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a b s t r a c t

An increasing utilization of Renewable Energy Sources (RES) in electricity generation increases the need
of Ancillary Services (AS) in power system. This paper proposes a market based approach for partici-
pation of Renewable Power Producers (RPP) to clear both energy and AS in day-ahead market under
disaggregated framework. This approach is based on sequential clearing of Energy Market (EM) and
Ancillary Service Market (ASM) such that the cost of procuring these services is minimized and feasible
solution is obtained. This optimization problem is formulated and solved using Optimal Power Flow
(OPF) technique which considers all transmission constraints and power flow limits. The AS considered
in the present work is limited to Reserves Market (RM) such as Ten Minute Spinning Reserve (TMSR) and
Thirty Minute Replacement Reserves (TMRR) only. The ability of RPPs like Wind Power Plant (WPP) and
Photo-Voltaic Plant (PVP) with conventional power producers to provide both energy and AS has been
demonstrated by considering a modified 7 unit test system.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Unbundling of power system is one of the most significant issue
in the last decade in power system area. It results in deregulation
and restructuring of electrical utilities that has taken place in most
of the countries around the world [1]. In present power system
scenario, the former Vertical Integrated System (VIS) which was a
single entity that performs all the functions related to power is now
unbundled into three major components as Generation Companies
(GENCOs), Transmission Companies (TRANSCOs), and Distribution
Companies (DISCOs). Unbundling of power system primarily fo-
cuses on improving system efficiency, service standards and cost
minimization by introducing more choices to the utility by devel-
oping competitive markets [2].

Due to massive growth in energy demand, power system
equipment like generators and transmission lines are running at
their full capacity. This may lead to unscheduled outages and failure
of the equipment. For transmitting bulk power from generating
stations to load centers, some sort of services are required that can
anshwar), naveen31.sharma@
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ensure security and reliability of the system. These services are
commonly known as AS [3].

Under this scenario it is essential to procure these services in
order to maintain required demand-supply balance to guarantee
security and reliability of the supply. Frequency regulation, voltage
regulation, operating reserves and black start services are consid-
ered as main AS in almost every country [4]. Special attention is
given to reserve based AS that includes TMSR and TMRR. The
former is supplied by generation that is on-line, less than fully
loaded, begins responding immediately, and is fully responsive
within ten minutes of a dispatch instruction by the System Oper-
ator (SO) [5] whereas later must be fully deployed in thirty or sixty
minutes from on-line generation, off-line generation, and inter-
rupted loads [6].

These services are mainly procured through the auction market
mechanism. Market-clearing and settlement mechanism are the
techniques that involves the determination of quantities produced
and consumed, who pays, and who gets paid. Independent System
Operators (ISO) typically operate various markets that includes
energy and several types of AS. Merit Order based Dispatch (MOD),
Sequential Dispatch (SQD) and Joint Optimization Dispatch (JOD)
are three types of auctionmarket mechanismwhich are used by ISO
for the procurement of energy and AS in deregulated environment.
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1.1. Merit order dispatch

The most basic form of dispatch is MOD, where separate and
independent stacks of offer in the form of price and quantity of the
bids are considered each for energy and AS [7,8]. The lower price
offer eliminates more expensive offer during the clearing process.
Since this method of market clearing ignores the capacity coupling
between energy production and supply of AS, no one can guarantee
the feasibility and optimality of the solution [9]. This approach is
simple, but it easily leads to physically infeasible solutions.

1.2. Sequential (SQD) or disaggregated dispatch

The SQD, as an improvement of MOD identifies the fact that both
energy and AS consume the same generating capacity. In this
approach, the clearing of energy and AS is separated and sequential.
California (in early stage of restructuring), Spain, Italy, Texas and
Nordic countries, involves sequential dispatch of energy and AS
markets in which priority sequence is defined for each product, for
example, energy market is cleared first and then the clearing of the
next market (such as AS) starts [10]. Determining the winners in
such an auction mechanism is easy because this can be done by
selecting the lowest price offering participants for each product
separately. Compared to MOD, it respects the capacity limits of the
units, but may results in higher prices [11].

