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Abstract—Recent Federal Energy Regulatory Commission
(FERC) Order 841 requires that Independent System Operators
(ISOs) facilitate the participation of energy storage systems (ESSs)
in energy, ancillary services, and capacity markets, by including
ESS bidding parameters that represent the physical and opera-
tional characteristics. However, in the existing market frameworks
that allow Battery Energy Storage Systems (BESSs) to participate,
the bids and offers do not explicitly represent the physical and
operational characteristics such as the state of charge (SOC), dis-
charge rate, degradation, etc. This paper proposes a novel BESS
operational cost model considering degradation cost, based on
depth of discharge and discharge rate. The model is developed
considering Lithium-ion batteries, and the approach can be ap-
plied to other conventional electrochemical batteries, but not flow
batteries. A detailed bid/offer structure based on the proposed
BESS operational cost functions is formulated. Thereafter, a new
framework and mathematical model for BESS participation in an
LMP based, co-optimized, energy and spinning reserve market,
are developed. Three case studies are presented to investigate the
impact of BESS participation on system operation and market
settlement. The proposed model is validated on the IEEE Reliability
Test System (RTS) to demonstrate its functionalities.

Index Terms—Energy storage, electricity markets, locational
marginal price, spinning reserve.

NOMENCLATURE

A. Set and Indices
e BESS, e ∈ E.
h Blocks of customer bids, h ∈ NCB .
i, q Bus, i ∈ I .
j Generators, j ∈ J .
k, t Time (hour), k ∈ K.
n Blocks of generator offers, n ∈ NGB .
ESi Set of BESS connected to bus i.
Gi Set of generators connected to bus i.
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Note: The parameters and variables are listed without their
indices, for brevity.

B. Parameters

B Element of susceptance matrix, p.u.
BE

Cap Battery energy capacity, MWh.
C1 Degradation cost based on depth of discharge

(DOD) and discharge rate, $/MWh.
a, b, c, d Coefficients of C1.
CB Battery cost, $.
CCh BESS charging bid price, $/MWh.
CD Customer’s demand bid price, $/MWh.
CESR Spinning reserve offer price of BESS, $/MWh.
CG Generator offer price for energy, $/MWh.
CGSR Generator spinning reserve offer price, $/MW.
Csd, Csu Shut-down/ start-up cost of generator, $.
DCRmax Maximum discharge rate limit of BESS, p.u.
DCRmin Minimum discharge rate limit of BESS, p.u.
P , P Maximum/minimum limit on power output of

generator, MW.

P
Ch

, P
Dch

Maximum charging/discharging limit of
BESS, MW.

P
D

, P
G

Demand bid/ Generator offer quantity, MW.

P
GSR

Generator spinning reserve offer quantity,
MW.

SOC Maximum state of charge (SOC) limit of
BESS, p.u.

SOC Minimum SOC limit of BESS, p.u.
βCh, βDch BESS charging/discharging capacity share, as

a fraction of the available BESS energy capac-
ity.

βSR BESS offer quantity share, for spinning re-
serve, as a fraction of available BESS energy
capacity.

η Battery round trip efficiency, %.

C. Variables

DCR Discharge rate of the BESS, p.u.
ECh Charging energy, MWh.
PChE , PDchE Charging/discharging power, MW.
PESR Spinning reserve from BESS, MW.
PD, PG Cleared demand/generation, MW.
PGSR Spinning reserve cleared from generator, MW.
P loss Power loss in the transmission line, MW.
SOC State of charge, p.u.
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SOCDch SOC after the discharging operation, MWh.
SOCSR Energy capacity of the BESS cleared for spin-

ning reserve provision, p.u.
SOCSRcap BESS cleared capacity for spinning reserve,

MWh.
U , V Binary variable = 1, if generator starts/shut

downs, and 0 otherwise.
WG, WSR Binary variable= 1, if energy/spinning reserve

offer of generator is cleared, and 0 otherwise.
X Binary variable = 1, if demand bid is cleared,

and 0 otherwise.
Z1, Z2 Binary variable = 1, if BESS is charg-

ing/discharging, and 0 otherwise.
Z3 Binary variable = 1, if BESS is providing

spinning reserve provision, and 0 otherwise.
δ Voltage angle of the bus, radian.

I. INTRODUCTION

IN RECENT years, there has been significant deployment
of battery energy storage systems (BESSs) in the power

system; for example, the total BESS capacity installed globally
of 11 GWh in 2017 is expected to grow to 100-167 GWh
by 2030 [1]. Grid scale BESSs, because of their operational
flexibility, characterized by a fast response time, high ramp rate,
and capability to provide upward and downward response, are
competent resources to provide services in electricity markets.

Recent Federal Energy Regulatory Commission (FERC) Or-
der 841 [2] requires that Independent System Operators (ISOs)
facilitate the participation of energy storage systems (ESSs) in
energy, ancillary services, and capacity markets, at par with other
participants, by introducing changes in the market designs by
December 2019. An important requirement regarding the ESS
bidding parameters, noted in [2], is to account for their physical
and operational characteristics such as the state of charge (SOC),
discharge rate, etc.

