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Abstract- The intermittent nature of wind energy conversion presents a risk to the Independent System Operator (ISO) in a real
time electricity market. Consequently, there is a need to appropriately incorporate this risk in the wind energy scheduling
paradigm. In the present work, the intermittency associated risk has been modelled as part of a cost optimization problem for the
ISO in real time. A model to minimize the risk has also been proposed using various cost models that use dynamic risk aversion
costs and reflect the market and system operating conditions. The two dynamic penalty cost/risk models included are,
rescheduling cost and contractual compensation cost for wind energy deviation. The results obtained are compared with those
from the deterministic model. The proposed approach is simulated on the IEEE 30 bus system and the findings from the proposed
approach for wind energy scheduling lead to a low operational cost to the 1SO in the real time market considered in the study.
Among other observations, the consideration of uncertainty in Day-Ahead market leads to increase in cost savings of 1SO with
increase in wind uncertainty, but a corresponding reduction in the scheduled wind energy in the same market.

Keywords Day ahead market; real time market; wind energy; independent system operator; market clearing price; spot market

price.

1. Introduction

In the present scenario, environmental pollution is a
major problem associated with non-judicious utilization of
fossilized energy sources. Such conventional sources are
getting degraded day by day and the associated fuel prices are
also increasing gradually. Renewable sources of energy play
a dominant role in the electricity market to minimize these
effects. Out of all renewable sources, wind energy is
emerging as a force to reckon due to its abundant availability
and ability to provide rated output in regions of potential.
However the main disadvantage associated with wind energy
is its variable nature. In some countries, wind energy is traded
in both Day-Ahead (DA) and Real Time (RT) markets. Due
to the variability of wind energy, the wind electric system
may not produce the same power in real time as it might have
traded in the DA market. In such a case, the Independent
System Operator (ISO) who operates all these transactions

has to procure the balance of power in real time. The spinning
reserves can supply the unbalanced power in real time.

Sometimes the RT market price is more than DA market
price. At this time, the 1SO has to pay the extra cost, in real
time, and this variability-induced risk is borne by the ISO. On
this issue, some studies have been considering the uncertain-
wind availability factor. An economic dispatch model
considering both the wind and thermal generators developed
in [1] considered wind uncertainty as a constraint. A two-
stage stochastic programming approach for the development
of optimal offering strategies for wind power producers was
developed in [2]. Reference [3] presents a mixed integer
programming model for power generation scheduling in DA
market which considers various scenarios and reserve
shortage pricing in RT. Spinning reserve has an important
role to play in ancillary services that help in maintaining
reliability in case of sudden faults. The spinning reserve cost
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should be kept minimum and adjusted for various
generating units to keep total operating cost as minimum [4].
In market calculations both DA and spinning reserve energy
units are required. A model proposed in [5] identified the
reserve cost with wind uncertainty factor. An optimal spinning
reserve scheduling with unit commitment function was
developed in [6].

Given the uncertainties involved in load forecasting and
wind power generation, we have to consider some strategies
to minimize this uncertainty effect in RT. In this work, authors
have proposed a model to minimize the risk of 1ISO in RT
market. The wind uncertainty considered in this paper ranges
in between 20% to 30%. Accordingly consideration of the
wind uncertainty range can reduce the scheduled wind energy
in energy market. As a consequence, the deviation between
the RT power and DA power is reduced so as to minimize the
wind power producer and ISO risk in RT. Considering the
limitations of existing works in terms of static energy penalty
for deviation in the wind energy, lack of consideration of
deviation sensitivity on energy balancing market, lack of
consideration in price difference in DA and RT market etc., a
dynamically varying energy penalty cost model is devised in
this paper. The contributions of the paper are listed as follows:

» This paper considers multiple cost model rather than a
single cost model for accounting the energy balancing
cost pertaining to wind energy deviation from DA to RT
market. The multiple cost model can be extended to
different market models in restructured as well as
traditional electricity market structures.

» The cost models are devised to vary dynamically
depending upon the range of wind energy deviations and
price variations from DA to RT conditions rather than a
static energy penalty which may be ineffective in
capturing the temporal aspects of resource and price
volatility.

» The dynamic reserve procurement cost under volatile
wind energy consideration is included to account
temporal variation of wind energy uncertainty in
scheduling operations.

The rest of the paper is structured as follows. The problem
formulation along with stochastic wind model and wind
uncertainty cost models is explained in Section 2. The test
system description, test solver information along with results
is presented and discussed in Section 3. The concluding
remarks of the paper are presented in Section 4 and possible
future scope of the work is also elaborated.

