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Abstract- The role of renewable energy in power systems is
becoming more significant due to the increasing cost of fossil
fuels and climate change concerns. However, the inclusion of
Renewable Energy Generators (REG), such as wind power, has
created additional problems for power system operators due to
the variability and lower predictability of output of most REGs,
with the Economic Dispatch (ED) problem being particularly
difficult to resolve. In previous papers we had reported on the
inclusion of wind power in the ED calculations. The simulation
had been performed using a system model with wind power as
an intermittent source, and the results of the simulation have
been compared to that of the Direct Search Method (DSM) for
similar cases. In this paper we report on our continuing
investigations into using Genetic Algorithms (GA) for ED for an
independent power system with a significant amount of wind
energy in itsgenerator portfolio. Theresults demonstrate, in line
with previous reports in the literature, the effectiveness of GA
when measured against a benchmark technique such asDSM.

Index Terms- Genetic Algorithms, Economic Dispatch,
Renewable Energy Generators, Environmental Constraints

. INTRODUCTION

The role of renewable energy in power systems
becoming more significant due to the increasing obossil
fuels and climate change concerns. However, tHasian of

Renewable Energy Generators (REG), such as wWin®tROW, mount of wind energy in

has created additional problems for power systesraiprs
due to the variability and lower predictability ofitput of
most REGs, with the Economic Dispatch (ED) probkemg
particularly difficult to resolve.

The renewable energy sources available in generalbe
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therefore it is able to compensate for the intdemitnature of
wind energy with its variability and lower predibtty of its
output [2]. These additional complexities also adiuice
several implications such as the need to understind
power characteristics, and the consideration ofitiadl
constraints such as reserve requirement and rang ra
capability [3-8]. Traditionally ED calculations pdipally
seek for the most economical operation of the gaitar mix
for satisfying load demand and other technical gEoe
constraints. However, due to increasing concergsrcéng
environmental issues, such as reducing carbon emgsand
other gas pollutants, for tackling climate changed a
achieving sustainable energy generation, an ED rgdon
scheduling that considers environmental objectivess
become more important. This increases the complexithe
problem, necessitating a need for a method withh hig
flexibility, which current ED techniques lack.

In a previous paper we had reported on the inausib
wind power in the ED calculations [9]. The simutatihad
been performed using a system model with wind pasean
intermittent source, and the results of the sinmtathave
been compared to that of the Direct Search Met8iM)
for similar cases [10]. In this paper we report oor
continuing investigations into using Genetic Alglons (GA)
for ED for an independent power system with a $igznt
its generator portfolioheT
simulations were undertaken considering severagdvegit
issues, such as: environmental and economic obgsctind
several technical constraints such as reserve regants,
ramp rate capability, and transmission limits, asllvas
different approaches for modelling wind power in ED

classified into 2 groups: geophysical and bio-epergproblems. The preliminary results demonstrate,irie with

Geophysical energy includes hydro, wind, geothermsalar,
tidal, and wave energy, whereas bio-energy inclietesgy
derived from waste and living creatures. Both typesnergy
have different properties. Much of geophysical ggpevutput
is intermittent, less predictable and not easyttwes while
bio-energy is much more predictable and can bédyesteired.

previous reports in the literature, the effectivenef GA
when measured against a benchmark technique sugBMs
We will also report on the results of the sendiyivanalysis
that has been performed using the Genetic AlgoriBared
Economic Dispatch (GAED) for various load and wind
patterns, variations of wind location, reserve ieguents,

Wind energy, produced by wind turbines, is one [ tramp capabilities and transmission limits.

fastest growing energy sources due to its largeemntiat
availability and its mature technology [1]. Thenefpin our

initial investigations wind turbines were chosenrépresent

intermittent renewable energy in the simulatiomsaddition
to wind turbines, the use of bio diesel as baclpower was
also considered as it has a fast ramp rate anasilyestored;

II. ELD MODEL

In this section, the ELD problem of a power systtat
includes wind generation will be formulated. The@awill
use a number of case simulations to investigaténtipact of



renewable energy (wind power) on the load dispathi

The objective function for the ELD is formulated as

calculation. This paper reports on the initial istigations follows:

regarding the topic, therefore some simplificatibase been
made.