As of now, the BESSs participate in different ways and
market mechanisms across the ISOs [3]–[7]. The New York ISO
(NYISO) was the first to initiate a market design in September
2018, whereby the ESSs could offer their services in the whole-
sale energy, capacity, and ancillary service markets, in line with
the FERC Order [4]. In this market design, the physical and oper-
ational characteristics of an ESS, such as the upper/lower storage
limits, SOC, response rate, etc., are taken into consideration.

In PJM, which has the highest installed BESS capacity of
300 MW in North America, BESS participates in the regulation
market by submitting two-part offers (capability and perfor-
mance); while in the energy market they can only submit positive
MW offers (discharging offers) with a $0 offer price [8], [9], [10].
However, the PJM market has been redesigned to comply with
FERC Order 841 and BESS will be allowed to submit charging,
discharging and continuous mode operation bids/offers based
on cost curves to participate in the energy market; this change
is expected to be operational by the end of 2019 [11].

In CAISO, the BESSs can participate in the day-ahead
and real-time regulation markets by submitting simple price-
quantity based bids and offers for these services [3], [5]. In ISO

New England, under the ongoing market design changes, a
BESS sized 5 MW or greater would be able to participate in
the regulation market from December 2019 [6].

In Ontario, Canada, the Independent Electricity System Op-
erator (IESO) procured 50 MW of ESS capacity in 2014 [7],
which includes thermal energy storage, BESS, flywheels, and
power-to-gas (hydrogen storage) technologies, which are de-
ployed mainly for ancillary services provisions such as regula-
tion, voltage control and reactive power support. However, the
BESSs do not bid to provide these ancillary services but are
procured and paid through long-term contracts. A review of the
current practices adopted in various ISOs reveals the need for
a unified market settlement framework, as required by FERC
Order 841, which will allow BESSs to participate in various
markets. to do so, they must submit bids/offers by capturing
their physical and operational characteristics.

There is a growing body of literature on integrating ESSs
into power system operations [12]–[15], some recent research
has proposed integrating ESS into electricity markets [16]–[30].
While few works have focused on determining the optimal
strategies for coordinated operation of a wind farm and the ESS
facility owned by the same entity and participating in electricity
markets [16]–[19], the participation of an ESS as a grid-scale,
independently owned resource, in day-ahead and real-time mar-
kets is discussed in [20]–[30]. These works [20]–[30] consider
optimal bidding and offering strategies, and dispatch models
for ESS considering arbitrage, renewable energy sources (RES)
integration, and ancillary service provisions.

In [20], an approach to simultaneously optimizing invest-
ments in new generation, and distributed and bulk storage
technologies by minimizing the short-term operation cost is
presented. In [21]–[25], the optimal bidding and scheduling
of ESS in electricity markets from an owner’s perspective, are
presented. In [21], a bidding mechanism based on stochastic
programming is developed for a group of ESSs that partici-
pate in the day-ahead market to provide energy and reserve
capacity, and in the real-time market to provide energy. The
uncertainty in market prices due to wind power fluctuations and
the impact of ESS size and location are considered, to improve
the bidding decisions made by the large ESS units. In [22], an
optimal bidding strategy is proposed for a BESS, maximizing
its benefits by participating in energy and reserve markets. In
[23]–[25], optimal bidding and scheduling mechanisms for ESS
using two stage optimization approaches are proposed. The first
stage maximizes ESS profit, while the second stage maximizes
the overall market benefit considering generation resources and
ESS. However, the research in [20]–[25] neither considers the
loss of life (degradation) aspects of an ESS, nor appropriately
models the operational cost function of ESSs in terms of their
physical and operational characteristics.

Battery degradation results in two types of aging: (i) calender
aging, and (ii) cyclic aging. The capacity fading and increase in
battery resistance over a period of time, without the influence
of external factors, is referred to as degradation due to calender
aging; the degradation that occurs due to the actual operation
of the battery i.e., its cycling during charging and discharging
modes, is referred to as degradation due to cyclic aging and
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depends on the depth of discharge (DOD), discharge rate, the
limits on the SOC, ambient temperature, etc. [31]. Degradation
due to calender aging is minimal when short-term operation
is considered, and hence can be neglected. Thus, a battery’s
degradation is directly influenced by its charging / discharging
operations.

Few works have considered the battery degradation related
to participation in electricity markets [26]–[30]. In [26], bat-
tery degradation is modeled by limiting the discharge cycle
of the battery only, but the degradation aspect is not a part
of the BESS operational cost function. While [27]–[30] have
considered including battery degradation in modeling the BESS
operational cost function. In [27], a BESS usage cost model
was developed by considering degradation based on cycles and
DOD, to determine the optimal schedules in the energy market.
In [28], a piece-wise linear cost function based on battery cyclic
aging, using the rain flow algorithm, was proposed, with bids de-
signed based on the developed cost function. An optimal bidding
strategy was proposed for a BESS in [29] considering the battery
cycle life model and participation in day-ahead energy, spinning
reserve, and regulation markets. In [30], an optimal control and
bidding strategy for a BESS, considering the battery aging cost,
to participate in performance based regulation markets, was
proposed. However in these works [27]–[30], other important
considerations such as the degradation due to discharge rates,
have not been considered in the BESS operational cost function
formulations.