2. Figures and Tables

The problem is formulated with scheduling cost minimization
objective for independent system operator (1SO) where the
wind energy schedule is optimized based on the expected
penalty costs (EPC). Leading into the problem formulation,
penalty/cost attributes of uncertain wind energy generation in
deregulated market are discussed first.

2.1. Nomenclature

T Scheduling time horizon (hour)
t Hour of the scheduling day (hour)
N Number of thermal generator units

i Index for thermal generator unit

j Index for wind generator unit

W Number of wind generator units

P Scheduled Conventional Power (MW)
Pj,;  Scheduled Wind Power (MW)

PVIj/,RT Real Time Wind Power (MW)

Pw Wind uncertainty factor

Q Disincentive ($/MWh)

SP..q  Required spinning reserve (MW)

Py Maximum wind energy schedule in DA
(MwW)

me, Forecasted wind energy (MW)

2.2. Overview of market operation

This section briefs the general insights of deregulated market
operations with respect to balance energy scheduling aspects.
The deregulation of electricity markets is considered to be a
pivotal element in introducing competitiveness among
electricity market players [7]. The operational procedure of
many electricity markets around the globe can be
characterized by two phases i.e., day ahead settling and real
time market settling. Both the market mechanisms are
constrained by supply-demand energy balance at any given
instant of time and are taken care by the system operator [8].

In DAM, for each hour of the next operating day, 1SO invites
energy/load supply bids from the participating players
/GenCo’s. The system operator estimates the purchase value
of electricity by estimating the market clearing price (MCP).
Which is often the least price bid submitted by GenCo after
alleviating the market power (if any). The generation units of
various GenCo’s are resolved by ISO through MCP
settlements carried out for every hour of the next operating
day. There may exist bilateral contracts those take place
between a pair of GenCo and demand entities. The approach
considers a hybrid approach of negotiating the bilateral
contracts at MCP of centralized clearing. In this approach,
buyer pays directly to the seller at the cleared MCP and
therefore, are dependent on market settlements of 1SO [9].

The DAM has other counterparts in the name of Spot
market, where electricity is traded in real time on hourly basis
[9]. Apart from generation bids, the market settlements in spot
market are also affected by the system congestion. The 1SO
uses the real time spot market energy offers mainly to reduce
the adverse effects of congestion on the network operation.
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Additionally, the real time generation offers from GenCo’s
provides cushion to 1SO operation to alleviate the risk of
supply-load imbalance in real time scenario. The transactions
in the real time spot market are handled using price stamps
called as spot market prices (SMP) [7]. The same is often
recorded lower at off peak hours and higher at peak hours
when compared to MCP of respective hour of scheduling. In
this mode of operation or bidding, the GenCo receives
immediate returns for the energy supplied in real time
clearing. The estimation of SMP as a function of generic
pattern of historical MCP can be obtained as follow [10].

SMP, = MCP,(1 + ¢) 1)

The range of € can be decided by upper and lower bounds as
given by,

P {SMPmin} _

min MCPa‘Ue (2)
e — {SMPmax} -1

max MCPgpe

where, SMP,,,;, and SMP,,,,.can be obtained from MCPs of
historical data, MCP,,. is the average historical MCP. The
volatility in case of SMP is observed to higher than that of
MCP [11]. The failure of GenCo to schedule generators to the
DAM settled powers will incur various costs. The deviations
in DAM to RTM for a generator can be represented in terms
of monetary values can be derived from the historical price
stamps of MCP and SMP values. Similar to the deviations in
conventional generation, the deviation in estimated wind
energy from DA to RT market can also be represented using
monetary penalty.

A. 1SO with no performance based incentives/penalties

The ISO’s in this market structure act as non-profit bodies
and mostly asset-free entities regulated by governmental or
regulation bodies [12]. Therefore, these ISO’s do not acquire
any incentives out of market operations in day ahead and real
time as well. The services provided by ISO such as congestion
management and the energy imbalance alleviation in real time
scheduling can be attributed to the incentives [13]. The early
changes in this market structure neglected to extend
transmission arrange however balanced out later (US 1SOs).

