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Abstract— This paper focuses on a scenario where a group of
independently-operated investor-owned storage units seek to offer
both energy and reserve in the day-ahead as well as the hour-
ahead markets. We are particularly interested in the case when
a significant portion of the power generated in the grid is from
wind and other intermittent renewable energy sources. In this
regard, we formulate a stochastic programming framework to
choose optimal energy and reserve bids for the storage units. Our
design takes into account the fluctuating nature of the market
prices due to the randomness in the renewable power generation
availability. We show that the formulated stochastic program can
be converted into a convex optimization problem and therefore
it can be solved efficiently. Our simulation results show that
our design can assure profitability of the private investment on
storage units. In particular, our design results in much higher
profit compared to a similar but deterministic design that simply
uses the expected values of the price parameters.

Keywords: Independent storage systems, energy and reserve
markets, wind power integration, stochastic optimization

I. INTRODUCTION

Due to their intermittency and inter-temporal variations,
the integration of renewable energy sources is proven to be
very challenging [1], [2]. A recent study in [3] has shown that
significant wind power curtailment may become inevitable if
more wind generation capacities are installed without improv-
ing the existing infrastructure or using energy storage. Other
studies, e.g., in [4], [5], have similarly suggested that energy
storage systems (ESS) have a great potential to help better
integrate renewable energy resources, in particular large-scale
wind farms. However, it is still not clear how an ESS, which
is likely to be owned and operated by a private investor, can
participate in a deregulated electricity market.

The existing literature on integrating energy storage systems
into smart grid is diverse. One thread of research, e.g. in [6]-
[8], has addressed fulfilling objectives such as increasing the
overall power system reliability, reducing carbon emissions,
and minimizing the total cost of power generation in the
system. While seeking these social objectives, the papers along
this line of research do not see the storage units as independent
entities and they rather assume that the operation of energy
storage systems is governed by a centralized controller. An-
other thread of research, e.g., in [9]-[12], control the operation
of a storage unit when it is combined with a wind farm. They
essentially assume that it will be the owners of a wind farm
who will pay and invest in adding storage units to a power
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Fig. 1. The IEEE 24 bus test system with independent storage units at buses
11 and 21. There are also three wind farms at buses 17, 20, and 22.

grid. However, this assumption may not always hold and it
can limit the opportunities to attract investment to build new
energy storage systems. Finally, there are some papers, such
as [12]-[16], that aim to select optimal strategies for certain
storage technologies, e.g., pumped hydro storage units, to bid
in the electricity market. However, most of them do not address
the following two key issues. First, they do not account for
the uncertainties in the market prices which can be a major
decision factor if the amount of renewable power generation
in the system is significant. Second, they do not consider the
opportunities for the energy storage systems to participate not
only in energy markets but also in reserve markets.

In this paper we would would like to answer the following
question: How can an energy storage unit that, is owned by
a private investor and is operated independently, bid in both
energy and reserve markets to maximize its profit, when there
exists significant wind power penetration in the power grid?
An example for such system is shown in Fig.1. We can see
that the storage units may or may not be co-located with the
renewable or traditional generators. To reach the optimal oper-
ation of the storage unit, we propose a stochastic optimization-
based bidding mechanism for both energy and reserve in both
day-ahead and hour-ahead markets. Since the exact utilization
of the reserve bids is not decided by the storage unit, as it is
rather decided by the market, optimal charging and discharging
planning is particularly challenging to offer reserve capacities.
Another key challenge is to formulate the bidding optimization
problem as a convex program in order to make it tractable
and therefore a good option for practical implementations. Our
contributions in this paper can be summarized as follows.



o« We formulate a new stochastic optimization-based bid-
ding mechanism for independent storage systems in the
day-ahead and the hour-ahead energy and reserve mar-
kets. Our design operates the charging and discharging
cycles of batteries such that meeting the future reserve
commitments are guaranteed, regardless of the uncertain-
ties that are present in the decision making process.

o In our proposed energy and reserve market participation
framework, the power grid does not treat independent
storage units differently from other energy and reserve
market participants. Therefore, our design can be used
to encourage large-scale integration of energy storage
resources without the need for restructuring the market.

o Our computer simulation show that our proposed stochas-
tic optimization-based energy and reserve bidding mech-
anism is beneficial to independent storage units as it as-
sures profit gain as a result of their investment. Moreover,
our design results in much higher profit compared to
a similar but deterministic design that simply uses the
expected values of the price and other system parameters.

