530 Journal of Electrical Engineering & Technology Vol. 5, No. 4, pp. 530~537, 2010
DOI: 10.5370/JEET.2010.5.4.530

The Optimal Operation for Community Energy System Using a

Low-Carbon Paradigm with Phase-Type Particle Swarm Optimization

Sung-Yul Kim¥*, In-Su Bae** and Jin-O Kim'

Abstract - By development of renewable energy and more efficient facilities in an increasingly de-
regulated electricity market, the operation cost of distributed generation (DG) is becoming more com-
petitive. International environmental regulations of the leaking carbon become effective to reinforce
global efforts for a low-carbon paradigm. Through increased DG, operators of DG are able to supply
electric power to customers who are connected directly to DG as well as loads that are connected to en-
tire network. In this situation, a community energy system (CES) with DGs is a new participant in the
energy market.

DG’s purchase price from the market is different from the DG’s sales price to the market due to trans-
mission service charges and other costs. Therefore, CES who owns DGs has to control the produced
electric power per hourly period in order to maximize profit. Considering the international environ-
ment regulations, CE will be an important element to decide the marginal cost of generators as well as
the classified fuel unit cost and unit's efficiency.

This paper introduces the optimal operation of CES’s DG connected to the distribution network con-
sidering CE. The purpose of optimization is to maximize the profit of CES. A Particle Swarm Optimi-
zation (PSO) will be used to solve this complicated problem. The optimal operation of DG represented
in this paper would guide CES and system operators in determining the decision making criteria.

Keywords: Optimal operation, Community energy system, Carbon emission, Particle swarm optimization

1. Nomenclature

Ggspe DG owned and operated by CES

Pegspg(t)  Active power provided for customers in
CES’s control area at time ¢

Qcpsps(t)  Reactive power provided for customers in
CES’s control area at time ¢

Hegsp (1) Thermal energy provided for customers in
CES’s control area at time ¢

G DG located in CES’s control area and owned
by an individual

Pinc () Active power supplied for customers by an
individually owned DG

Qi () Reactive power supplied for customers by an
individually owned DG

P.(¢) Active power load of customer i

Q,(®) Reactive power load of customer i

H.(?) Thermal load of customer i

P (?) Active power flowing in and out of network
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interconnected with CES’s control area

Q. Reactive power flowing in and out of net-
work interconnected with CES’s control area

P, (?) The power production of photovoltaic gen-
erator at time ¢

UNG) Energy conversion efficiency of PV at time ¢

A, Area of the PV array

K, Correct coefficient for PV’s generation

G(1) Radiation intensity at time ¢

a,,B,,7,  Coefficients of gas turbine cost function

a,, By, Vs Coefficients of boiler cost function

a, ,»P.,7., Coefficients of CHP cost function based on

active power
a,,,B.,,7., Coeflicients of CHP cost function based on

heat

K Active/thermal rate

Ecpa () The amount of CE at ¢ [ton-CO,]

Eckn The average amount of CE according to
1[MW] power supply of entire network

Ecpces(®)  The amount of CE according to generation of
DGs in CES’s control area at 7 [ton-CO5]

Ececesa(t)  The amount of CE for supplying energy de-
mand in CES’s control area at ¢ [ton-CO,]

CE cgs p, CE coefficient of CES’s DG i by fuel type
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[ton-CO/MWhy]

CE coefficient of individual DG i by fuel
type [ton-CO,/MWhy]

Generation efficiency[GJ./GJ] of CES’s DG i

Generation efficiency[GJ./GJ] of individual
DG
CE cost based on European Union Allow-

ance [$/ton-CO,]
Total profit of CES at time ¢
Difference between total active power and

total active load in CES’s area
Difference between total reactive power and

total reactive load in CES’s area

Sales price of active power for CES’s cus-
tomer

Sales price of thermal energy for CES’s cus-
tomer

Market price of active power to buy or sell
Market price of reactive power to buy or sell

