp , PyeWill be used as
inputs for the next steps.
Other terms of objective function are voltage and loss.
As mentioned in previous section, backward forward
load flow is used to compute voltage and current of
each node and branch. Therefore, line characteristics
such as R and X, DER outputs and electrical
demandare considered as inputs of load flow. Due to

Fig.3. Radial distribution network under study

Table 1. Information of radial distribution network under study
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Bus No. 2 3 4 5 6 7 8 9
Load(kW) 36 185.3 428 214 214 7.1 72 214
Bus No. 10 11 12 13 14 15 16 17
Load(kW) 21416 354 21 428 214 214 214
Bus No. 18 19 20 21 22 23 24 25
Load(kW) 321 321 321 321 253 321 1512 5932
Bus No. 26 27 28 29 30 31 32 33
Load(kW) 214 214 20443172 559 605 214
2 Electricity Price
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Fig. 5. Wind speed at 24 hours a day

voltageof each node and voltage penalty function, the cost
ofviolation from standard rate is determined. Moreover, the
hourly loss cost based on hourly branches current and hourly
price are calculated.

3.2) Sum of these terms (voltage penalty cost, electrical
losses and operation cost) demonstrates value of each
proposed chromosome. This cost will be used for
fitness function calculation in next steps.

4) After calculating cost of each initial chromosome,
chromosomes with lower profit are eliminated. Remain
chromosomes are selected for genetic operation.
5) Selected chromosomes participate in genetic operation to
crossover, migration and mutation. New population is proposed.
6) Final cost of chromosomes is calculated in current population
and record the best individual.
7) If yes is determined for end of iteration, output will be
optimal value, if not, then it goes to step (2).
Proposed method based- multi objective is shown in Fig. 1.

4. Simulation Results
Simulation is applied on a 33 bus radial distribution network
[21] in Fig.3 considering its load in Table. 1. 12, 25 and 32



Table 2.Parameters

PCHP b12 0.4MW Pr 0.2MW | pNetmax 6MW
PCHP b25 0.6MW nson 0.9 PpNetmax 5.5MW
nga? 0.4 Wi 4 myet 5Cent
nshP 0.35 w;, 10 met 10Cent
PB 1.5MW Weo 22 Vi, 210-250
nen 0.9 x 0.07 |74 220
ctins 1500(8/kW) | y 0.01 c 3
ctM 0.01($/kW) | z 0.03 if,ir, EL | 0.12,0.14,20
Table 3. Simulation Results
Without Wind With Wind

Costs($) Placement Placement

Operation 12475.14 11487.09

Loss 747.68 709.18

Voltage 2111.8 1987.7

buses are also supplied by another source. CHP produces some
part of electrical demands with importing and converting
network gas to electricity demand. In addition to preparing some
parts of electrical and heat demands, CHP has ability to sell its
additional heat and electricity to grid. CHP characteristics are
depicted in Table. 2. Boiler is utilized as CHP back up for
serving heat demands. Its aspects are also shown in Table. 2.
Network electricity prices are illustrated in Fig. 4. Wind turbine
aspects are shown in Table. 2. Potential of wind speed of region
is employed from world weather website in Fig. 5 [22]. Voltage
penalties function and other network parameters are shown in
Table.2. Simulation results are summarized in Table.3. Optimal
place of wind are recognized. Operation ,loss costs and voltage
penalties are also compared with and without turbine in the
network. Loss power and voltage profile are compared with and
without wind allocation in Fig.6 and Fig.7 in sequence.

CPLEX solver of GAMS is employed to model and optimally
operate multi carrier energy networks powers. Genetic
Algorithm of MATLAB is used to optimal place of wind turbine
with considering loss and voltage improvement in objective
function. GAMS and MATLAB interface comment is used to
transfer power exchanges with multi carrier networks.
Observing Table.5 reveals that the result of minimized costs in
objective function is recognizing bus 6 and bus 22 as optimal
place for wind turbine. It occurs because comulation of
electrical demands are together with operation costs increase.
Rising electrical demands cause power loss and voltage drop
increase in distribution electrical network. On the other hand,
more power loss and voltage drop cause increasing loss costs
and voltage penalties in networks. Objective function finds a
best solution for wind turbine placement for improving above
terms. Evaluation of operation, loss costs and voltage penalties
shows that installation of wind turbine mostly effect on
operation costs reduction till 8%. Loss power reduction till 5%
and operation costs reduction is sensibly seen after wind turbine
optimal placement. Comparison of above terms costs shows
that less impact occurs in voltage profile improvement. Wind
turbine tends to place where electrical demands comulation is
more at end of feeder in order to improve voltage profile till
0.5%. Due to CHP place at end of feeder and situation of
candidate places near to CHP, wind turbine is optimally placed
far from CHP and near to candidate places with more demands
comulation. Hence, voltage profile is improved less than
operation costs and loss.
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Fig. 7. Voltage Profile before and after wind turbine placement

5. Conclusion

Nowadays, common energy infrastructures such as gas
andelectricity networks are utilized independent of each other.
Smart grid enables DERs to advanced technologies. CHP is a
great example of distributed generation which allows integrating
electricity and gas networks with its significant benefits;
reliability, efficiency and operation costs improvement. Energy
hub has been originated as a new approach to cope with optimal
operation and planning of combined networks. Wind is one of
the important resources which is utilized in the world as a free
and clean energy more and more. Optimal placement of wind
turbine in multi carrier energy networks in presence of CHP
originates novel challenge which is taken into account in this
paper. A multi objective function is formulated to find optimal
placement of wind turbine in multi carrier energy networks.
Multi carrier networks operation costs, loss cost and voltage
penalties are considered in the function. Simulation carries out a
33 bus radial distribution network which is also supplied with
CHP in some buses as another electricity produce source.
CPLEX solver of GAMS and Genetic Algorithm of MATLAB
was employed to solve the problem. Simulation results reveal
optimal location of wind turbine in multi carrier energy
networks in presence of CHP. Results show that optimal
placement of wind turbine occurs in location with comulation in
electrical demands and improves operation costs till 8% and loss
costs till 5%. It shows the importance of wind turbine
installation on operation costs. Results also demonstrate optimal
place of the turbine can improve voltage profile and voltage
penalties till 0.5 %. Voltage profile improvement occurs less
than operation and loss costs because the turbine tends to place
in the location with comulation of electrical demands at the end
of feeder. Whatever wind turbine capacity increases, operation
and loss costs decrease. In addition, candidate places have been
situated at the end of feeder which is near to CHP. Therefore,
CHP usually serves related buses. Hence, wind turbine is placed
in comulative places with electrical demands instead of locating
at the end of feeder. Therefore, voltage profile is improved less



than operation and loss costs. Generally speaking, wind turbine
is optimally allocated in multi carrier energy networks in
presence of CHP with improving operation costs, loss and
voltage profile.
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