Thus, BESS operational cost functions need to be modeled
in proper detail, considering the important aspects such as
degradation cost based on DOD and discharge rate, in a unified
market framework, with the objective of maximizing the benefits
of all participants. Furthermore, in the context of FERC Order
841, a generic market operations framework and mathematical
model to integrate BESS into the electricity markets are urgently
needed. The following aspects need be taken into consideration
in developing the operating cost function of a BESS:
� When a BESS participates in the electricity market, its

charging / discharging profiles are expected to be signifi-
cantly different from those considered in its testing phase.
Therefore, it is important to take into account the variable,
and usage dependent, BESS degradation characteristics in
the operational cost model.

� BESSs being limited energy sources, it is more realistic to
formulate their operational cost functions and bids/offers
in terms of their energy capacity or SOC, instead of power
quantities.

Considering the above aspects, the main objectives and con-
tributions of this paper are as follows:
� Develop a novel BESS operational cost function model

considering the Degradation Cost, which is based on the
DOD and discharge rate.

� Propose a bid/offer structure based on the functions, for
BESS to participate in energy and spinning reserve mar-
kets, capturing the inter-relationships between the BESS
charging bid and discharging offer quantities.

� Develop a generic market operations framework and com-
prehensive mathematical model for the integration of BESS
in a locational marginal price (LMP) based, co-optimized,

day-ahead energy and spinning reserve market includ-
ing the detailed BESS operational cost function formu-
lation, the charging bid and discharging offer structure, by
properly representing the BESS physical and operational
characteristics.

� The proposed operational cost functions and bid/offer
structure correctly captures the actual cost of BESS op-
eration, accounting for its degradation, thus providing re-
alistic market clearing decisions. Investigate the impact of
BESS integration on market dispatch, energy and spinning
reserve prices, and other economic indicators, for various
cases.

� All the above formulations and propositions appropriately
meets the important requirement of FERC Order 841 to
develop a participation model for ESSs, accounting for
their physical and operational characteristics, such as the
SOC, discharge rate, etc., in the ESS bidding parameters,
so as to facilitate their participation in ISO markets.

The remainder of the paper is organized as follows: Section II
presents the modeling of BESS operational cost function con-
sidering the Degradation Cost. Section III presents the BESS
bid/offer structure and the framework of the proposed mar-
ket, with BESSs. The mathematical model of the LMP-based
BESS-integrated, co-optimized day-ahead energy, and spinning
reserve market is presented in Section IV. The detailed results for
different case studies are presented in Section V, and Section VI
concludes the paper.

II. BESS OPERATIONAL COST FUNCTION MODEL

The special characteristics of a BESS enables it to participate
in the electricity markets both as a load and a generator, and
hence the BESS can submit bids to charge and offers to dis-
charge. The bids and offers should reflect the marginal operating
cost of the BESS. Furthermore, the BESS can also participate
in reserve markets by providing its capacity, in the form of a
discharge offer; the discharging quantity can be available during
both charging and discharging operations.

It is to be noted that battery degradation is dependent on
factors such as the DOD, discharge rate, limits on SOC, am-
bient temperature, etc., and these dependencies are nonlinear in
nature. In order to reduce battery degradation modeling com-
plexity, the following assumptions are made: (i) the impact of
high temperature is disregarded as all BESSs have an appropriate
climate control system; (ii) the impact of SOC limits is minimal,
by appropriate choice of the minimum/maximum limits on SOC;
(iii) assuming that the BESS charging and discharging energies
are identical over a day’s cycle, battery degradation only occurs
during the discharge stage of the cycle, and the charging half
cycle causes no cycle aging [28].

Thus, the operations cost of a BESS is comprised of the
following components: (i) Degradation Cost Based on DOD and
Discharge Rate, (ii) Spinning Reserve Cost.

A. Degradation Cost Based on DOD and Discharge Rate

In this work, we model battery degradation based on two
important factors: DOD and discharge rate. When considering
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the BESS degradation due to DOD, an important factor to be
considered is from what level of SOC the battery starts discharg-
ing and to what level it reaches at the end of the discharging
interval. For example, let us consider two cases of battery
discharge: (i) SOC of 100% to 40% (ii) SOC of 80% to 20%.
Although the DOD in both cases is 60%, the degradation is
more severe in case (ii), as per [32]. Hence it is very important
to capture the impact of starting and ending levels of the SOC
on the degradation cost. Furthermore, it is to be noted that it is a
common practice to use the SOC as the state variable in BESS
operation models rather than the DOD [21], [22].

In the context of ESS participating in the electricity markets,
the ISOs typically adopt two modes: (i) ISO-monitored energy
level mode, (ii) self-monitored energy level mode [4], [33]. In
the former mode of participation, the SOC, and lower/ upper
storage limits of the ESS are available to ISO, to ensure that
the storages’ schedules in the day-ahead and real-time markets
are feasible within their operating limits. In the latter mode of
participation, the ESSs themselves manage their energy level
constraints, thus do not participate by providing their SOC level
or other operating limits to the ISO. For example, in NYISO
[4] both modes are available for the ESS to participate in the
market, while in MISO [33], the ESSs participate only through
ISO monitored energy level mode. In the proposed work, we
consider that the SOC of the battery is known and monitored by
the market operator, as practiced in NYISO.