B. ISO with performance based incentives/penalties

In this market structure, more often than not system
operator may claim transmission network yet not generation
resources and controls the overall system generation. These
are for the most part named as Independent Transmission
System Operator (ITSO) and generalized as system operator
(SO) gets impressive revenue driven motivators in view of
execution for instance the National Grid Electricity
Transmission (NGET) in the UK. Thus, the incentives
allocated SO for exercising duties such as congestion
management, energy market imbalance have prompted to
compelling usage of transmission system and lessening of
interests in relieving transmission imperatives [14]. Thus, both
of the market structures have their benefits and demerits and
this paper concentrates on ideal wind energy dispatch in both
sorts of markets.

2.3. Stochastic wind energy generation

The power generation from wind turbine can be dictated
by considering the wind speed dispersion for selected site and
power curve of the turbine selected. It is frequently accepted
that for a decent wind site wind speed dissemination follows a
Weibull distribution affected by Weibull parameters "c,k"
named as scale and shape parameters [15]. The wind speed
likelihood distribution function as per the wind speed and
Weibull parameters is given by [15],

0=t () @

[

where ¢,k represent the webull curve parameters and v
denotes the wind speed expressed in m/sec. The Weibull
parameter estimation in literature is carried out using many
approaches [16]. One of the frequently used approach is
extraction of these parameters from mean historical wind
speed (¥) and associated deviation (o) expressed as follows.

k= (%)—1.086 o= F(%;%) (4)

The relation between the power curve (Fig. 1) and the
associated power generation as a function of wind speed can
be deduced as follows.

A

Pr

Power Output

|
Y

Vei Vr Vco
Wind Velocity (m/s)

Fig. 1 Power curve characteristic of typical modern wind

turbine
0 v<vgllv=vg,
V=V;i
Pw =19 DPr* (v _va,) V2V 2V ©)]
T CcL
v Vo =V 2=V

where, p, denotes the power generation of wind turbine at
nominal/rated speed. The rated cut in and cut out speeds of
wind power turbine-generator set are respectively represented
byv,, v.; andv,,. The actual power generation of wind energy
generator in terms of wind speed probability, wind turbine
characteristics can be expresses as follows [17].

pp(Pw) =
() - ()] 2] exp ([ 0<py<pr
1—exp (— {%}k> + exp (— {%}k> Pw =0 (6)

exp (— {VT}k> +exp (— [vj}k) Pw ="Dr
Where, T =2 and¢ = 2=
Dr Vci

2.4. Objective function
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The objective is to minimize the 1SO cost and is expressed as:
Min BE; [Zi Co(PE) + BE(C(PL) + C(Pu)) + Clansa(P)] - (1)

Where Cg(Péi) is the cost function of conventional thermal
generators which is given by,

C,(Pt) = a;P.(i, ) + bP.(i,0) + ¢ (8)

The estimated wind energy generation for the next 24
operating hours is scheduled by wind SO in the DAM market
alongside the conventional generation units. However, the
same schedule may or may not be possible in actual
scheduling hour due to uncertainties in wind energy that will
ultimately result in deficit or surplus generation resources. The
supply-demand imbalance is created by such uncertain wind
generation, which required either increment or decrement in
the generation of the conventional units. Thus, the additional
cost of mitigating the energy imbalance in RT market can be
expressed as follows.

CC(PVE/.]') =( PM]/',DA(t)) - Pvi,RT(t)) | smp, — mcp, | (9)

From (), it is clear that the compensation cost in real time
market is in proportion with the energy imbalance and the
price volatility between DA and RT markets. In case the
deviation in SMP and MCP is —ve with SMP being cleared at
lower price than MCP, the wind energy deviation may not be
penalized. Because, the energy offers from other generation
sources are lower than MCP corresponding to the scheduling
hour. Due to the uncertainty in wind energy in real time, the
deviated power will be supplied by conventional sources. For
this, the schedule of the generators will change. This extra
scheduling of generators leads to ISO paying the extra cost.
This cost is known as rescheduling cost and it is given by,

Cr(Py ) =P pa(® X 9y (i,t) X @ (10)

Where o is the disincentive due to the uncertainty of wind.
There is some penalty in case of deviated power in RT. This
implies that when RT power is less than DA power, then some
disincentives are applicable. The additional reserve cost
applicable due to uncertain wind energy can be expressed as
follows.

j ; ——
Cllansn(Ply) = {PW'DA OeEORE o> 0 )
' " 0, oI, ) <0

2.5. Constraints

The problem of wind energy scheduling is formulated and
solved for optimal power flow problem of power system
network whose system level and generation level constraints
are explained as follows.