The rest of this paper is organized as follows. The system
model and the formulation of our proposed bidding mechanism
based on stochastic optimization are explained in Section II.
Simulation results are presented in Section III. The concluding
remarks and future work are discussed in Section IV.

II. OPTIMAL ENERGY AND RESERVE BIDDING

Consider a power grid, e.g., as in Fig. 1, with several
traditional and renewable power generators as well as multiple
independent energy storage systems. We assume that some
generators as well as some storage units can bid and participate
in the deregulated electricity market. As pointed out in Section
I, our key assumption is that the storage units are not treated
any differently from the generators that participate in the
energy or reserve markets. Since the energy storage units are
owned and operated by private entities, they seek to maximize
their own profit. In presence of high wind power penetration in
the system, the independent storage units need to particularly
take into account the stochastic nature of wind power injection
and its impact on fluctuations in the energy and reserve market
prices when they plan their bids. Next, we formulate a bidding
optimization problem in form of a stochastic program. We
assume that the storage unit operates as a price taker and its
operation does not have impact on market prices, due to its
typically lower size compared to traditional generators

Let P}, denote the power delivered or consumed during hour
h by the storage unit, for each h = 1,...,24. A positive P},
indicates charging while a negative P, indicates discharging.
Also, let R;, > 0 denote the reserve commitment of the storage
unit in hour % of the next day. Before we see more details on
the problem formulation, it is worth to emphasize that the
storage unit’s bid in the day-ahead market has direct impact
on the storage unit’s future profit in the hour-ahead market.
This is because the commitments in the day-ahead market will
put some constraints in the charging and discharging cycles
of the storage unit when it later participates in the hour-ahead
markets. An example for the charging and discharging cycles
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Fig. 2. An example for the charging and discharging cycles of an independent
storage unit when it participates in energy and reserve markets.

for an independent storage unit in the day-ahead energy and
reserve markets is shown in Fig. 2, where the storage unit has
committed to offer energy and reserve at three hours: hy =
7:00 AM, hs = 3:00 PM, and hs = 8:00 PM. In each case,
the total state of charge of the batteries should reach a level
Cly, > Py, + Ry, for all committed hours h € {hq, ho, h3}.

The storage unit aims to bid in the day-ahead market (DAM)
such that the profit of its participation in the day-ahead market
plus the expected value of its profit in the next 24 hour-ahead
markets (HAM) are maximized. This can be mathematically
formulated as the following optimization problem:
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where C'P;, and C'R;, are the price values for energy and
reserve in the day-ahead market at each hour h. The rest of
the notations in (1) are defined as follows. Parameters C'ly,
and Cl;,;; denote the full charging capacity and the initial
charge level of the storage unit, respectively. Parameter C'h,qx
denotes the maximum charging rate and DCh,,,,, denotes the
maximum discharging rate for the storage unit. Notation E
is mathematical expectation and HAM denotes the aggregate
profit of the storage unit in the next 24 hour-ahead markets.
Note that, the expected value of the profit in the hour-ahead
market, i.e., the second term in (1), depends on not only the
choices of P and R, but also the price of power in the hour-
ahead market cp, the price of reserve in the hour-ahead market
cr, the actual reserve utilization in hour-ahead market r, and of
course the fluctuations in the amount of wind power generated.
The third constraint in (1) assures that the reserve bid is non-
negative. Finally, the last constraint in (1) assures that the
charging and discharging rates of the storage unit are feasible.