The second important factor contributing the battery degrada-
tion are the high charging and discharging currents. In this work,
the discharge rate of a battery, denoted by DCR, is expressed as
the change of SOC per unit time, given as follows:

DCRk =
SOCk−1 − SOCk

T
= ΔSOCk ∀k ∈ K (1)

Since a 1-hour time interval is considered, i.e., T = 1.
In this work, discharge rate is represented in terms of ’C’,

where 1C denotes the full discharge of the battery in 1-hour,
2C the full discharge in 30 minutes, 3C the full discharge in 20
minutes and so on. In the same context, 0.5C denotes 50% of
the full discharge in 1-hour.

In order to model the battery degradation correctly, it is
important to understand the impact of DOD and discharge rate
on the number of cycles. The relationship of DOD with battery
cycle life for a Lithium-ion battery (at a given temperature and
discharge rate) shown in Fig. 1, is obtained through tests and are
provided by the battery manufacturer [34], [35].

The relationship between cycle life and DOD for the Lithium-
ion battery as per the curve in Fig. 1 can be expressed as follows:

L(D) = γD−ω (2)

where, γ and ω, are coefficients capturing the relationship
between the number of cycles and the DOD, for an assumed
discharge rate of 1C, and their typical values are given in [34],
[35].

Similarly, the relationship between cycle life loss and dis-
charge rate for the Lithium-ion battery is shown in Fig. 2 [36]. It
can be noted from Fig. 2, the impact of discharge rate on the cycle
life is almost linear for discharge rates up to 3C and thereafter

Fig. 1. Relationship between number of cycles and DOD, for discharge rate
of 1C.

Fig. 2. Cycle life loss versus discharge rate.

Fig. 3. Relationship between number of cycles and DOD, for different
discharge rates.

it is exponential. With this inference, and the knowledge of
parameters γ and ω for other values of discharge rates, the
relationship between the number of cycles and DOD for various
discharge rates can be developed, and represented as shown in
Fig. 3.

Now, taking into account the impact of starting and ending
levels of the SOC, before and after the discharge operation, the
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Fig. 4. Degradation Cost for various DOD and discharge rates.

Degradation Cost (C1k) for a particular discharge rate, can be
expressed in terms of the SOC as follows [32],

C1k=
CB

BE
capη

2 γ
((1− SOCk)

ω −(1− SOCk−1)
ω) ∀k ∈ K

(3)
Using (3), for different possible values ofSOCk andSOCk−1

and discharge rate, the battery degradation cost for various
scenarios can be generated and represented as shown in Fig. 4;
where each layer represents the Degradation Cost corresponding
to various DOD, expressed in terms of SOCk and SOCk−1, and
a particular discharge rate.

It is to be noted thatC1k in (3) is a nonlinear function of DOD
and discharge rate, expressed in terms of SOCk and SOCk−1

and for different discharge rates. In order to obtain a operational
cost function which can be easily integrated to a market model,
the Degradation Cost function (3) can be linearized using the
well known multi-linear regression method, and expressed as
follows:

C1k = aSOCk + bSOCk−1 + cDCRk + d ∀k ∈ K (4)

where, a, b, c and d are the coefficients of the Degradation Cost
based on DOD and discharge rate.

It can be noted that the proposed Degradation Cost model of
BESS is time dependent unlike the generator cost models, to
account for the fact that the costs are based on DOD, SOC, and
discharge rate, which are also time dependent.

In order to compare the accuracy of the linear regression
model in (4) with a non-linear regression model, a non-linear
regression analysis with the same data was carried out. It was
noted that the ‘Adjusted R-square’ parameter, which measures
the goodness of fit of a multi-variable regression, was 0.8657
in linear regression and 0.9319 in nonlinear regression, which
are very close. Furthermore, the corresponding ’Standard Error’
values, which provide a measure of the variation of the estimated
points from the actuals, were 5.17% and 3.79%, respectively,
which are also close. Thus the linearized model used in (4)

adequately represents the functional relationships between the
Degradation Cost, DOD and the discharge rate.

B. Spinning Reserve Cost

The BESS can also participate in the spinning reserve market
by providing its capacity, in the form of an offer. However, when
the BESS provides spinning reserve, it forgoes the opportunity to
participate in the energy-only market. Therefore, the opportunity
cost of not participating in energy-only markets can be attributed
to the spinning reserve cost of the BESS. The spinning reserve
cost of the BESS is its opportunity cost, which is the difference in
its revenue earnings from its participation in energy-only market
with that in a co-optimized energy and spinning reserve market.

Assuming the BESS revenue in the co-optimized market is
75% of its earnings in energy-only market, its opportunity cost,
and hence the spinning reserve cost, would be 25% of the
revenue. Since the market price is unknown at the bidding stage,
we assume that the spinning reserve cost is 25% of the BESS
operations cost (C1k). In the context of conventional generators
providing spinning reserves, similar assumptions on the cost of
spinning reserve have been made in [23], [37]. It is to be noted
that the model simulation results will depend on the choice of the
spinning reserve cost of the BESS. Actual data of bid/offer prices
for energy or spinning reserve is nowhere available, as these
are confidential. In the absence of such data, these assumptions
become inevitable.