2.5.1. Power balance constraints

For all the scheduling hours, the power balance can be assured
by implementing following active and reactive power balance
constraints at each node.

Pi=Pi+ Vi Y}, Vi{G/ cos(8; — &;) + B sin(8; — §;)} (12)
QL =Q5+V, X, Vj{Gij sin(8; — &) + Bij cos(8; — &)} (13)

Vi €[1,23,...1]

Where,PL, QY respectively denote the active and reactive
power demand for it" node.

2.5.2. Reserve constraints

Apart from the regular spinning reserve margin of the system,
an additional amount of conventional generation online
capacity is required to deploy in case of uncertain wind
energy accommodation. Thus, the hourly spinning reserve
constraint can be expressed as follows.

SPTth = SPrtq + ADSR.,; VteT (14)

Where, SPT/, represents the online spinning reserve
requirement of conventional system without any wind energy
penetration and ADSR{, comprises of the additional online
spinning generation which can be expressed as a function
wind energy uncertainty as follows.
t
ADSRY, = [*I(PS ;= puw) pp(Pu) dp; YEET  (15)

Therefore, the overall spinning reserve requirement can be
specified as,

IL1GSR; >SPT!; VteT (16)

Where, GSR! represents the spinning reserve available from
it"conventional generator for t*hour and is given by,

GSR! = P —P(i,t); ViEN,t€T  (17)
2.5.3. Generator constraints

The constraint for generation bounds of conventional
generation units can be represented as follows.

PM < P(i,t) <P, VieN,teT  (18)

In case of wind energy, the schedulable wind energy is limited
by its forecasted value as given by,

0<Pl;<Pl(k,h); VtET (19)

The wind forecast with an error of prediction p,,, the range of
wind nergy generation is schedulable for any hour can be
expressed as follows.

PLme(t) < Pa*(t) < PYMO*(t); s.t.PL; < Pye(t) (20)
Where,

PLMax(t) = BJ(j,t) * {1 — p,,}

PUMAX(t) = BJ(j,t) = {1 + p},

U () = RIS,

POTe() < P (21)
PUmaE(£) > pprex

Apart from generation limits, the operation of thermal
generation units is also limited by the operational constraints
specified as follows.

min < Qf < QM Vie{N+WLteT  (22)

Vit <yt <ymer vie (N+WHtET  (23)

Where, Q™™", Q%and V™", V™% respectively denote the
bounds on reactive power and voltage respectively for
it" conventional generation unit.

2.5.4. System security constraints
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Similar to the voltage limits on generation, network operation
is also constrained by nodal voltage limits as follows.

v < vt <viEr vk €123 .. Kt €T (24)

Apart from individual nodal limits, the line flow between two

different nodes is also constrained by branch loadability limits
expressed as follows.

|St| <SP, v k, L € {1,2,3 ...K} (25)

2.55.  Allowable wind penetration

The physical ramp rates on thermal generation acts as a
limiting factor to the total wind energy penetration of the
system as follows.

Y/, 0 <P =min(Wy,W,,), VhEH (26)
where, W,,, W,, can be expressed as follows.

N Ur(i,t)-SPE

W, =i-
@ =i, VEET (27)
_vN DrGt) !
WaZ - Zi:l (1-pw)

where, U,.(i,t), D, (i, t) respectively represent the upper and
lower ramp rate capabilities of the generation units expresses
as follows.

{Ur(i, t) = min(RYS, {P7"** — P.(i, )})

) VieEN,teT (28
D.(i,t) = min(RP%,{P.(i,t) — PT¥"}) )

3. Results and Discussion

The proposed methodology for the wind and thermal
generators scheduling has been carried on the IEEE 30 bus
system and implemented in MATPOWER 5.1. MATPOWER
is a package of MATLAB M-files for solving power flow and
optimal power flow problems. The system consists of six
conventional generators and two wind generators. The six
conventional generators are placed at 1, 2, 13, 22, 23 and 27
buses [18] and two wind generators have been placed at buses
15 and 21 respectively. The capacity of each wind generator
is 12 MW [19]. The output power of wind generator can be
estimated using forecasted wind speed and power curve of the
wind turbine [20]. The complete solution methodology of the
proposed framework for accommodating the uncertain wind
energy generation is presented in Fig. 2. In this paper, the
market clearing (DA) price and spot market (RT) prices (Fig.
3) are taken from PJM (Pennsylvania, New Jersey, Maryland)
market for the year 2013. In this work, the average values for
the whole year of 2013 have been considered. The price ranges
given and the hourly average prices are shown in Fig.3. The
generation from various thermal generation units along with
losses and load of the system is presented in Table I.