Using the definition of mathematical expectation, we can
rewrite the second term in (1) as a weighted summation of



the aggregate hour-ahead profit, denoted by HAM at many
but finite scenarios, where the weight for each scenario is the
probability for that scenario. That is, we have,

K
E {HAM(P,R; cp, ¢, F) } = Y v HAMy, (2)
k=1
where K denotes the total number of scenarios, H AM,, de-
notes the aggregate hour-ahead profit when scenario k occurs,
and v, denotes the probability that scenario k& occurs. Note
that, we have Zi{:l v, = 1. It is worth to clarify here that
one of the main causes for profit uncertainty is the fluctuations
in available wind power. Therefore, in our system model,
each scenario is derived as a realization of available wind
power generation at different wind generation locations, given
their probability distribution functions that are assumed to be
available, e.g., by using the wind forecasting techniques in
[17]-[19]. For each scenario k, the corresponding aggregate
hour-ahead profit can be calculated as follows:

HAMj, (P R; cpk, €Tk, Tk) =

24
max Z(pk,h “CPi,h + Thyh " CTE,R)
P b4 3)

Zpkt_z Ry —rpy) Yh=1,--- 24,

where py is the adjustment to the power draw or power
injection of the storage unit in the hour-ahead market for
h =1,...,24, under scenario k. Here, cpy, cry, and ry are
the actual realizations of the stochastic parameters cp, cr and
T when scenario k occurs. We note that they are all set by
the grid operator. The constraint in (7) indicates that the total
generation bid up to hour A of the hour-ahead market has to be
limited to the extra charge available to the storage unit at hour
h. Such extra charge is calculated as the sum of the hourly
difference between the reserve bid in the day-ahead market,
i.e., R, and the reserve utilization in the hour-ahead market,
i.e., 15, for all previous hours ¢ = 1,..., h—1. Note that, the
actual reserve utilization 7y, may not always be as high as
the committed reserve, as the grid may not need to utilize the
entire reserve power offered by the storage unit. Therefore, it
is possible for the storage unit to sell unused reserve power at
any hour in the hour-ahead energy market in a later hour. In
other words, in the hour-ahead market, the storage unit makes
corrective decisions to maximize the utilization of the extra
charge which is available due to different reserve utilizations
caused by different wind availability scenarios.

While problem (1) is solved in the day-ahead market, it
needs to obtain the optimal solution of problem (2) which is
going to be solved later during the upcoming 24 hour-ahead
markets, given that scenario k occurs. However, parameters
CPk.h, CTri.p and 7y are not known to the storage unit at
the time of making decisions in the day-ahead market. The
situation is particularly complicated for parameter 7y ;, as
shown in Fig.3. On one hand, at each hour h, parameter 7, ,
depends on the wind power availability in each scenario k
because wind power availability would have impact on the
grid’s need for reserve power. However, such availability is
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Fig. 3. The exact utilization of the storage unit in the reserve market at hour
h depends on two factors: First, the storage unit’s committed reserve amount
Ry,. Second, the grid’s need r}@“?f under stochastic scenario k. Two examples
for the value of 7 5, as a function of Ry, and rma" are shown in this figure.
They match the mathematical formulation in (6)

not known ahead of time. To model this issue mathematically,
let 7'3* denote the actual reserve power that the grid will
need at hour h if scenario k occurs. It is required that:

max

Thh < TLp h=1,...,24. 4)

On the other hand, parameter 7, ;, also depends on the storage
unit’s reserve commitment for each hour £ based on its bid in
the day-ahead market. Therefore, it is further required that

Tk,hSRh h:].,...,24. (5)

From (4) and (5), at each hour h = 1, ..., 24, and under each
scenario k = 1,..., K, it is required that we have:

Tk,h = min{rﬁﬂz, Rh} (6)

Replacing (6) in the hour-ahead problem (7), it becomes:
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We can see that it is extremely difficult to obtain a closed-form
solution for the above optimization problem such that we can
replace the solution in the objective function (1) in order to
solve problem (1). Therefore, next, we make a practical yet
simplifying assumption that the storage unit immediately sells
any excessive power available at each hour in case the entire
committed reversed power is not utilized. That is, at each hour
h and for each scenario k, we assume that:

Di,h = Rp — T e (8)

From (8), the inequality constraints in (7) always hold as
equality for each h = ,24. From (7) and (8), we can



now rewrite the hour-ahead profit under scenario k as follows:

24
HAM,, = Z(Rh — Th,h) - CDkh + Thyh - CTh b
h=1
24
= Z Ry, - cpiep + (CTn — CDR,R) - Tk
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24
= Z Ry, - eprn + (crien — cprn) - min{ry'n®, Ry}
h=1
)
From (2) and (9), we can rewrite problem (1) as follows:
24
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Since min is a convex function and the rest of the objective
function and constraints are all linear, problem (10) is a convex
optimization problem as long as we have cry ;, — cpp,p > 0,
forall k =1,...,K and for all h = 1,...,24. Interestingly,
this condition holds in real markets as otherwise the generation
units would choose to sell their entire capacity in the energy
market and would not offer any capacity in the reserve market.
If this condition holds, then problem (9) can also be written as
a linear program. To show how, next, we introduce an auxiliary
variable vy, ;, and rewrite problem (10) as:

24
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where v is a 24K x 1 vector of all auxiliary variables vy,
forall k=1,...,K and h =1,...,24. While problems (10)
and (11) are not exactly the same, yet they are equivalent,
i.e., they both lead to the same optimal solution [20, Chapter
4]. Therefore, solving one problem readily gives the solution
for the other problem. Linear program (11) can be solved
efficiently using the interior point method [20].

Before we end this section, we note that in order to solve
the linear program in (11) we need to know the values of
parameters 7i";" , CPy,h, and cry, p, as well as C'Py, and CRy,.
To obtain these parameters, we can use an efficient off-line
calculation by using a standard stochastic unit commitment
(SUC), which is explained in detail in the Appendix. First,
we solve the SUC problem. Since the storage unit is assumed
to be price-taker, we then calculate cpy, j, from the Lagrange
multipliers of the hour-ahead market constraints in the SUC
problem. To calculate cry, j,, we assume that it is proportional
to cpg,n. Next, we obtain C'P}, directly from the definition
of locational marginal price (LMP) and based on comparing
the SUC’s optimal objectives with and without having an
additional unit of load at each bus [21]. After that, we obtain
CRy, by using the regulation market clearing price (RMCP),
which is obtained based on the calculation of the opportunity
costs for generation units [22]. In this regard, we also assume
that the independent system operator (ISO), uniformly utilizes
all available units which are deployed for reserve service.
Therefore, parameter 7"} is obtained by dividing the total
reserve utilization in each scenario by the total number of units
that offer reserve. Note that, all these parameters are obtained
based on historical data on previous market operations, i.e.,
by following the standard procedure in solving SUCs. The
obtained solutions are then placed in some look-up tables
which are later used every day that problem (11) is to be
solved by the independent storage unit.

IIT. NUMERICAL RESULTS

To evaluate the proposed approach in an illustrative exam-
ple, the IEEE 24-bus standard test system is considered [23]
which has has a total of 2850 MW maximum consumption in
any hour. We modified this test system by replacing the hydro
units with three wind farms with 150, 70, and 30 wind turbines
at buses 22, 17, and 11, respectively as shown in Fig. 1.
Each wind turbine is assumed to have a maximum generation
capacity of 1.5 MW. Therefore, the wind penetration is a
rather moderate value of 13 percent. The wind speed across
these three wind sites is assumed to be the same, due to
relative proximity. Two 4.5 MWhs storage units are assumed
to be connected to buses 21 and 11. The maximum discharge
capacity of the storage units is 2 MW and the maximum
charging capacity is one MW. The initial charge level is set
to 1.5 MW. The price values for the two storage units are the
same, since there was no congestion in the transmission lines
in this study. The price values for the day-ahead and the hour-
ahead markets are obtained from the standard SUC analysis
that we explained in section III. The price curves for the day-
ahead energy market, and the expected values of the prices in
the hour-ahead energy markets, at bus 21, are shown in Fig.
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Fig. 4. Day-ahead and average hour-ahead market prices at bus 21.

III. For the hour-ahead price curve, the expected value at each
hour is calculated based on different scenarios and depending
on the scenario, the price may go up to $45 /MWh.

The price curves for the day-ahead market and for different
scenarios of the hour-ahead market are used to set the storage
bid for purchasing or selling of energy and reserve services in
the day-ahead market. The storage unit decision is obtained
based on two methods. In the first approach, which is our
proposed design, the bidding solution is obtained based on
optimal solution of stochastic optimization problem (11). In
the second approach, however, the storage schedule is obtained
as the solution of a deterministic optimization problem which
simply uses the expected values of the hour-ahead market
prices in the next day. The state of the charge based on these
two methods are shown in Fig. 5. We can see that they result
in very different state-of-charge curves.