The BESS can offer spinning reserve when it is operating
in discharging mode, charging mode or idle mode. While of-
fering spinning reserve in the day-ahead market, the BESS
would commit a reserve capacity. If this capacity is called or
activated in real time, then in charging mode it would have to
reduce that much capacity from its charging level and act as
a demand response, while in, discharging mode it would have
to additionally supply that reserve quantity, like a generation
resource. And during its idle mode, the BESS can commit
the capacity and provide reserve by either charging or dis-
charging, if required. Furthermore, when required to deploy
its reserve in real-time operation, the BESS will additionally
receive the energy market price for the quantity of energy it
supplied.

It is to be noted that flow batteries have a completely different
degradation characteristic as compared to conventional elec-
trochemical batteries (such as Lithium-ion, Lead-acid, Nickel-
based, etc.,). In fact, it can be said that flow batteries have very
low degradation [38]. Therefore, our proposed operational cost
function model of the BESS is not applicable to flow batteries.
In [35] battery characteristic curves and models for battery loss
of life as a function of DOD, are presented for Lithium-ion
and a few other conventional electrochemical batteries such as
Lead-acid and Nickel metal halide. Since the Lead-acid and
Nickel-based models in [35] are similar to Lithium-ion model,
although varying in the mathematical function type, the pro-
posed approach to model the operational cost of the Lithium-ion
battery can be extended to these conventional electrochemical
batteries. In this work, Lithium-ion batteries were considered
because these are most widely used for grid-scale applications.
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TABLE I
INTERPRETATION OF BESS BID/OFFER PARAMETERS

III. PROPOSED STRUCTURE OF BESS CHARGING BIDS AND

DISCHARGING OFFERS

It is proposed that a grid-scale, independently owned BESS,
will participate in the energy and spinning reserve markets in
three ways (i) buy energy during charging operation, (ii) sell
energy during discharging operation, and (iii) provide capacity
in spinning reserve market during both charging or discharging
operations. Accordingly, the BESS owner will submit bids to
charge and offers to discharge, in the energy market, and offers
to discharge and hence provide reserve capacity in the spinning
reserve market. The structure of BESS bids/offers are discussed
next.

A. Charging Bids

1) Charging Price: It is assumed that the BESS will seek
to maximize the possibilities of energy arbitrage for making
profit, hence it will submit a high charging bid price, such that
it is cleared in the market during charging operation, to procure
sufficient energy which it can discharge when the market price
is high.

2) Charging Quantity: This is limited by a parameter βCh
e,k

denoting the fraction of BESS capacity available for charging.
The BESS submits the βCh

e,k parameter as its charging quantity
bid in the energy market.

B. Discharging Offers

1) Discharging Price: The BESS owner submits offers to the
energy market using C1k in terms of the coefficients a, b, c and
d, as per (4).

2) Discharging Quantity: This is limited by a parameter
βDch
e,k denoting the fraction of BESS capacity available for

discharging. The BESS submits the βDch
e,k parameter as its dis-

charging quantity offer in the energy market.

C. Spinning Reserve Offers

The BESS submits price-quantity offers to provide capacity
in the spinning reserve market, during both charging and dis-
charging operation, a priceCESR and a parameterβSR

e,k denoting
the fraction of the BESS capacity available for spinning reserve
provision.

Table I presents a summary of all the BESS bid/offer param-
eters submitted by the BESS owners to the market operator, and
their respective interpretations.

The ISO receives bids and offers from the various market
participants. The loads submit the energy buy bids and the gener-
ators submit energy and spinning reserve offers. The structure of
the demand bids and conventional generator offers are assumed
to be as considered in [39]. The BESS submit the charging bids
the discharging offers for providing energy and spinning reserve
service, as per the structure discussed earlier. With these inputs,
the energy and spinning reserve markets are simultaneously
cleared using the novel and comprehensive joint optimization
model, discussed in Section IV. The outcomes of the market
settlement include the dispatch schedules, UC decisions, and
market prices.

IV. PROPOSED MARKET MODEL INCLUDING BESS

A. Objective Function

Maximize the social welfare, given as follows:

J =
∑

k∈K

(
∑

i∈I

∑

h∈NCB

(CD
h,i,kP

D
h,i,k) +

∑

e∈E
CCh

e,kE
Ch
e,k

)

︸ ︷︷ ︸
(a)

−
∑

k∈K

∑

j∈J

(
Csu

j,kUj,k + Csd
j,kVj,k +

∑

n∈NGB

CG
n,j,kP

G
n,j,k

)

︸ ︷︷ ︸
(b)

−
∑

k∈K

∑

j∈J

∑

n∈NGB

CGSR
n,j,kP

GSR
n,j,k

︸ ︷︷ ︸
(c)

−
∑

k∈K

∑

e∈E

(
aeSOCDch

e,k + beSOCDch
e,k−1 + ceDCRe,k + de

)