Generation cost of CES’s DG i

Price of active power from individual DGs to
CES at time ¢

Price of reactive power from individual DGs
to CES at time ¢

CE cost at time ¢

The dimension of the optimization problem
Iteration number for optimization problem
Total iteration number for optimization problem
The inertia weight at iteration iter

The maximum inertia weight

The minimum inertia weight

Acceleration coefficients

Uniformly distributed random numbers [0,1]
The kth element of the particle j’s velocity
vector at iteration iter

The kth element of the particle j’s position
vector at iteration iter

The kth element of the particle ;’s best posi-
tion vector until iteration iter

The kth element of the swarm’s best position

until iteration iter
A coefficient for calibrating the particle’s ve-
locity

2. Introduction

Distributed Generation (DG) such as hydro, photovoltaic

arrays, fuel cells, microturbines and battery storage, gener-
ally stands for small scale generators connected to distribu-
tion networks. DG is useful for maintaining system stabil-
ity, offering a spinning reserve, reducing transmission costs
and distribution cost [1]. It gives comfortability of energy
supply and improvement in quality to electricity energy
consumers [2], [3]. Renewable energy also helps to reduce
greenhouse gases that is mainly caused by large power
stations. Also, electricity price is expected to drop due to
the competition in generation, transmission and distribution
through greater deregulation. However, the price will be
floating in the new competitive structure. In this circum-
stance, DG is a good alternative for reducing transmission
costs and electricity price.

Recently, DGs connected in distribution network are be-
ing increasingly installed and spreading around the world
because generally DG has the characteristics of low-carbon
emission as the paradigm in line with environmental
agenda internationally. In this situation, the operator of DG
is able to supply electric power to customers who are con-
nected directly to DG as well as loads that are connected to
entire network. Recently, Community Energy System
(CES) with DGs is a new participant in the energy market.
CES can be regarded as an improved type of DGs like Vir-
tual Power Plant (VPP) or microgrid [4]. CES supplies
both electrical and thermal energy to customer who is in its
control area. Because of the international environmental
regulation, diffusion of high-efficiency generators as well
as renewable energy sources contributes to increasing the
business of CES. The studies for optimal operation of DGs
possessed by CES are required. This paper reflects dy-
namic market price of active and reactive power and pro-
poses optimal operation of CES considering carbon emis-
sion (CE). Photovoltaic generator, which is one of the re-
newable energy, gas turbine, combined heat and power
(CHP) are applied to the case study as DGs. To optimize
the amount of generation, Particle Swarm Optimization
(PSO) algorithm is used because it is required to have fast
and robust solutions for the operation of DGs.

3. Community Energy System Description

CESs are recently new participants in power market
supply active and reactive power and thermal energy to a
control area with renewable energy and high-efficiency
plants according to the demand of the control area.

3.1 Structure of Community Energy System

CES can participate in a power market when it has gen-
erally more than 50% (each nation has a different standard)
of load demand in a control area. It can trade overs and
shorts of energy through an interconnected network. There-
fore, CES can join in a power market as both power gen-
eration operator and customer. This is represented in Fig.1.

CES firstly supplies thermal energy to the CES’s control
area and then generates active and reactive power for the
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Fig. 1. Configuration of Community Energy System

customer’s demand. Generally, thermal energy is provided
by boiler and CHP. If active and reactive power generated
by CES’s DGs and, at the same time, bought from individ-
ual DGs, is not sufficient for its own customer’s demand, it
should be supplied from the neighbor network connected to
CES’s control area.

3.2 Operation Cost by Distributed Generator Types

There are various forms of DGs, such as hydro, photo-
voltaic arrays, fuel cells, microturbines and so on. This
paper discusses the optimal generation of each generator
type for the maximum operation profits when CES pro-
vides a customer with active and reactive power and ther-
mal energy through photovoltaic, gas turbine, boiler, CHP
and SVC.