1.3. Joint Optimization Dispatch or simultaneous auction
mechanism

In this mechanism, the objective is to allocate multiple indi-
visible products to a set of bidders along with the minimization of
joint bid cost of providing energy and AS [12]. This approach has
been implemented in Australian Energy Market Operator (AEMO),
Pennsylvania-New Jersey-Maryland Interconnection (PJM), New
York ISO (NYISO), New England ISO (ISO-NE), Electric Reliability
Council of Texas (ERCOT) and new California markets where energy
and AS markets are cleared at the same time [13]. In this approach,
it is hard to justify the schedule and pricing of the product. When
comparing to MOD and SQD, it clearly model strong coupling be-
tween the products. Furthermore, this method will largely, but not
entirely, avoid the price inversions [14].

Several countries are deploying RES into their energy mix as
they are indigenously available in their own country and provide
several other benefits when comparing with other sources of en-
ergy. The declining cost of electricity produced from RES is also an
important factor of consideration that contributes the penetration
of renewables in electricity markets [15]. Since the marginal cost of
RES like wind and Photo-Voltaic (PV) is very low, zero or even
negative affects the market clearing price by eliminating more
expensive generating sources from the dispatch program [16].

In literature, numerous publications focuses the impact of
integrating RES in different electricity markets worldwide. The
ability to store and dispatch electricity from Concentrated Solar
Power (CSP) plants promises cost advantages when it comes to
integrate into electricity systems of Morocco and Algeria [17].
Pereira et al. [18] presented that by increasing the penetration of
wind power in Iberian electricity market results in declination of
average price of electricity by around 4.5V/MWh and reduction in
operational hours of thermal plants. Difficulties and strategies
during large scale integration of wind power into existing 50% CHP
based electricity generation to reduce CO2 emissions in Denmark
has been illustrated by H. Lund et al. [19]. Similar study has been
carried by Cosic et al. [20] regarding issues and energy efficiency
measures required in Macedonia to become 100% RES based elec-
tricity market. Different challenges and possible solutions of
integrating RES in electricity markets of Greece, Denmark,
Netherlands, France and Italy has been examined by Hammons
[21]. Woo et al. [22] investigated merit order effect of wind and PV
on day-ahead and real-time electricity price when integrated in
California EM.

The impact of modeling of wind and solar energy on the elec-
tricity market in India has been examined by Chattopadhyay in
Ref. [23]. Sharma et al. [24,25] presented an approach for optimal
integration of RES in competitive electricity market for profit
maximization and to reduce government subsidy on RES genera-
tion. A novel methodology based on Minimum Total Mix Capacity
(MTMC) has been proposed by Vidal-Amaro et al. [26] to determine
optimal mix of RE supply in existing fossil fuel based Mexican
electricity system. Simoglou et al. [27] presented an extensive
analysis of impact of large scale integration of RES and Combined
Heat and Process (CHP) plant in Greek EM. Major integration
challenges related to the RES in economic analysis and system
planning has been discussed by Ueckerdt et al. [28] for U.S. Indiana
and Germany.

Due to restructuring and liberalization of the electricitymarkets,
the SO tries to maximize profit obtained from the market. Tradi-
tionally, AS are obtained widely from conventional fossil fuel based
plants [29] and other form of dispatchable or partially dispatchable
plants like hydro plants [30] and pumped storage hydro plants [31].
Nowadays, similar to conventional plants, RPPs are also proficient
of participating in energy as well as ASM in order to maximize their
profits due to their fast responding ability. In general, RPPs agrees a
production level in these markets, which must be delivered in the
contracted periods.

Wind can become a price maker when participates in electricity
and spinning reserve market [32,33]. Reddy et al. [34,35] has
examined economic dispatch based scheduling of wind with ther-
mal power system in energy and spinning reserve. Concentrated
Solar Power (CSP) plants can also able to provide energy as well as
tertiary reserves [36]. Pousinho et al. [37] discussed the participa-
tion of WPP with CSP plants in joint energy and spinning reserve
markets, aimed to maximize profit. Renewable generation with
energy storage system can play a vital role in providing energy,
regulation and reserve markets [38]. Parastegari et al. [39] has
addressed combined operation of various RES like wind, pumped
storage units and PV with energy storage devices in energy and
ASM. Khazali and Kalantar [40] discussed a novel approach for
wind based Plug-in Electric Vehicles (PEV) in day-ahead energy and
RM clearing process based on stochastic programming. Apart from
variable energy sources like wind and PV, partially dispatchable
sources like biogas and biomass plants also shows their presence in
electricity and control reserve markets [41,42].