︸ ︷︷ ︸
(d)

−
∑

k∈K

∑

e∈E

(
CESR

e,k SOCSRcap
e,k

)

︸ ︷︷ ︸
(e)

(5)

The gross surplus of customers and the BESS during charging,
is represented in (a), the total cost of generators, which includes
the generator start-up cost and shut-down cost, and the energy
cost is represented in (b). The cost of spinning reserve provisions
from generators is represented in (c), the cost of BESS for en-
ergy provisions during discharging, accounting for degradation
based on DOD and discharge rate is given in (d). The cost of
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spinning reserve provision from the BESS during discharging,
is represented in (e). The objective function in (5) is subjected
to the following constraints,

B. Demand Supply Balance

This constraint is formulated using the dc load flow equations
to ensure a balance between the supply and demand at each bus.
∑

j∈Gj

PG
j,k +

∑

e∈ESi

PDchE
e,k − PD

i,k −
∑

e∈ESi

PChE
e,k

=
∑

q∈I

(
0.5P loss

i,q +Bi,q(δi,k − δq,k)

)
∀i ∈ I, ∀k ∈ K

(6)

The transmission line losses are included in the dc load flow
equations using the approach discussed in [39].

C. Market Clearing Constraints

These constraints ensure that the cleared demand bids and
generator energy and spinning reserve offers do not exceed their
respective maximum bid and offer quantities.

PD
h,i,k ≤ P

D
h,i,k Xh,i,k ∀i ∈ I, ∀k ∈ K, ∀h ∈ NCB (7)

PG
n,j,k ≤ P

G
n,j,k WG

n,j,k ∀j ∈ J, ∀k ∈ K, ∀n ∈ NGB (8)

PGSR
n,j,k ≤ P

GSR
n,j,k WSR

n,j,k ∀j ∈ J, ∀k ∈ K, ∀n ∈ NGB (9)

D. BESS Energy Arbitrage Constraints

The following constraints ensure that the charging and dis-
charging quantities cleared from a BESS are within its maximum
bid and offer capacity.

SOCe,k − SOCe,k−1 ≤ βCh
e,k

(
SOCe − SOCe,k−1

)

+ (1− Z1e,k)SOCe ∀e ∈ E, ∀k ∈ K (10)

SOCe,k−1 − SOCe,k

≤ βDch
e,k (SOCe,k−1 − SOCSR

e,k−1 − SOCe)

+ (1− Z2e,k)SOCe ∀e ∈ E, ∀k ∈ K (11)

During the charging operation (Z1e,k=1 and Z2e,k=0), (10)
becomes a binding constraint and (11) is a redundant constraint;
thus (11) would be activated to ensure that the charging quan-
tity cleared from a BESS is within its maximum bid capac-
ity; and similarly, during discharging operation (Z1e,k=0 and
Z2e,k=1), and vice-versa applies.

The SOC of a BESS at the end of the discharging operation
need be within the limits and are ensured by the following
constraints,

SOCe B
E
Cap,e Z2e,k ≤ SOCDch

e,k

≤ SOCe B
E
Cap,e Z2e,k ∀e ∈ E, ∀k ∈ K (12)

where, the SOC after the discharging operation are obtained
from the following,

SOCe,k BE
Cap,e − (1− Z2e,k) SOCe B

E
Cap,e ≤ SOCDch

e,k

≤ SOCe,k BE
Cap,e − (1− Z2e,k) SOCe B

E
Cap,e

∀e ∈ E, ∀k ∈ K (13)

During the discharging operation (Z2e,k=1), (13) determines
the value of the SOC of the BESS at the end of the discharge
interval and (12) ensures that the SOC is within its limits.

The cleared energy during charging operation is obtained as
follows,

(SOCe,k−SOCe,k−1)B
E
Cap,e−(1− Z1e,k) SOCe B

E
Cap,e

≤ ECh
e,k ≤ (SOCe,k − SOCe,k−1)B

E
Cap,e

+ (1− Z1e,k) SOCe B
E
Cap,e ∀e ∈ E, ∀k ∈ K (14)

SOCe B
E
Cap,e Z1e,k ≤ ECh

e,k

≤ SOCe B
E
Cap,e Z1e,k ∀e ∈ E, ∀k ∈ K (15)

During the charging operation (Z1e,k=1), (14) determines
the value of the cleared energy of the BESS and (15) ensures
that the cleared energy is within its limits.

The discharge rate of the battery is limited by its maxi-
mum/minimum discharge rate limits, given by,

DCRmin
e,k Z2e,k ≤ DCRe,k

≤ DCRmax
e,k Z2e,k ∀e ∈ E, ∀k ∈ K (16)

where the DCR is obtained from the following:

(SOCe,k−1 − SOCe,k)− (1− Z2e,k)DCRmax
e,k

≤ DCRe,k ≤ (SOCe,k−1 − SOCe,k)

+ (1− Z2e,k)DCRmin
e,k ∀e ∈ E, ∀k ∈ K (17)

During the discharging operation (Z2e,k=1), (17) determines
the value of the discharge rate of the BESS and (16) ensures that
the discharge rate is within its limits.