The daily profit obtained using our proposed stochastic opti-
mization approach as well as the straightforward deterministic
approach are shown in Fig. III when the storage capacity of the
independent storage unit is assumed to vary from 2 MW to 50
MW. We can see that investment is profitable for both curves.
However, our proposed approach can significantly increase the
profit, in particular, as the size of the storage unit increases.
When the storage size is as high as 50 MW, the merit of
using our proposed stochastic method becomes particularly
more evident as it leads to about 18% higher profit compared
to the case when the deterministic approach is being used. Last
but not least, we can notice that the storage profit curves in
Fig. III do not increase linearly as the size of storage grows.
These curves are rather concave. This is due to the fact that
the maximum reserve utilization limit, may eventually prevent
the storage unit to benefit from increasing its storage capacity.
Therefore, the curves such as those in Fig. III can be used
for optimal capacity planning of storage units. We plan to
investigate this important issue in our future research.

IV. CONCLUSIONS

Integration of storage systems in the power system is a
key component of the future smart grids. In this paper a
novel approach is proposed for investor owned storage units

(@)

State-of-Charge (MW)

State-of-Charge (MW)

1 6 12 18 24
Hour

Fig. 5.  State-of-charge for the independent storage unit. (a) Based on
our proposed stochastic optimization planning. (b) Based on deterministic
optimization planning using on expected value of price parameters.

to optimally bid for both energy and reserve, in the day-ahead
and hour-ahead markets when significant fluctuation exists
in the market prices due to wind generation variations. We
developed a stochastic programming framework for storage
optimal bid in the energy and reserve markets and formulated
a tractable convex optimization problem to obtain the solution
of the stochastic decision method. We showed that accounting
for the unpredictable feature of market prices due to wind
power fluctuations, can improve the decisions made by the
storage unit, hence increase the profit. We showed that this
approach, can bring about profits for the storage unit compared
to conventional deterministic approaches.

APPENDIX

First, we explain the new set of notations that we need
in order to formulate and solve the standard stochastic unit
commitment problem. C(.) denotes the cost of a particular
service. Com; ;, denotes commitment of ith unit in hour h.
P; ;, denotes generation of ith unit in hour h. R;j denotes
reserve commitment of ith unit in hour h. P denotes maxi-
mum capacity of ith unit. P;~ denotes minimum capacity of ith
unit. Ramp™ denotes maximum ramp up of ith unit. Ramp™
denotes maximum ramp down of ith unit. G denotes subset of
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fast generators. p; 1 ;, denotes generation of ith fast unit in the
hour ahead market for hour i and scenario k. 7; 1 5 denotes
reserve usage of ith unit in the hour ahead market for hour
h and scenario k. N Ly ; denotes the total net load in hour
h of scenario k£ which is the actual demand minus the wind
power generation. Given these notations and parameters, we
can now formulate the standard SUC as follows, in which the
realization scenarios are considered in order to minimize the
the expected value of the unit commitment cost in the system:

min
Com,P,R,py,Tk

ZZCCOMZ COmlh—FCp zh“‘cR, ih

+Z'Ykzz Cp; * pzkh+CTL rzk:h)

s.t. Pin + Ri,h < Pf Com; p, Vi, h
P+ Rip > P~ Comyp, Vi, h
Pip,Rip >0 Vi, h
Pip — Py p—1 < Ramp/ Vi, h
Pip—1 — P n < Ramp; Vi, h
Z Pin+pikn+rign=NLpn Yhk

i
0<rirn < Rip Vi, k. h
0 < pikn <pf Vi e Gy, k,h
Pik,h — Pikh—1 < Rampj Vie Gy k,h
Dik,h—1 — Pik.n < Ramp; Vie Gy, k,h

The above SUC is a convex optimization problem and can
be solved efficiently using algorithm such as Interior Point
Method (IPM) which are available in CVX or MOSEK soft-
ware. Given the solution and the Lagrange multipliers cor-
responding to each constraint, the needed system parameters
are calculated accordingly, as we have already explained at the
end of Section III. Note that the above problem is solved in
centralized fashion. We also note that, since the storage units
are assumed to have no impact on prices, this optimization
problem does not include any variable from the storage units.
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