3.2.1 Photovoltaic Generator
The production power and operation cost of photovoltaic

generator (PV) are represented by insolation around solar
battery and the efficiency of energy conversion as follows:

P @) =1,(t)- A, - K, - G() (1)
Coy (va(t)) =0 (2)

where the operation cost in order to produce power of PV
can be ignored because PV uses rays of the sun as the ori-
gin of energy.

3.2.2 Gas Turbine
If a gas turbine produces regular power for an hour, the

cost function per hour is commonly given in the form of a
quadratic equation as follows.

Car(=a, + B, -P()+7, P(t)’ A3)

3.2.3 Boiler

Boiler produces heat energy instead of electric energy,
and other features are similar to gas turbine.

CBoiler(t):ab+ﬂb 'H(t)+7b 'H(t)z (4)
3.2.4 Combined Heat and Power

CHP produces heat and electric energy at the same time.
This paper uses thermal ratio due to the amount of active
power generated.

Comw@=a,,+ B, PO+7,, -P(t)?
=a,,+ B, HO+ 7, 'H(t)z

®)

P(t)=x-H(?) (6)

4. Carbon Emission

Conventionally, the generators with competitive price
will hold a prominent position in the market without regu-
lation for CE, however, if considering the international
environment regulation, CE newly will be important ele-
ments to decide marginal costs of generators as well as the
fuel cost and generators efficiency [6,7].

Only fossil fuels give off carbon and the amount of car-
bon differs based on the source so that CE coefficient for
each fuel needs to be determined separately [5]. This paper
refers to IPCC’s (Intergovernmental Panel on Climate
Change) CE coefficient for each fuel [kg-CO,/GJy].

In cases where active power and thermal energy are sup-
plied in CES’s control area through entire network, CE is
calculated as follows:

Ecu,n(r){ DIRAOREDY H,-(rﬁ-g’@,n )

ieCES,Load ieCES, Load

The amount of CE at time ¢ is analyzed by the average
amount of CE according to 1 [MW] power supply of entire
network for supplying electricity energy from entire net-
work without CES to customers in CES’s control area.

In cases where CES operates DGs with various charac-
teristics of fuel types, the expected amount of CE as gen-
eration of CES’ DGs and individual DGs and as supplier
electric energy according to power and thermal load in
CES’s control area are represented, respectively, as fol-
lows:

CEcrs CE.umg
Eeees()= z Pegspg, O ———+ z P, O —— ®)

#CES,DG Tlegsp,  icind,DG Than,
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DL BO- Y Paspe,O— D Ppe O+

i€CES, Load ieCES,DG ieind, DG

ECECEs,u 0= : §C5,n
z H,(t)_ Z HcEsD(,(t) (9)
i€CES,Load ieCES,DG
CE CE
X P (O Y By (0
i<CFS.DG ' Thesps,  iend.DG ' ThapG,

CES should supply thermal energy preferentially to meet
the needs of customers in CES’s control area. This paper
assumes that individual DGs cannot produce thermal en-
ergy. The amount of CE can be calculated by equations (8)
and (9) suggested in this paper according to CE coefficient
by fuel type and generation efficiency by DG.

In practice, considering European Union Allowance
(EUA), the additional generation cost by CE can be ob-
tained according to CO, emission based on 1 ton as fol-
lows:

Cee () =EUA, -E (1) (10)

This paper compares CES’s operation cost with/without
CE cost in the case studies.

5. Objective Function of Community
Energy System

The objective function in this paper is to maximize the
total benefit of CES, benefit from transaction, cost of ac-
tive/reactive power, generation cost of CES’ s DG and
extra cost for CE. As an additional expenses, CE cost is
estimated by using equations (8) and (10). The objective
function can be formulated as follows:

f ([) = CP,uummcr ) Z I)r(t ) + CH‘custolrv;r : Z Hi (t)
i€CES,Load ieCES,Load

+ Coped (PO) +Cgp (D)

- Z CCES,DG, (PCES,DG, (t))_ z CCES,DG, (HCES,DG, (t)) (11)