In this paper, a sequential approach of clearing both EM and RM
in deregulated environment considering RPP participation is
addressed. The optimization problem is formulated as OPF prob-
lem. An OPF has an ability to deal with physical constraints such as
generating limits and ramp rate restrictions which has significant
effect on GENCO responses in both energy and reserve clearing
process. Also the clearing of TMSR and TMRR under RM is consid-
ered each at a time in order to demonstrate the effect of ramping
constraints on reserve allocation. Using proposed approach of
considering RPP participation in EM and RM, not only the cost of
procurement is minimized, but also there is a feasible solution for
RM.

2. Problem formulation for sequential energy and reserve
dispatch

Under competitive environment, GENCOs submit their bids to
be cleared by the SO for each time interval in a day-ahead electricity
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market. This paper considers simple offers from the supplier in
terms of quantity of power that the GENCOs are willing to sell in
energy and/or reserve markets (in MW) and their prices (in
$/MWh). Only suppliers are considered, that is, there is no bidding
from the consumer side. Here, for energy and reserve requirement
in the system SO behaves as a single buyer, which buys for all.

To enhance the technical feasibility of the market, GENCOs must
declare their technical characteristics in terms of maximum output
capacities and associated ramp rates.

2.1. Payment mechanism

Let the total number of GENCOs is considered to be N. Each
GENCO submits individual bid each for energy and reserve market
as:

For EM : Ei; PEi; i ¼ 1;2;3;…;N (1)

For RM : Ri; PRi; i ¼ 1;2;3;…;N (2)

where Ei and Ri is the quantity of energy and reserve, PEi and PRi the
price of energy and reserve offered by ith GENCO.

� If the payment mechanism in the EM and RM is Pay-As-Bid
(PAB), then the Procurement Cost of Energy (PCE) to the
accepted energy Ei in EM from ith GENCO will be-

PCEiðEiÞ ¼ Ei � PEi (3)

Also, the Procurement Cost of Reserve (PCR) to the accepted
reserve Ri in the RM from ith GENCO will be-

PCRiðRiÞ ¼ Ri � PRi (4)

� If the payment mechanism in the EM or RM is uniform, then the
accepted GENCOs in EM and RM receives payment as per Energy
Clearing Price (ECP) and Reserve Clearing Price (RCP) respec-
tively as-

PCEiðEiÞ ¼ ECP$Ei (5)

PCRiðRiÞ ¼ RCP$Ri (6)

2.2. Proposed market clearing mechanism with RPPs

To encourage GENCOs participation in market clearing, the
market structure in present work is considered to be sequential or
disaggregated. Lower complexity and transparency of clearing re-
sults are the attractive feature of disaggregated framework. Also, in
this approach of market clearing, justification and explanation of
schedules and prices are quite simpler. In the proposed market
clearing mechanism, the energy and RM are cleared in separate
environment by a single entity. Here, SO is assumed to be a sole
authority behind the clearing of both EM and RM. Moreover, this
mechanism has been similar to themechanism that is used inmany
countries like Spain, Italy etc. for clearing of EM and RM.

According to submitted bids from the GENCOs, SO clears the EM.
After clearing of EM, RM is cleared such that the feasible solution
can be obtained. Two cases are considered for clearing of EM & RM,
one case considers only conventional plants for supplying both
energy and reserve requirement, and the other considers both
conventional plants as well as RPPs. These cases are considered so
that the comparison can be demonstrated for EM & RM clearing
with and without renewables. Therefore, market clearing mecha-
nism is implemented through the following steps:

Step 1: Clear EM from available conventional units and RPPs such
that

Min
XN

i¼1

PCEiðEiÞ (7)

such that

XN

i¼1

Ei ¼ ELðEnergy requirementÞ (8)

Step 2: Calculate Available Capacity (AC) and Available Reserve
Capacity (ARC) corresponding to each GENCO after EM
clearing, from the following equations:

Available Capacityi ¼ ACi ¼ EMax
i � Ei i ¼ 1;2;…N (9)

ARC for TMRR ¼ ðARCiÞTMSR ¼ Min
�ðACÞi; 10� RRi

�
(10)

where i ¼ 1,2,…(N � nnsu), where nnsu denotes number of non-
synchronized units and RRi ramp rate of ith GENCO.