The conventional case with no wind generation is also tested
to observe the conventional thermal generator techno-
economic aspects like loading, system loss, generation cost
etc., when presented with the same load. The total operational
cost over the scheduling time horizon is seen to be $ 15352.31
which is the sum of fuel cost ($ 11355.13) and spinning
reserve cost ($ 3997.17) in DAM. The total system losses are
49.14 MW in supplying 3884.13 MW for a scheduling

horizon of 24 hours. The total energy supplied by all the
conventional generators over 24 hours is given in Table I.

Wind prediction
Generator bidding for Forecasted W d¢
generation and reserve Load "r]nozg:Ner

y

Objective Formulation | [*] Market Constraints

—»{ Power balance constraints

e Generation cost

minimization . .
. —»| Spinning reserve constraints
¢ Compensation cost
m|n|m|zat|_on —» Generators constraints
¢ Rescheduling Cost
minimization | System security constraints
¢ Additional reserve

cost minimization

L»| Allowable wind penetration

/

Allocation of Generation and Reserve

Fig. 2 Flowchart of simulation procedure for scheduling
under wind uncertainty

50— T T T T T T T T T T

4

=
=

Price ($)
o
b

Time (hours)

Fig. 3 Average price for each hour

In this paper, two scenarios have been considered:
20% and 30% wind uncertainty in DA market each with three
cases namely 10%, 20% and 30% wind penetration out of the
total load. The case with 10% wind penetration is considered
to be the base case. The hourly scheduling aspects of thermal
and wind generation for Scenario 1 (20% uncertainty) and
Scenario 2 (30% uncertainty) for base case (Case 1 with 10%
penetration) are presented in Table Il and Table Il
respectively. Compensation costs obtained for different
Cases and Scenarios is shown in Fig. 4. Here the proposed
model is the one that considers wind uncertainty in DA
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market unlike the Deterministic model that does not consider
the same.

Table I Generation schedule without wind energy

Losses Total Generation
PG1 (MW)  PG2 (MW) PG3 (MW) PG4 (MW)  PG5(MW) PGB (MW)  Load (MW)

(MW) (MW)
926.17 1245.26 512.79 612.69 318.73 317.60 3884.13 49.14 3933.54

Table 11 Hourly schedules and cost attributes of conventional and wind energy generation for Scenario 1 under 10% wind
energy penetration

Fuel cc. PW1 Pw2z  aDsR  Cansk PGl PG2 PG3I PG4 PG5 PG6 Loss :::al

cost (S) OOW)  AIW) W) g (MW) AIW) W) (MW) (W) (MW)  (MW) ©
Hourl 3744 07 82 g2 16.4 34 332 479 198 143 05 93 15 4473
Hour2 3354 0.9 79 7.9 16.0 133 333 459 192 104 81 g3 13 443.0
Hour3 3141 0.9 72 72 14.7 36 324 447 189 81 73 7.4 13 3517
Hour4 305.1 13 6.6 6.6 142 34 320 442 187 72 70 71 12 3423
Hour5 1824 14 79 79 14.0 16 310 430 183 5.0 6.1 2 12 3242
Hour§ 2053 13 80 g9 146 118 316 437 186 64 6.6 6.7 12 407.7
Hour7 2938 15 85 7.7 14.0 250 316 437 18.5 2 6.6 66 12 380.6
Hour8 360.8 13 6.8 77 156 211 346 472 196 129 91 93 14 688.6
Hour? 3783 32 06 9.6 173 112 354 181 199 148 96 99 15 1389
Hourl0 4100 48 9.7 9.7 186 160 362 491 203 197 106 108 16 5542
Hourll 4406 6.3 9.7 9.7 18.8 148 369 499 207 246 115 116 18 630.8
Hourl? 4731 37 78 6.8 186 199 381 513 212 282 126 127 20 8383
Hourld 44738 101 97 9.7 199 186 371 50.1 207 258 117 118 19 6133
Hourl4 4406 101 97 9.7 193 162 369 499 207 246 115 116 18 6033
Hourls 4263 2 9.7 9.7 18.5 124 366 49.6 205 222 111 113 17 5746
Hourlé 4773 104 97 9.7 202 148 376 50.8 211 308 125 125 2 642.0
Hourl7 4552 73 9.7 9.7 201 29 372 503 208 270 119 120 20 6513
Hourl8 35472 13 6.7 6.7 204 237 386 520 20 423 147 142 28 1073.9
Hourl? 5203 7.3 79 7.9 211 225 384 517 217 398 139 137 27 790.9
Hour20 5114 37 2 2 202 139 383 519 215 355 136 135 25 7276
Hour2l  4890.1 438 2 2 203 186 382 515 213 316 130 130 2 677.3
Hour2? 4363 38 85 85 193 286 373 50.6 209 264 121 122 19 764.9
Hour2d 4372 4.0 2 2 18.8 143 372 50.3 207 230 115 118 18 584.3
Hour2d 3949 36 2 2 17.8 146 360 459 202 166 102 105 LS 5258