The dispatch model in the simulation uses a cest@l
dispatch in a deregulated power system. Generatothe

systems are thermal, wind and diesel. Fuel for ellies

generators is assumed to be bio-diesel. Constraioksded
in the calculation are the maximum and minimum galof
generator output, the ramp rate of the generasmid,reserve

Min(}.C,P+C,R),i=12,...N @)

Subject to constraints:

P ~2,P=0 )

requirements. For simplification, transmission &sssare P.sP<sP__ (3)
neglected. The economic dispatch process aims at co
minimization subject to these constraints. The @bart for NP 1
solving the ELD problems in this paper is showifig. 1. DRAt< P -PF . forF " <P
This paper will use the ELD models suggested bydbigh
[6]. Initially, a no wind scenario, as a base casajsed and > pl_ pt vy P _
then a forecasted scenario is also applied. Incésted URAtz R -R forR ™ >R t=12,.1 @
scenario, two approaches to deal with wind genesatdl be
applied. > R=2R, (5)
1) ‘Negative load’ approach
. _ . Where:
This is the simpler of the two approaches, whemdwi
forecast is treated as a ‘negative load’. Therefoad i, N = generator number, and total number of generators
demanq is reduced by the for_ecast wind  power t, At, T = time interval, duration of time and maximum
producing a new load demand. This new load demand ; . .
. . time horizon, respectively
is then used in the ELD process.
Ci, Ci = the price of power output and reserve of
2) Integrated approach generation, respectively

In this approach, wind turbines are included in the

calculation. In order to maximise the wind outpat f
the purpose of reducing emission, an artificialgryw

low price (0.01 $/MW) is used for representing wind

power.
Generators| | Load ||Wind Power|,__| Wind Speed
Data Forecast Forecast Forecast
—
Calculating ELD:
. -Min energy Cost
Modify Min Reserve Cos Add Plant

RESULT

Fig. 1. Flow chart for the ELD problem.

P, R = power output and reserve of generatign
respectively

Pioad = Load demand

Pimins Pimax = Minimum and maximum output of generator
i, respectively

DR, UR = the down ramp and up ramp limit of generator

i, respectively
Rnmin= Minimum reserve requirement

Full details of the simulation model used, incluglpricing
and other aspects of the thermal, wind and bioetlies
generation, can be found in [9, 10].

Ill. SIMULATION RESULTS

A. Cases Studied

Much experimental work was undertaken to deterntliree
most appropriate parameters to use for both thea@®ADSM
methods for calculating the ELD [11]. The systemsists of
Thermal generation in the system consists of sixeggors
(P1-P6) with different characteristics. Each thdrgemerator
has both a fuel cost and an emission objective.gHmerator
characteristics were derived from [12]. The windhemtion
is modelled as a single generator, Pw. The
requirements were treated as either a non-lineastcaint or
included as a penalty factor in the objective fiorctfor the

ELD. Once these parameters were established several

reserve



simulation scenarios were undertaken and the seefilising this way the wind output can be maximised and st and
GA and DSM for each were compared. An Environmentamissions of the thermal generators can be mindnise
Economic Load Dispatch (EELD) method was developedthough reliability may be reduced. Fig. 3 shotws tesults
which is a multi-objective ELD which combines ecorio of shutting down one generator for a particular dation
factors with environmental constraints. Howeveringsa case and Fig. 4 is the same scenario with two géorsrshut
static EELD means that there will be no connechetween down. The graphs show that with one thermal geaermsif
the simulation results from one hour to the nexrt] &ence the curtailed wind is much reduced, and with twoegators
the ramp rate limit, which compares generator dubetween off there is no need for wind curtailment.

succesgive hours, cgnnot be included. To includgpreate D. Dispersed Wind Locations

const_ralnts a dynamic ELD (DELD) was used basedhen The effect of wind variability can be reduced byesaling
work in [13].

Several simulations were then run for various casitls
different typical wind patterns (UK and tropicalyyind
locations, ramp rates, reserve requirements amgmigsion
limits. The results for GA and DSM were then congoliGA
tended to provide a better solution than that oMpBut with
higher standard deviation and slower computatioretiThe
reserve constraints were better matched if treate@d non-
linear function rather than a penalty factor. Hog tnclusion
of wind power in the ELD calculation the negativead
approach tended to provide a better performanca the
inclusive approach.