ARC for TMRR ¼ ðARCiÞTMRR ¼ Min
�ðACÞi;30� RRi

�
where i

¼ 1;2;3;…N

(11)

Step 3: Clear the RM such that

Min
XN

i¼1

PCRiðRiÞ (12)

such that

XN

i¼1

Ri ¼ RLðReserve requirementÞ (13)

The objective function, Eqs. (7) and (12), is to be minimized
subject to the following transmission network constraints:
2.2.1. Power flow constraints
The power flow equation of the power network

gðV ;fÞ ¼ 0 (14)

where

gðV ;4Þ ¼

8>><
>>:

PiðV ;fÞ � Pneti ) For each PQ bus i
QiðV ;fÞ � Qnet

i ) For each PV busm; not
including the reference bus

PmðV ;fÞ � Pnetm

where Pi and Qi are respectively calculated real and reactive powers
for PQ bus i. Pneti and Qnet

i are respectively specified real and reac-
tive power for PQ bus i. Pm and Pnetm are respectively calculated and
specified real power for PV bus m. V and f are voltage magnitude
and phase angles at different buses.
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Table 1
Seven Unit test system technical characteristics.

Unit Plant type Energy offer Reserve offer Ramp rate (MW/min) MW limit

MW Price ($) MW Price ($)

G1 Steam 40 45 40 13 3 40
G2 Steam 340 56 340 15 3 340
WPP Wind Varying Hourly 53 Varying Hourly 12 e e

PVP PV Varying Hourly 66 Varying Hourly 17 e e

G3 Steam 520 44 520 10 4 520
G4 Steam 200 68 200 30 5 200
G5 Hydro 600 35 600 8 6 600
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Fig. 2. Load demand for complete day.
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2.2.2. Inequality constraints on real and reactive power generation

� The inequality constraint on real power generation Pgi at PV
buses

Pmin
gi � Pgi � Pmax

gi (15)

where Pmin
gi and Pmax

gi are respectively minimum and maximum
value of real power generation allowed at generator bus i.
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Fig. 3. Hourly Wind and PV av
� The inequality constraint on reactive power generation Qgi at PV
buses

Qmin
gi � Qgi � Qmax

gi (16)

where Qmin
gi and Qmax

gi are respectively minimum and maximum
value of reactive power at PV bus i.
2.2.3. Inequality constraints on phase voltage and phase angle

� The inequality constraint on phase voltage V of each PQ bus

Vmin
i � Vi � Vmax

i (17)

where Vmin
i and Vmax

i are respectively minimum and maximum
voltage at bus i.

� The inequality constraint on phase angle fi at all the buses

4min
i � 4i � 4max

i (18)

where 4min
i and 4max

i are respectively minimum and maximum
allowed value of voltage angle at bus i.
2.2.4. Transmission limit constraints
The branch flows are limited by MVA flow limit constraints:
1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0 2 1 2 2 2 3 2 4

PV

ailability for complete day.
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MVAfij � MVAfmax
ij (19)

where MVAfmax
ij is the maximum rating of transmission line con-

necting bus i and j.
The flowchart of proposed clearing mechanism in EM and RM

(for TMSR and TMRR) is shown in Fig. 1.

3. Technical characteristics and assumptions

3.1. Generation system

Simulations are carried out by considering generation system
based on hydro, steam, and renewable based generation (like Wind
and PV). Technical characteristics of the power plants includes
energy bidding blocks, reserve bidding blocks, maximum output
capacities and associated RR of the units and are listed in Table 1.
The price offered by the GENCOs represents the actual cost of en-
ergy generation in Asian countries and are obtained from the
briefing note of Indian power prices published by Institute for En-
ergy Economics and Financial Analysis (IEEFA) [43]. Practical prices
for Wind and PV are considered in order to enhance the
y market clearing in case 1.



Fig. 6. GENCOs schedule in reserve market clearing in case 1.

Fig. 7. Clearing Prices: (a) ECP (b) RCP for TMSR and (c) RCP for TMRR in case 1.
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transparency of the results [44,45]. Also GENCOs offers are
considered as constant for the whole scheduling period of 24 h.
3.2. Demand and renewable generation profiles

In case of an electric power system, the total load on the system
will generally be higher during the daytime and early evening
when industrial loads are high, lights are on, and so forth, and
lower during the late evening and early morning when most of the
population is asleep. Figs. 2 and 3 shows typical load pattern and
RES status (Wind & PV) for a complete day and are adopted from
Ref. [46].
3.3. Assumptions