E. BESS Spinning Reserve Market Clearing Constraints

The cleared spinning reserve capacity from a BESS should
not exceed its maximum offer quantity.

SOCSR
e,k ≤ βSR

e,k SOCe Z3e,k ∀e ∈ E, ∀k ∈ K (18)

The cleared spinning reserve capacity from a BESS is ob-
tained from the following,

SOCSR
e,k BE

Cap,e − (1− Z3e,k) SOCe B
E
Cap,e ≤ SOCSRcap

e,k

≤ SOCSR
e,k BE

Cap,e − (1− Z3e,k) SOCe B
E
Cap,e

∀e ∈ E,∀k ∈ K (19)

If the BESS is cleared to provide spinning reserve (Z3e,k=1),
(19) determines the value of the cleared spinning reserve capac-
ity from the BESS and (18) ensures that the cleared spinning
reserve is within its limits.
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F. BESS Operational Constraints

These include the energy balance, the limits on the SOC,
charging/discharging power and the constraints to prevent si-
multaneous charging and discharging, as follows:

SOCe,k = PChE
e,k ηCh − PDchE

e,k /ηDch

+ SOCe,k−1 ∀e ∈ E, ∀k ∈ K (20)

SOCe + SOCSR
e,k ≤ SOCe,k ≤ SOCe ∀e ∈ E,∀k ∈ K

(21)

0 ≤ PChE
e,k ≤ P

Ch
e Z1e,k ∀e ∈ E, ∀k ∈ K, (22)

0 ≤ PDchE
e,k ≤ P

Dch
e Z2e,k ∀e ∈ E,∀k ∈ K (23)

Z1e,k + Z2e,k ≤ 1 ∀e ∈ E, ∀k ∈ K (24)

G. System Spinning Reserve Constraints

These constraints ensure that the system spinning reserve
requirement is met for each hour. It is assumed that the total
system spinning reserve requirement is 10% of the gross demand
at that hour,

∑

j

PGSR
j,k +

∑

e

PESR
e,k

≥ 0.1

(
∑

i

PD
i,k +

∑

e

PChE
e,k

)
∀k ∈ K (25)

Where, PGSR
j,k ≤ P j − PG

j,k ∀j ∈ J, ∀k ∈ K (26)

The cleared spinning reserve from a BESS is given as follows,

PESR
e,k = SOCSR

e,k BE
Cap,e ∀e ∈ E, ∀k ∈ K (27)

H. Transmission Line Constraints

These constraints ensure that the line power flows are within
their limits.

Bi,q(δi,k − δq,k) ≤ PFlowi,q ∀i, q ∈ I (28)

I. Other Constraints

These constraints include generation limits, ramp-up/down
constraints, minimum-up/down time constraints, coordination
constraints, and line flow constraints, as discussed in [40] and
not presented here for brevity.

V. RESULTS AND DISCUSSIONS

To validate the proposed BESS integrated energy and spinning
reserve market model, a slightly modified version of the IEEE
RTS [41] is considered, which includes 32 generators, loads at
17 buses, and 37 transmission lines. There are 10 BESS units
with total capacity of 250 MW/240 MWh spread over 5 buses
as follows:
� Bus-4, 2 × [30 MW, 15 MWh]
� Bus-5, 2 × [30 MW, 30 MWh]
� Bus-9, 2 × [25 MW, 50 MWh]
� Bus-19, 2 × [20 MW, 12.5 MWh]

TABLE II
ALL DAY AGGREGATE MARKET CLEARING RESULTS

� Bus-20, 2 × [20 MW, 12.5 MWh]
The loads at each bus are scaled up by 25% from the given

data. The demand bids and generator offers for energy and
spinning reserves are chosen as given in [39]. The BESS own-
ers submit bids and offers for participating in the energy and
spinning reserve markets, as discussed in Section III.

The proposed model is formulated as a mixed integer pro-
gramming (MIP) problem and solved using the CPLEX solver
[42] in GAMS [43]. To order to study the impact of BESS
participation on market settlement and system operation, three
case studies are considered as follows:
� Case 1: Base case without BESS participation.
� Case 2: BESS participation, simple bid/offer model.
� Case 3: BESS participation, proposed bid/offer model.
In Case 2 the BESS bids/offers do not take into account the

degradation, and are solely based on market price forecasts. For
the purpose of present studies, high charging bid prices and low
discharging offer prices are considered. In Case 3, the values
of the BESS bidding parameters are as follows: a = −36.23,
b = 34.80, c = 2.77, d = −2.45, η = 0.9, βCh = βDch = 0.5
to 1, βSR = 0.1 to 0.2, DCR = 1, which are chosen based on
the discussions in Section II, and [34]–[36].

Table II presents an aggregated summary of market clearing
results. In Case 1, the cleared generators meet the cleared
demand plus the system losses. In Case 2 & 3, there is a
slight increase in the generation, which is to meet the additional
BESS charging demand and the increased losses. However, as a
result of BESS participation in the energy market, the cheaper
BESS discharging offers could replace some of the expensive
generators. Note that the charging/ discharging energy is more
in Case 2 compared to Case 3. This is because, in Case 3 the
Degradation Cost is accounted for, which limits the clearing of
charging and discharging quantities from the BESS. It should
also be noted that, when battery Degradation Cost is accounted
for, it helps in the economic operation of the BESS and increases
years of useful operation.