B. Sendtivity Analysis

To investigate the issues arising from the inclusid a
significant amount of wind generation into the powgstem
a sensitivity analysis of the GAED with a negatilmad
approach and non-linear reserve constraints wasrtalagn
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Fig. 2. Generation mix for option 1.
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lead to more variety in load patterns seen by ofle@erators
(net load). The net load will differ from one daythe next
based on the varying wind patterns and the otheerg¢ors’
output will fluctuate more sharply to accommodéis effect.
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In many cases the problem of ramp rate variabdiéy be
compensated by the ramp rate capabilities of ajbaerators,
without the need for standby generators.

However, under certain circumstances, when theiraig
load pattern fluctuates very quickly at the sanmeetias
fluctuations in the wind power, the existing rampter
capability may not be able to compensate. Theretare
possible solutions: adding fast standby generatdhe ramp
rate of the load is positive, which may increase firel cost,
or by curtailing generation, usually wind genenatid the
ramp rate is negative, which will lead to wasteddvi

The result of the first option for one particulamslation
case can be seen in Fig. 2. In this case the leathdd from
hour 1 to 5 is very low, and at the same time tkigeo
generation cannot afford to reduce their output
accommodate the wind, thus leading to curtailmehtao
significant amount of wind.

The second option is to shut down one or two théerma

generators, as long as the remaining generators éavugh
reserve, and the wind output forecast is persistdrngh. In

1 2 3 4 5 6 7 8 9 10 11 12

ODPlEP2OP30OP4mPS5DP6 BPw O Wasted

hour

Fig. 3. Generation mix for option 2 with one thatrgenerator shut down.
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Fig. 4. Generation mix for option 2 with two thexthgenerators shut
down.



the wind generation over a number of locationseadt of
being concentrated on a single site as they witid téo
compensate one another. This effect can be shown
comparing similar systems with different numberswofd
locations (in this case 1, 2 or 3). Each locatiar & different
wind pattern, thus reducing the overall variabilityhis is
indicated by a reduction of the standard deviafion the
system as shown in Table I. Therefore, in termthefELD
problem, the different number of wind locationslwihange
the net load profile, which will be less variablée results of
a particular simulation case with a varying humbemind
locations are shown in Fig. 5.

E. Ramp Rate Capability

The ramp rate capability of the thermal generab@csomes
very important when attempting to compensate foe th
variability introduced by wind generation. Using eth
operating and ramp limits for each generator ddrifrem
[14] simulations were undertaken to assess thectefbé
reducing the ramp rate. The results shown in Eigndicate
that the ramp rates were still capable of coping with the
problem without requiring additional back-up geners,
even when the rates were lowered by 20%. However, t
wasted wind has increased with the lower ramp rates
shown in Table II.

F. ReserveReguirements

It is also important to consider the reserve resqugnts
needed to anticipate both a variation of load anddw
forecast error.
contribution to the total system and the additioeakrve

STANDARD DEVIATION FI)AI\?B\I;E\:?IOUS NUMBERS OF WIND
LOCATIONS
Cases Standard deviation
System with 1 wind location 8.7
System with 2 wind locations 6.3
System with 3 wind locations 5.7
110,000
100,000 +—
90,000 +—
80,000 -
70,000 -
60,000
Base Case 1 location 2 location 3 location

Fig. 5. Comparison of objective values for variousnbers of wind
locations.

The correlation between wind power
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(a). System with 120% ramp rate.
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(b). System with 100% ramp rate.
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(c). System with 90% ramp rate.

4 5 6 7 8 9 10

3

1 2 11 12

OPLEP2OP30OP4®P50P6®PwW OWasted

hour

(d). System with 80% ramp rate.

Fig. 6. Comparison of generator mix for varyingnparate capabilities.