349



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

Srikanth Reddy K et al., Vol.7, No.1, 2017

160 T T T T T T

I Deterministic
Proposed

Compensation Cost ($)

IS o ® 5 s I
= 3 3 =4 =3 3
T T T T T T

L L L L L

»
S
T
I

o

C1-S1 C1-S2 C2-S1 C2-82 C3-S1 C3-82
Fig.4. Compensation cost for different cases and
scenarios

3500 T T T T T T

[ Deterministic
I Proposed
3000 - q

2500 4

2000 - b

1500 4

Rescheduling cost ($)

1000 b

500 - b

C1-S1 C1-S2 C2-S1 C2-S2 C3-S1 C3-S2
Fig. 5. Rescheduling cost for different cases and
scenarios

Table 111 Hourly Schedules of conventional and generators for Scenario 2 under 10% penetration (Case 1)

Fuel Total

cost cc, FW1 W1 ADSR.  Capsr  PGL PGI PG3 PG4 PGS PGH Lozz cost

® OOW) QW) QW (8 W) (W) QAOW) QW) QOW) QW) QW) ®
Hourl 1744 16 B2 B2 178 11.8 351 4748 1.8 143 93 93 13 3878
Hourl 3354 08 7.8 78 16.1 143 335 459 182 104 Bl B3 13 350.3
Hourd 341 14 7.2 72 154 4 32 447 189 B1 73 T4 13 320.%
Hour4 0:1 18 6.6 6.6 147 45 320 4432 187 72 70 71 12 311.8
Hours 2823 13 7.8 78 15.1 76 il 43.0 183 30 6.1 62 12 1514
Hourf %46 1 B9 ES 155 187 ils 43.7 186 64 6.6 6.7 12 3133
Hour? 3190 1 44 43 135 1486 2.7 45.0 180 7 76 7 13 33533
Hours 38058 03 34 4 152 1239 355 482 200 147 98 10.1 13 3546
Hounr? 1785 351 2.6 9.6 154 17.7 3154 48.1 189 14.8 0.6 9.9 13 401.2
Hourll 4100 62 a7 1 192 20.7 162 45.1 03 18.7 10.6 10.8 L& 436.9
Howrll 4487 101 94 7.8 18.7 139 173 30.4 0.8 252 11.8 12.0 18 4828
Hourll 4873 2. 18 6.3 183 12.1 188 521 Il4 %92 133 13.4 X 501.7
Houwrld 4475 127 97 1 0.5 134 71 50.1 0.7 258 11.7 11.8 18 434.0
Hourl4 44438 119 97 B.6 18.7 180 71 50.2 0.7 49 116 11.8 15 4757
Howrld 4368 137 BT 7.8 194 18.5 172 50.2 0.7 9 11.5 11.7 18 4591
Howrlé 4775 117 87 a7 04 16.7 78 30.8 Il 308 12.5 12.5 12 3059
Houwrl? 4386 7.1 8.3 a7 0.1 116 174 50.5 109 272 121 12.2 10 438.4
Howrl® 3617 05 313 5.7 0.1 16.3 3154 3.9 13 13 15.6 15.0 15 3789
Howrl® 3411 35 6.3 6.3 0.6 172 %1 315 118 40.0 14.5 14.3 17 3635
HowrZll 51335 62 T4 7.8 111 135 387 521 Il 358 13.8 13.7 13 3452
Hourll 4321 37 B2 B2 207 221 3812 315 113 314 13.0 15.0 12 316.%
Hourll 4347 17 51 43 183 15.1 189 323 114 283 15.2 154 0 4593
Hourld 4372 358 B2 B2 154 09 72 503 207 250 11.5 118 13 463.%
Hourld4 3545 43 B2 B2 182 173 360 4859 202 164 10.2 105 13 416.6