It is noted that the participation of BESS (Case 2 and Case 3)
has resulted in an increase in the social welfare of the system,
more so in Case 3, compared to Case 1 and Case 2. Although the
profit in Case 2 is higher, compared to Case 3, it should be noted
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Fig. 5. Energy market clearing price, LMP at bus-18.

Fig. 6. Generation dispatch over 24 hours in Case 1 and Case 3.

that Case 3 correctly captures the actual cost of BESS operation,
accounting for its degradation, thus providing realistic market
clearing decisions, from the view point of both the ISO and
BESS owners.

Fig. 5 shows the LMPs at bus-18 for the three cases; the LMP
reduces during the two peak periods (hours 10–16 and 18–20)
in Case 2 & 3 because of the cheaper BESS charging offers in
the energy market. The reduction is more significant (upto 44%
at hour-14 and 29% at hour-18) in Case 3. Thus, it is noted that
BESS can play a vital role in stabilizing the market prices.

It is noted from Fig. 6 that in Case 3 the dispatched generation
is slightly higher than in Case 1 during the hours 11-20. This is
because there is a slight increase in the cleared demand during
these hours as a result of BESS participation with lower priced
discharge offers.

Fig. 7 shows the aggregated charging and discharging power
from all BESS units, in Case 3 on an hourly basis. It is noted
that BESS charging takes place mainly during the off peak hours
3–8, while the discharging occurs mainly during the peak hours
11–12 and 17–21, thus resulting in an increased benefit for the
BESS owners from energy arbitrage.

The SOC profiles of randomly chosen five BESS units in
Case 3 are shown in Fig. 10. It is noted that the BESS units have
varying charging and discharging profiles because of their lo-
cational placement and the variations in theirs cost components
which determine their market clearance and dispatch.

It is noted that the spinning reserve prices (Fig. 8) in Case
3, the spinning reserve prices are significantly reduced in hours

Fig. 7. Aggregate charging/discharging after market dispatch in Case 3.

Fig. 8. Spinning reserve market clearing price.

Fig. 9. Spinning reserve contracted over 24 hours in Case 1 and Case 3.

10–16 and 18–20, because the cheaper offers from BESS have
replaced some of the expensive generator offers in Case 1.

Fig. 9 shows the contracted spinning reserve capacity in
Case 1 (from generators only) and Case 3 (from generators and
BESS). It is noted that in Case 3, while the generators provide
the significant share of the spinning reserve requirements, BESS
is able to provide about 10% of system spinning reserve require-
ment and thus providing more options to the ISO. Furthermore,
it is interesting to note that the BESS provides spinning reserve
during charging operations also (hours 1, 2, 6, and 7) apart from
the discharging operation hours, which may be perceived as a
demand response provision.
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Fig. 10. SOC profiles of BESS after market dispatch in Case 3.

TABLE III
SOLVER AND MODEL STATISTICS FOR THREE CASES

A. Computational Aspects

The proposed market model is solved using CPLEX solver
(12.1.0) [42] which is suitable for mixed integer programming
(MIP) problems. The 24 bus RTS is programmed and executed
on a Dell PowerEdge R810 server, in GAMS (23.3.3) environ-
ment [43], Windows 64-bit operating system, with 4 Intel-Xeon
1.87 GHz processors and 64 GB of RAM. The model and solver
statistics for the three cases are given in Table III.

VI. CONCLUSION

This paper, has proposed a novel BESS operational cost
function model considering degradation cost, based on depth
of discharge and discharge rate. The model was developed con-
sidering Lithium-ion batteries, and the approach can be applied
to other conventional electrochemical batteries such as lead acid,
nickel-based, etc.,) but not flow batteries. A detailed charging
bid and discharging offer structure based on the proposed op-
erational cost functions was formulated. Subsequently, a new
framework and mathematical model for BESS participation in
an LMP based co-optimized energy and spinning reserve market
was developed. The effectiveness of the BESS inclusive market
model was validated on the IEEE RTS and compared with two
other realistic market structures: (a) traditional structure with
only generator and load participation (b) BESS bidding as the
generator/load with price quantity pair. BESS participation using
the proposed operational cost function and bid/offer structure
resulted in a higher social welfare than when no BESS was
present or with a simple bid/offer structure for BESS, based
on market price expectations. The participation of BESS also
reduced energy and spinning reserve prices when it provided

services in the energy and spinning reserve markets. Overall,
the inclusion of BESS in the electricity markets has resulted in
improving the economic and technical benefits for the ISO by
providing more options for system operation.

The advantages of the proposed work are that: (i) it correctly
captured the actual cost of BESS operation, accounting for its
degradation, thus providing realistic market clearing decisions,
(ii) it appropriately met the important requirement of FERC
Order 841 to develop a participation model for ESS, accounting
for their physical and operational characteristics such as the
SOC, discharge rate, etc., in the ESS bidding parameters, to
facilitate their participation in ISO markets.
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