{cCESDG {<CESDG

- Z Cp,incLDG(f)‘PmcLDG, (O Z CQ,ind,DG(t)‘QmDG, ®
iind DG icind DG

- CE(I)

CES makes hourly generation plans of active and reac-
tive power and thermal energy. However, CES should sup-
ply thermal energy preferentially. Overs and shorts of ac-
tive and reactive power will be traded through individual
DGs and interconnected network. It is assumed that the
supplying price of active power and thermal energy is con-
stant because this paper focuses on the operation technique
of DGs according to the low-carbon paradigm. On the con-
trary, it is assumed that the hourly prices of active/reactive
power transacted through interconnected network and indi-
vidual DGs are flexible.

Each DG’s capacity is limited:

PCES,DG,,min S CES,DG; (t) S P('I:S,DGl,max

chs,ua,,min < QCES,DG, (< QCES,DG,,max (12)
H

CES,DG; ,min S HCI:S,DGI (t) S HCES,DG,.max

The constraints between load and generation are given
by:

Y. POS Y P O+ D Py (0+P0O)

iCES Load icCESDG i€ind.DG
Y QO DY Qusog O+ D Qupe, ®+Q0)  (13)
{CES Load i<CESDG icindDG

> HMOS Y Hagp, (0

1eCES,Load 1eCES,DG

When CES purchases or sells the electricity in intercon-
nected networks, power factor (PF) should be kept up con-
sidering system stability. The following shows the con-
straint of PF.

Q)

|tan 6] >
P(0)

(14)

6. Optimization Method
6.1 Particle Swarm Optimization

The PSO algorithm is a population-based stochastic op-
timization technique [8, 9, 10]. The potential solutions,
called the particles, fly through the search space by follow-
ing the current optimal particle. Objective function values
are used as the fitness values of particles to guide the
search process. Each particle records its best individual
fitness and position (pbest) for iteration. Moreover, each
particle knows the best fitness and position for iteration in
the group (gbhest) among all individuals. The velocity of a
particle is influenced by three components inertial, cogni-
tive, and social. The mathematical model for PSO is as
follows:

J = J J J
\,[ter,k - ‘/Vizer X \]izer—l,k +cl X I/i X (XbeStiler—l,k _Xiler—l,k) (1 )
, : 5
+ C2 X 7"2 X (XbeSt?terfl,k - Xi/terfl,k)
- iter
W[,er — Wmax _ (Wmax _ Wmm) x (itermax ) (16)

6.2 Phase-Type Particle Swarm Optimization

Here, DGs of renewable energy type which are intermit-
tent and uncontrollable to produce the electric energy are
not considered. Therefore, this paper focuses on issues to
find the optimal generation of controllable DGs. The gen-
erating capacity of controllable DGs is limited by its output
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characteristics.

This paper newly proposes a phase-type PSO algorithm.
In our proposed PSO algorithm, the position and velocity
of particles have an identical dimension with the total
number of DGs which are non-renewable energy type that
is controllable. And its elements have the phase values
from 0° to 360°.

0° <X/  <360°

iter,k —

(PCES,DG, max PCES,DG, ,min) X/ 4P

PCES,DG, (t ) = 360° iter k CES,DG, ,min (1 7)
(k={DG; | DG, is possessed and controllable by CES})

The limit of velocity should be adjusted according to the
phase portion of a generating capacity boundary as fol-
lows:

_Pmﬁ < V”/erk < b

CES,DG, ,boundary CES,DG, ,boundary ( 18)

m-360°

(PCES,DG,.,boundary: PCES,DG‘ ,max PCEs,DG,,min)
6.3 Flow Chart for Optimization Problem
Finally, the process to obtain the optimal operation of

CES using newly proposed phase-type PSO is expressed
by the following flow chart.