Since, in the proposed model wind uncertainty in the DA
market has been considered, there is less deviation of wind
power from RT to DA market. Due to this less deviation, the
compensation cost is low for proposed model as compared to
the deterministic model. If more uncertainty in DA is
considered, then there are more savings in the compensation
cost. Similarly, as we increase the wind penetration level out
of the total load, then the compensation cost (Fig. 4) is
increased in both proposed and deterministic models. For an

increasing wind penetration, the deviation between RT and
DA market prices also increases so that the compensation cost
increases. The total re scheduling cost and total scheduling
cost across various cases and scenarios is presented in Fig. 5
and Fig. 6 respectively. Since rescheduling cost depends on
the uncertainty factor, the consideration of wind uncertainty
in DA market in proposed method reduces the uncertainty
factor and DA wind power in proposed method and hence this
cost also decreases in comparison to the deterministic method.
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With increase in penetration levels, the rescheduling cost also
increases due to consideration of more wind power in DA
market. From Fig. 4, we conclude that in each case proposed
method gives low rescheduling cost when compared to the
deterministic model. Also interestingly, if we consider more
uncertainty in DA market then there are more savings in
rescheduling cost in each case.

x10*
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- Deterministic
1.35 I:IProposed 4

1.4

1.3 b
125 - b

12 | b

‘il
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Total operational cost ($)

1.0:

P

Fig. 6. Total operational cost for different cases and
scenarios

The total operational cost of ISO is the sum of
conventional thermal generators cost, compensation cost and
the rescheduling cost. The total operational cost of ISO for
different cases and scenarios is given in Fig. 5. As can be seen
in every case, the proposed approach has low operational cost
when compared to the deterministic approach. As wind
penetration increases the operational cost also increases.
Accordingly from the results, we conclude that due to
consideration of wind uncertainty in DA market, there is a
minimum risk for 1SO. The scheduled wind energy at each
hour for different cases is shown in Fig. 7. It is observed that
the scheduled wind energy is more in scenario 1 when
compared to scenario 2. In scenario 1 only 20% wind
uncertainty is considered whereas in scenario 2, 30% wind
uncertainty has been considered for the DA market.
Conclusively, as more uncertainty is considered in DA
market, then less wind energy is scheduled. In Figures 6(a),
6(b) and 6(c) as wind penetration level increases, the
scheduled wind power also increases due to more penetration.
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Fig.7 Scheduled wind energy for (a) Case 1 (b) Case 2 (c)
Case 3

4. Conclusion

In this paper, a model has been proposed to minimize the wind
energy scheduling related risk to the 1ISO due to wind energy
uncertainty in RT. The cost various cost models are appended
into the objective function to include temporal variations in
market as well as resource conditions. The dynamic
compensation cost and rescheduling cost models considered
in this model can be appended to restructured and traditional
electricity markets. The results suggest the reduction in energy
balancing costs in dynamic energy penalty costs compared to
the deterministic models. The effectiveness of the proposed
dynamic cost models increased with increment in renewable
energy penetration. Thus, at higher penetration levels, the
proposed dynamic cost models can result in substantial
reduction in real time operational costs. The same may limit
the allowed energy penetration of wind energy in RT market
compared to the DA market. As a consequence, except
compensation cost, other costs are proportional to the
uncertainty in wind energy model. The difference between
deterministic and proposed stochastic method has increased as
a function of penetration as well as uncertainty level.
Therefore, by considering the dynamic cost models, the
economic aspects of system resource scheduling can be
considerably improved in real time energy balancing market.
From the observations made, the same work will be continued
by considering other factors like load variation, price variation
etc. in the model proposed.

351



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH
Srikanth Reddy K et al., Vol.7, No.1, 2017

References Working Paper in Economics, Electricity Policy

[1] X. Liu and W. Xu, “Economic load dispatch
constrained by wind power availability: A here and-
now approach,” IEEE Trans. Sustain. Energy,vol. 1,
no. 1, pp. 2-9, Apr. 2010.

[2] J. P. S. Cataldio, HM. 1. Pousinho, and V.M.
F.Mendes, “Optimal offering strategies for wind
power producers considering uncertainty and risk,”
IEEE Syst. J., vol. 6, no. 2, pp. 270-277, Jun. 2012.

[3] J. Zhang, J. D. Fuller, and S. Elhedhli, “A stochastic
programming model for a day-ahead electricity
market with real-time reserve shortage pricing,”
IEEE Trans. Power Syst., vol. 25, no. 2, pp. 703-713,
May 2010.