TABLE I
WASTED WIND FOR A SYESTEM WITH VARIOUS
RAMP RATE CAPABILITIES

Cases Wasted wind (MW)
System with 120% ramp rate 2.26
System with 100% ramp rate 3.45
System with 90% ramp rate 6.06
System with 80% ramp rate 6.57

requirements is shown in Fig. 7. As can be seeadoaliional
reserve requirement for 10% contribution of windapo is
about 3-5%, which compares with a range of 2-8%
suggested by [15] and [16]. The comparison of #&mernve
requirements for several cases suggested thatffibetse of
the inclusion of wind are not very significant. Tére the
reserve requirements can be fulfilled by committieermal
generators in all cases without any need for amithli back
up. Even when increasing the reserve requiremeno tipree
times the total standard deviation, which covers9%9
possibility of wind variation, the system remairepable of
providing the reserve requirements in most of tmes.

However, [17] suggests that there is a necessity
providing “negative” reserves, as well as the “fiosf
reserves discussed above. Therefore an evaluatignalgo
undertaken using the same criteria as for “positreserves
and the results showed that “negative” reserveirements
can also be satisfied for nearly all time periofls.example
from one particular case is shown in Fig. 8.

G. Transmisson Congraints

1 2 3 4 5 6 7 8 9 10 11 12

ag mmm Resv. —e— Min. Resw.

hour

Fig. 8. An example of “negative” reserve requiretrend reserve

capability.
in the ELD calculation as an inequality constraint.
Simulations for different wind patterns were recédted with
the assumption that the transmission capabilityt limas 15
MW. A comparison of the objective function valuer fine
system with and without transmission limits is shown
Table Il and indicates that the objective functiealue
iRreases when transmission constraints are takga i
consideration.

IV. CONCLUSIONS

Driven by environmental concerns and long-term
economical issues, particularly concerning the msgeoil
prices, the use of renewable energy has inevitaduseased
in recent years, and the electrical power indusry become

The inclusion of wind turbines can potentially oaust major player in this area. Therefore the roleesfewable

problems with power transmission limits. The valgabature
of wind turbine output can produce high fluctuatai power
transfer to and from areas where wind power istemtaTo

energy will become increasingly important to elieetrpower
system managers.
The inclusion of intermittent renewable energy respnted

evaluate this effect the simulation system wasdeidiinto PY Wind power in these simulations, has lead toitemfhl
two areas (A and B) with a transmission line cotingc Problems to the power system operation due to anibility
them. Each area had three thermal generators héttwind and lower predictability of its output. These aituial
generators being located in area B. The load ih eaea was complexities also introduce several implications fihe
assumed to be the same. Simulations showed that Gfieulation of the ELD, which is concerned with ghigrm

inclusion of wind power leads to increased fludasat in the Scheduling. These include the need to understand power
inter-area power transmission, thus this needstintluded characteristics and the consideration of additi@ualstraints

such as reserve requirements and ramp rate cdpabivo

methods of integrating wind power into the ELD céédion
- 1288 " have been considered, these being the negativeajgamach
(5] . 1 . .
2 100 and an inclusive approach.
S 12.00 1
= 1000 TABLE lII
© . COMPARISON OF OBJECTIVE FUNCTION VALUES WITH AND
5 800 WITHOUT TRANSMISSION LIMITS
2 6.00 -
400 ¢ Objective Function
O » Cases
= 2.00 1 * L4 Without transmission With transmission
- T T T T constraints constraints
5.00 10.00 1500  20.00 25.00 .
Wind 83,836 84,142
% of Wind Contribution 21 ! !
. - . S Wind
Fig. 7. Correlation between wind contribution lie total system and 23 75,891 76,939

additional reserve requirements.



A GA method has been investigated for solving EbD fhave the potential of being a very flexible toolr fthis
a power system with a significant amount of intétemt purpose.
renewable energy. The simulations have been peedrm
using a system model with wind power as the inttemi
source and the results have been compared to tleaD&M The authors would like to thank PLN Indonesia for
for similar cases. Using the model several conohssican be supporting this work, and the University of Abertégr
drawn from the simulation results as follows: providing the resources.
e Compared to DSM, GA tends to provide a better

solution, but with a higher standard deviation alwiver
computation time. [1] EWEA, Wind energy the fact, an analysis of wind energy in the EU-25,

c d inclusi h th . | 2002. [online]. Available from http://www.ewea.org
¢ ompared to Inclusive approach the negative Of’ﬁi J.V. GerpenBusiness Management for Biodiesel Producers. National
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