[ Problem Initialization ]

———

P

Calculate the
active/reactive energy
from/to interconnected
network

—7

Calculate the total profit
of CES

Randomilv the positi q
the velocity for each particles
¢ Update pbest and ghest
Determine the thermal l
i
CES’sDGs Update velocity of
\_(' each particle
Determine the active l
energy production of Update position of
\—w_ each particle
Determine the reactive
energy production of
CES’sSVC

The optimal operation
of CES’s DGs

Fig. 2. Flow chart for the optimal operation of CES’s DGs.

7. Case Study and Discussion

It is assumed that CES operates generators composed of

photovoltaic generators (2), gas turbine (2), boiler (1) and
CHP (1) in this case study to supply customers in CES’s
control area with electric power and thermal energy. SVC
(Static Var Compensator) compensates for the lack of reac-
tive power.

CES buys active and reactive power from individual
DGs, and re-sales active power to customers in CES’s con-
trol area. The parameters of DGs operated by CES are
given in Tables I, IT and III.

Table 1. Parameters of DGs

« | p P ﬁzrl:;;l Limit [MW]

Rate Min Max

GT1 | 21 |1.258]|2.978|0.05508 | 0.38 1/0 2.0 258
GT2 | 23 |2.271]5.264|0.05508 | 0.30 1/0 1.6 15.0
Boiler | 19 [2.025(2.698]0.09648 | 0.41 0/1 0 172
CHP | 31 |1354[2.787(0.07200| 0.86 1/0.8 23 215

Table 2. Parameters of PVs

4 Tp Kp
PV 1 65 0.12 0.8
PV 2 107 0.12 0.8
Table 3. Energy Price
customer Individual DGs Market
Active Thermal Active Reactive Active Reactive
[$MW] | [$MW] | [$/MW] | [$/MVAr] | [SMW] | [$/MVAr]
Buy 0 0 85 2.8 95 3
Sell 100 85 0 0 90 2.8
70 == Active Load == Thermal Load Reactive Load
60 ’M’/r“—‘\\
50
40
T a0
20
10

1 2 3 45 6 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24
[Hour]

Fig. 3. hourly active, reactive and thermal load in CES’s
control area.
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Generally the supplying prices of active power and ther-
mal energy to the end user are flat. Here, it is assumed that
the hourly prices of active/reactive power transacted
through interconnected network and individual DGs are
variable. Active/reactive power price to buy or sell in Table
III are the maximum values.

SVC compensates for lack of reactive power from -2 to
2 [MVar]. Also, it is assumed that PF sets over 0.9.

Thermal load of customer is a matter of the highest pri-
ority to CES. Load data of RBTS summer weekday is
modified and it is used as shown in Fig. 3.

In phase-type PSO, the size of population is 1000 for the
case study. Maximum number of iteration is set to 100 for
case 1 and case 2 as well. The inertia max weight, min
weight and acceleration coefficients of ¢; and ¢, for case
study are set to 0.9, 0.4, 2 and 3 respectively.

7.1 Case 1: without CE

If CES provides customers with generation power of
DGs without considering CE, Fig. 4 and Fig. 5 shows th

e amount of hourly active generation and amount of
hourly reactive generation and PF.

——GT1 ——GT2 ——CHP
=1 P2 Individual DGs

- Injected Active Power

2 N—\M—\/\

\

A

A\k‘\/‘// H/"'H/«\"“\//\\/-f/\
/

[MW]

N\

0 oooooe / +‘\\ o oo

1234567 8 91011121314151617 18192021 222324
[Hour}

Fig. 4. The amount of hourly active generation.
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Fig. 5. The amount of hourly reactive generation and
power factor.

Thermal demand of customer is provided by CES’s
boiler and CHP. Then, hourly thermal generation can be
depicted in Fig. 6.

=4 Boiler ~=-cup

w Ve Gl = O e O
. / N
.\

gm{\‘\'\/ — /\\

=, N M/ N A
AN N,
RN V

1234567 8 910111213141516171819 2021222324
Hour]

Fig. 6. The amount of hourly thermal generation.