Generally reserve requirement (Eq. (13)) is obtained using
deterministic criterion or “thumb-rule” methods. Reserve require-
ment is generally considered to be either equal to the size of the
largest generating unit or 5e10% of peak load in the system [9].
Here variable reserve requirement is considered, that is, about 10%
of the hourly energy demand as shown in Fig. 1. In the following
section, the applicability and effectiveness of employing RES in EM
and RM is studied through simulations.
4. Simulation results

In order to take into consideration explicitly the participation of
RES in electricity market for the procurement of energy and AS, an
IEEE 5 bus test system has been modified from 5 unit system to 7
unit system by integrating RES into the existing system. The single
line diagram of this modified system is shown in Fig. 4. The line
data and associated capacities considered for the simulation studies



Fig. 8. GENCOs schedule in energy market clearing in case 2.
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are given in Appendix A. The test system consists of 7 generators, of
which 4 are thermal generators located at buses 1, 2, 3 and 4; one
generator is assumed to be hydro power plant, that is, located at bus
5. Among the RES, wind and PV are most recognized sources of
electricity generation worldwide and have experienced explosive
growth over the last decade. Therefore in this modified system,
RPPs are considered to be wind and PV power plant and are located
at bus 2 and 4 respectively.

The system total installed generating capacity without consid-
ering RPPs is 1700 MW and capacities ranging from 40 MW to
600MWwith hourly varying RES based generation. The system has
minimum andmaximum energy demand of 700MWand 1500MW
respectively. For procuring energy, three loads EL1,EL2, and EL3 are
connected respectively at buses 1, 3 and 5 shares equal amount of
total energy demand. The reserve requirement (either TMSR or
TMRR), in the system is determined using deterministic criteria and
is considered to be equal to 10% of the hourly system energy de-
mand that has been procured from bus 4.

For simulating the proposed approach, it is assumed that the
energy and reserve requirement varies hourly. Two cases are studied.
In case 1, only conventional GENCOs offers for energy and AS are
considered, i.e., RPPs participation in market clearing is ignored. In
case 2, RPPs integration with conventional GENCOs for the procure-
ment of energy and AS using the proposed approach are considered.
4.1. Case 1: Neglecting renewable participation

For this case, renewable participation in clearing energy and
reservemarket isnot considered. Theenergydemand is clearedfirst in
EMfromavailable generation, and thenAC, ARCof eachunit andPCE is
calculated for the givenperiod. After clearing the EM, RM is cleared by
SO from ARC according to Eq. 10 and 11. The generating schedules for
each GENCO over the time horizon of 24 h to meet both energy and
reserve (TMSR and TMRR) requirement are shown in Fig. 5.

Regarding reserve allocation to the GENCOS, it is seen that after
clearing EM in hours 7e15 and 19e21 (for TMSR) and in hour 12
(for TMRR), the ARC is less than the required reserve (TMSR or
TMRR), therefore a feasible solution for RM for these periods is not
possible. This is because the units with high ramp rates (such as
hydro units) have a low marginal cost, are easily accepted in the
market. In our case, GENCOs 3 and 5 beingmost economical units as
well as have high ramp rates being already selected in the EM and
will no longer be available for contributing their capacities in RM.
These periods in reserve clearing are termed as Period of Infeasible
Condition (PIC) and are shown in Fig. 6.

Fig. 7 summarizes the progress of ECP and RCP for the complete
24 h horizon. Fig. 7(a) shows maximum value of ECP obtained at
different buses in EM clearing. ECP reflects effect of line losses and
demand at different buses. Since line limits are not reached at any
time, hence ECPs are not influenced by transmission congestion.

The RCPs for TMSR and TMRR are plotted in Fig. 7(b) and (c)
respectively. The system has no RCPs for the PIC as shown in Fig. 7.
Since the system has only one zone for EM and RM allocation, equal
clearing price is to be paid to all the generators in concern period in
EM and RM. Since ECP and RCPis time dependent quantity hence
varies hourly.

4.2. Case 2: Proposed renewable participation in both EM and RM

It is seen from the previous case that, inmost of the time inTMSR
clearing and 1-h in TMRR clearing, lack of feasible solution is a big
problem. The problem can be eliminated by considering renewable
participation in both EM and RM. Renewable participation not only
reduces the cost of procuring energy and reserve but also results in a
feasible solution for both the TMRR and TMSR market for complete
time period. This is because renewables have low marginal cost of
electricity generation and also have no issue regarding ramping
rates when comparing with conventional GENCOs (thermal and
hydro power plants). These resources replace the costlier units in
clearing process in EM and make other units to be available in RM.