[4] Z. Song, L. Goel, and P. Wang, “Optimal spinning
reserve allocation in deregulated power systems,”
Proc. Inst. Elect. Eng.—Gener. Transm. Distrib., vol.
152, no. 4, pp. 483-488, Jul. 2005.

[5] J. M. Morales, A. J. Conejo, and J. P. Ruiz,
“Economic valuation of reserves in power systems
with high penetration of wind power,” IEEE Trans.
Power Syst., vol. 24, no. 2, pp. 900-910, May 2009.

[6] H.B. Gooi, D. P. Mendes, K. R. W. Bell, and D. S.
Kirschen, “Optimal scheduling of spinning reserve,”
IEEE Trans. Power Syst., vol. 14, no. 4, pp. 1485
1492, Nov. 1999.

[7] Das, D.; Wollenberg, B.F., "Risk assessment of
generators bidding in day-ahead market,” IEEE
Transactions on Power Systems, vol.20, no.l,
pp.416-424, Feb. 2005.

[8] Rau,N.S.; Fei Zeng, "Adequacy and responsibility of
locational generation and transmission-optimization
procedures,” IEEE Transactions on Power Systems,
vol.19, no.4, pp.2093-2101, Nov. 2004

[9] Peter Sorknaes, Henrik Lund, Anders N. Andersen,
Future power market and sustainable energy
solutions — The treatment of uncertainties in the daily
operation of combined heat and power plants,
Applied Energy, Volume 144, Pages 129-138, 15
April 2015.

[10] Bessembinder, H., & Lemmon, M., “Equilibrium
pricing and optimal hedging in electricity forward
markets. Journal of Finance”, Volume 57, Issue 3,
Pages 1347-1382, March 2002.

[11] Longstaff, F. A., & Wang, A. W. “Electricity forward
prices: A high-frequency empirical analysis. The
Journal of Finance”, Volume 59, Issue 4, Pages
1877-1900, June 2004.

[12]Hogan, W. W., C. Cullen Hitt, et al. Governance
Structures for an Independent System Operator
(1SO). Harvard Electricity Policy Group Background
Paper. Cambridge, MA, Center for Business and
Government, Harvard University, 1996.

[13]Shamsollahi, P.; Van Acker, V., "Functional
requirements for Southwest Power Pool Energy
Imbalance market dispatch,” IEEE Bucharest
PowerTech., pp.1-6, June 28-July 2 2009.

[14] Michael G. Pollitt, Lessons from the History of
Independent System Operators in the Energy Sector,
with applications to the Water Sector, Cambridge

Research Group, August 2011.

[15]G. Tina, S. Gagliano, S. Raiti, Hybrid solar/wind
power system probabilistic modelling for long-term
performance assessment, Solar Energy, VVolume 80,
Issue 5, Pages 578-588, May 2006.

[16] A.K. Azad, M.G. Rasul, M.M. Alam, S.M. Ameer
Uddin, Sukanta Kumar Mondal, Analysis of Wind
Energy Conversion System Using Weibull
Distribution, Procedia Engineering, Volume 90,
Pages 725-732, 2014.

[17] Azza A. EIDesouky, Security constrained generation
scheduling  for grids incorporating  wind,
Photovoltaic and thermal power, Electric Power
Systems Research, Volume 116, Pages 284-292,
November 2014.

[18]S. Surender Reddy, P.R. Bijwe, A.R. Abhyankar,
Optimum day-ahead clearing of energy and reserve
markets with wind power generation using
anticipated real-time adjustment costs, International
Journal of Electrical Power & Energy Systems,
Volume 71, Pages 242-253, October 2015.

[19] Ferrero, R.W., Shahidehpour, S.M., Ramesh, V.C.,
”Transaction analysis in deregulated power systems
using game theory”, IEEE Transactions on Power
Systems, Vol. 12, No. 3, pp. 1340-1347, Aug 1997.

[20] [online]Available:http://www:suzlon:com/pdf/S97-
ProductbrochureF V 5:pdf

[21] Tian-Pau Chang, Feng-Jiao Liu, Hong-Hsi Ko, Shih-
Ping Cheng, Li- Chung Sun, Shye-Chorng Kuo,
“Comparative analysis on power curve models of
wind turbine generator in estimating capacity factor”,
Energy, Volume 73, Pages 88-95, 14 August 2014.

352