7.2 Case 2: with CE

Considering CE depending on the amount of generation
by DG types, the operation cost of respective generators
will change. Then, the amount of hourly active generation
and the amount of hourly reactive generation and PF are
shown in Fig. 7.

EUA  is assumed with 31 [$/ton-CO,] (EUA in Aug.

2008), daily total generation cost and CE cost by DG types
are presented in Fig. 8.

A CHP has higher generation efficiency than the other
generators. As a result, CHP has lower CE cost relatively
than the others. Hourly total generation cost and total CE
cost of CES are as follows.

Hourly operation profit in case 2 decreases compared to
case 1. This change is represented in Fig. 10.

—=GMn =GR =P
—t=pvi 2 Individual DGs
Injected Active Power - “PF
2 < S~~~ 1
- \ /\
\ o~/ \/ Y rae
» /__M_/\w

V N er
;15 7\//\”\/\/\-/\\:::

\1
/\./1 /\ e e /\w\\"”’

5 —W 092

1234567 8 9101112131415161718192021222324
[Hour]

Fig. 7. The amount of hourly active generation and power
factor.
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Fig. 8. Total generation cost & CE cost by DG types.
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Fig. 9. Total generation cost & total CE cost of CES.
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Fig. 10. Total operation profit of CES case by case.
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Fig. 11. Hourly profit by CE reduced and the amount of
CE without CES and with CES.

The amount of boiler’s thermal generation decreases
while that of CHP increases in case 2 which takes CE into
consideration compared with case 1. Table IV shows
hourly thermal generation of boiler and CHP case by case.

Table 4. Hourly Thermal Generation of Boiler and CHP
case by case

The amount of CE and the profit by CE changed with
CES or without CES in which all energy is supplied di-
rectly through a network. The profit by CE is reduced. The
amount of CE with CES and without CES is depicted in
Fig. 11.

Case 1 Case 2
boiler CHP boiler CHP
1 5.0064 11.35 4.7974 11.559
2 7.9342 12.37 7.7592 12.545
3 6.4506 11.315 6.2793 11.487
4 7.0016 13.866 8.1431 12.725
5 5.3413 10.733 5.0525 11.022
6 3.7098 10.108 3.4084 10.41
7 3.7815 12.856 3.5488 13.089
8 9.9811 15.681 9.825 15.837
9 7.9117 17.186 8.3596 16.738
10 10.484 16.87 10.671 16.683
11 10.599 16.473 10.329 16.743
12 8.744 17.2 8.744 17.2
13 8.5003 17.162 9.078 16.584
14 7.1426 16.545 6.8436 16.844
15 6.5252 16.599 6.2502 16.874
16 9.4133 16.249 8.9018 16.76
17 11.697 16.503 11.424 16.776
18 10.652 16.984 10.439 17.197
19 8.6395 17.022 8.5929 17.069
20 7.4499 16.52 7.1754 16.795
21 6.9054 16.219 6.6884 16.436
22 9.1074 16.555 8.9724 16.69
23 4.9603 14.498 4.6407 14.817
24 6.4606 13.561 6.1724 13.85
total 184.3987 360.425 182.0961 362.73
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In case 2 which considers CE when thermal energy is
supplied by boiler and CHP of CES, the output of boiler is
on the decrease and the output of CHP is on the increase
compared with case 1.

8. Conclusion

Due to deregulation, environmental reasons and techni-
cal improvement, recently DGs connected to networks are
increasingly being used. The more DGs installed, the more
CES will participate in power market.

A CES tries to make the maximum profit by controlling
generation of DGs according to the hourly price of active,
reactive power. However, considering CE costs result from
the recent international environmental regulation, CES’s
existing operational strategy of generators is not suitable
for the purpose of maximizing profit. By analyzing the
result of case studies, this paper proposes an operational
technique matched to the characteristics of DG types and
depending on the dynamic market price. It suggests a new
generation scheduling technique for CES within a low-
carbon paradigm. In the case study, PSO algorithm proved
to perform well in various fields is used to find the optimal
generation of generator type.
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