Fig. 8 shows the schedule of each GENCO in EM and RM clearing
based on proposed approach over the time period of complete one
day. It is seen that the RM has a feasible solution in both TMSR and
TMRR clearing for complete range when the proposed approach is
applied.

When comparing with Fig. 4, with the participation of RPPs in
clearing process replaces their energy with some of the costlier
GENCOs in EM and RM markets results in procurement cost
reduction from these services. This also results in feasible condition
in RM as shown in Fig. 9.

Fig. 10 shows ECP and RCP for the complete 24 h horizon when
RPPs too are considered in EM and RM clearing process. Fig. 10(a)
shows ECP in terms of maximum value. The RCPs for TMSR and
TMRR in case 2 are plotted in Fig. 10(b) and (c) respectively. If the
payment mechanism is PAB then the total energy cost to be paid by
the SO to GENCOs for procuring energy and reserve services (TMSR
and TMRR) in present case is shown in Table 2.

4.2.1. Cost comparison
Table 2 shows cost comparison of procuring energy in both the



Fig. 9. GENCOs schedule in reserve market clearing in case 2.
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cases considered for the complete time period based on PAB pay-
ment mechanism. It is seen from the result that the proposed
approach is cost effective. Since there is a lack of complete feasible
solution in both TMSR and TMSR services in case 1, hence no
common conclusion regarding total cost of procuring reserve ser-
vices from GENCOs can be made. It also shows the total cost of
procuring TMSR and TMRR services under proposed approach.

5. Effect of ramping constraints on reserve clearing

The clearing of RM depends upon the AC of various GENCOs
after clearing EM. RM is cleared based on ARC that is affected by
ramping constraint of particular GENCO. Therefore, ARC is limited
by AC and ramp rates (Eq. (10)e(11)). Higher the ramp rate more
the ARC will be available in RM. The effect of ramping constraints
on reserve clearing is discussed as-

In Case 1, TMSR clearing have total 12 periods of infeasible so-
lution whereas there are only 1 period of infeasible solution in
TMRR clearing under RM. The TMRR clearing have more number of
feasible solutions as compared to TMSR clearing. This is because of
the fact that GENCOs have more ARC in TMRR clearing than TMSR
clearing. For instance, we now assume the period of high reserve
demand of 145 MW (in hour 11) in case 1, where TMSR clearing has
infeasible solution whereas TMRR not. GENCOs G2 and G4 declares



Fig. 10. Clearing Prices: (a) ECP (b) RCP for TMSR and (c) RCP for TMRR in case 2.

Table 2
Cost Description for procuring energy and reserves in EM and RM.

Type of Market Type of service Case under study Total cost of procurement ($)

EM Energy Case 1 1070317.16
Case 2 1067051.23

Cost Saving (from proposed
approach)

3265.93

RM TMSR Case 1 e

Case 2 38654.20
TMRR Case 1 e

Case 2 34684.65

Table 3
Line data and corresponding capacities.

From bus To bus r x b Line flow

1 2 0.00281 0.0281 0.00712 400
1 4 0.00304 0.0304 0.00658 100
1 5 0.00064 0.0064 0.03126 240
2 3 0.00108 0.0108 0.01852 100
3 4 0.00297 0.0297 0.00674 240
4 5 0.00297 0.0297 0.00674 240
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a ramp rate of 3 MW/min and 5 MW/min for RM. Although these
GENCOs have AC of 48.8 MWand 200 MW respectively for the RM,
only AR of 30 MW and 50 MW can be cleared in TMSR market
whereas AR of 48.8 MW and 150 MW in TMRR market. This results
in infeasible solution in TMSR and feasible solution in TMRR.

In a similar manner to show the effectiveness of the proposed
approach of consideration of RPPs in EM and RM, hour with
maximum reserve requirement of 150MW is considered. This is the
period where infeasible condition exists in both TMSR and TMRR
clearing. During this period, as discussed above, the ramp rate
limits the ARC from conventional GENCOs to participate in RM.
Hence RPPs plays a dominating role in providing ARC as they are
independent of ramping constraints. The complete AC from RPPs
after clearing EM will be available as ARC in RM clearing process
that results in feasible solution in RM clearing. Therefore, the RPPs
in EM and RM also eliminates the problem of infeasibility.
6. Conclusion

In this paper, a disaggregated framework for integrating RPPs in
electricity markets for clearing of energy and reserve market is
presented. The problem formulation is based on optimal power
flow method that has an ability to deal with physical constraints
like generating limits and ramp rate restrictions which has signif-
icant effect on GENCO responses in both energy and reserves
clearing.

The AC from each GENCO to be served in RM is often limited by
ramping rates offered by conventional GENCOs. Hence under these
circumstances, RPPs play a vital role in reserve clearing process as
there is no issue regarding ramping constraints.
The proposed approach has been applied to a modified 7 unit
test system and the analysis of the numerical results in terms of
procurement cost for both energy and reserve dispatch has been
reported. The simulation results shows that the integration of RPPs
in EM and RM will results in cost saving as well as in obtaining
feasible solution in RM clearing.
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Appendix A

The line data and corresponding capacities for the test system
are given in Table 3.
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Nomenclature
Abbreviations

AC: Available Capacity
AS: Ancillary Services
AEMO: Australian Energy Market Operator
ARC: Available Reserve Capacity
ASM: Ancillary Services Market
CSP: Concentrated Solar Power
CHP: Combined Heat and Process
DISCOs: Distribution Companies
ECP: Energy Clearing Price
ERCOT: Electric Reliability Council of Texas
EM: Energy Market
GENCOs: Generation Companies
IEEFA: Institute for Energy Economics and Financial Analysis
ISO: Independent System Operator
ISO-NE: New England ISO
JOD: Joint Optimization Dispatch
MOD: Merit Order dispatch
MTMC: Minimum Total Mix Capacity
MW: Mega Watt
MWh: Mega Watt-hour
OPF: Optimal Power Flow
PAB: Pay-As-Bid
PCE: Procurement Cost of Energy
PCR: Procurement Cost of Reserve
PEV: Plug-in Electric Vehicle
PIC: Period of Infeasible Condition
PJM: Pennsylvania-New Jersey-Maryland Interconnection
PV: Photo-Voltaic
PVP: Photo-Voltaic Plant
RCP: Reserve Clearing Price
RES: Renewable Energy Source
RPP: Renewable Power Producer
RM: Reserve Market
RR: Ramp Rate
SDG: Solar-based Distributed Generation
SO: System Operator
SQD: Sequential Dispatch
TMSR: Ten Minute Spinning Reserve
TMRR: Thirty Minute Replacement Reserves
TRANSCOs: Transmission Companies
VIS: Vertical Integrated System
WPP: Wind Power Plant

Symbols

(ARCi)TMSR: Available reserve capacity for TMSR
(ARCi)TMRR: Available reserve capacity for TMRR
ACi: Available capacity of ith GENCO
EL1,EL2,EL3: Loads connected at buses 1, 3 and 5
Ei: Quantity of energy accepted in EM by ith GENCO
EL: Energy requirement
g(V,f): Power flow vectors
MVAfmax

ij : Maximum rating of transmission line connecting bus i and j

nnsu: Number of non-synchronized units
N: Total number of GENCOs
Pgi: Real power generation at PV bus i
Pmin
gi &Pmax

gi :Minimum&maximumvalue of real power generation allowed at PV bus
i

Pi: Calculated real powers for PQ bus i
Pneti : Specified real power for PQ bus i
Pm: Calculated real power for PV bus m
Pnetm : Specified real power for PV bus m
PCEi: Procurement cost of Energy from ith GENCO
PCRi: Procurement cost of Reserve from ith GENCO
PEi: Price of energy offered by ith GENCO
PRi: Price of reserve offered by ith GENCO
Qgi: Reactive power generation at PV bus i
Qmin
gi &Qmax

gi : Minimum & maximum value of reactive power generation allowed at
PV bus i

Qi: Calculated reactive powers for PQ bus i
Qnet
i : Specified reactive power for PQ bus i

Ri: Quantity of reserve accepted in RM by ith GENCO
RL: Reserve requirement
RRi: Ramp rate offered by ith GENCO
V: Voltage magnitude
Vi: Value of voltage magnitude of each PQ bus
Vmin
i &Vmax

i : Minimum & maximum value of voltage magnitude of each PQ buses
F: Phase angle
fi: Value of voltage angle at bus i
4min
i &4max

i : Minimum& maximum allowed value of voltage angle at bus i
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