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Abstract—Large customers are considered as major flexible
electricity demands which can reduce their electricity costs by
choosing appropriate strategies to participate in demand re-
sponse programs. However, practical methods to aid the large
customers for handling the complex decision making process for
participating in the programs have remained scarce. This paper
proposes a novel decision-making tool for enabling large custom-
ers to determine how they adjust their electricity usage from
normal consumption patterns in expectation of gaining profit in
response to changes in prices and incentive payments offered by
the system operators. The proposed model, formulated as a
mixed-integer linear programming problem, simultaneously de-
termines the optimal integration of the flexibility options includ-
ing shifting demand and utilizing onsite generation and energy
storage systems, along with energy procurement from the grid
that allows the large customers to optimize their energy portfolio
from different sources including bilateral contracts and the mar-
ket. The characteristics of the proposed integrated flexibility
scheduling and energy procurement model and its benefits are
investigated through several case studies conducted on a test
large industrial load.

Index Terms—Demand response, flexible load, energy storage
systems, onsite generation, energy procurement, large customers,
mixed-integer linear programming.

I. NOMENCLATURE
A. Indices
(1)

Primary (Auxiliary) index of time.

Index of time interval types.
Index of production cost function segment of OG.

Index of flexible loads.
Index of bilateral contracts.

Set of study time horizon intervals.
Set of load reduction (recovery) time intervals.
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Set of time interval type z of contract b.
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Set of flexible loads (with functional limits).
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K K g,K o SEtS of flexible loads that can be supplied by ESS,

OG, and exclusively by either OG or ESS.
B Set of bilateral contracts.
J Set of production cost function segments of OG.

C. Constants

At Duration of optimization interval.

7 (C , ) Load (Rescheduling cost) of k& flexible load.
" (T ,(m"”‘) Min (Max) off time of 4" flexible load.

NC™ Maximum No. of curtailment of £ flexible load.

pm (fj ) Size (Slope) of segment j of OG.

J

pmr (P "‘“X) Min (Max) generation limit of OG.

RU¢ Ramping up limit of OG.

RD° Ramping down limit of OG.

c* Fixed-cost of running OG

P’ Rated power of ESS.

E™ (E ““”‘) Min (Max) energy capacity of ESS.

n (77"“"’) Charging (Discharging) efficiency of ESS.
Dy Estimated demand during .

Y Reference price for contract b during ¢.

A Estimated market price at ¢.

ED" (Eb‘?a") Lower (Upper) bound of energy bought from
contract b during time interval type z.

D. Variables

L (L,’“) Load reduction (recovery) stemmed from flexible
loads rescheduling during ¢.
cr Rescheduling costs of flexible loads during 7.

u/(vf)  Binary variable associated to k* flexible load that
is equal to 1 if it is scheduled (recovered) during ¢
and 0 otherwise.

D/"(C) Demand flexibility (flexibility cost) scheduled for
time ¢.

D™ Modified demand of customer during .

P¢ (CtOG) Generation (cost) of OG during ¢.

P, Generated power in segment j of OG during ¢.

P, Binary variable equal to 1 if OG is running dur-

ing ¢ and 0 otherwise.
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E Energy stored in ESS during ¢.
Sln‘h ( S[d(‘h )
B, Binary variable equal to 1 if ESS is charging dur-

Energy drawn (released) by ESS during ¢.

ing ¢ and 0 otherwise.

o ( o ) Binary variable equal to 1 if OG supplies flexible
(inflexible) loads during ¢ and 0 otherwise.

B’ ( ,B,”) Binary variable equal to 1 if ESS supplies flexible
(inflexible) loads during ¢ and O otherwise.

P’ (Plf ) Total power purchased from the market (contract

b) during t.
II. INTRODUCTION

ROLIFERATION of smart energy technologies at cus-

tomer sites enables the customers to take part in wholesale
electricity markets and make profits by procuring their energy
needs from different resources and also participating in De-
mand Response (DR) programs. A savvy customer can opti-
mize its energy consumption profile by intelligently modify-
ing and thence procuring it from available resources so that its
total electricity cost is minimized.

Apart from the energy procurement problem of large cus-
tomers that has been extensively studied in the literature [1]-
[4], multiple research works have been devoted to address
potential benefits of DR participation in wholesale electricity
markets [5]-[9]. Moreover, the potential of industrial custom-
ers to provide DR capacity is highlighted in [8], [9], where the
DR provided by industrial customers represented 16,505MW
(53%) of total potential peak reduction in 2014 across U.S [9].

The technical literature is rich on research works address-
ing the system operators’ operation problem with DR. For
instance, the hourly DR has been incorporated into security-
constrained unit commitment (SCUC) for economic and secu-
rity purposes in [10] and [11]. In addition, two DR programs
have been designed which aim to enable customers’ participa-
tion in day-ahead energy markets in [12] and market clearing
problems including DR offer packages are presented from the
operators’ points of view. A DR program is designed in [13]
where the participants submit their offer packages embodying
price-quantity pairs and load characteristics to provide flexi-
bility in the wholesale day-ahead energy market. Subsequent-
ly, the system operator clears the market by considering sub-
mitted load reduction offer packages. An optimization model
for the DR aggregation in wholesale electricity markets is
presented in [14]. In the proposed model, DR aggregators of-
fer customers various contracts for load curtailment, load
shifting, and utilizing onsite generation (OG) and energy stor-
age systems (ESS) as possible DR strategies and exploiting
ensuing hourly load reductions into their self-optimization
schemes. The common akin attribute amidst all literature re-
sources in [10]-[14] is that, submitted offer packages and DR
contracts are all assumed to be known from the ISO and ag-
gregators’ viewpoints; yet the question is “how do customers
design the so-called DR offer packages?”

Despite the ample research efforts dedicated to incorporate
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DR and load flexibilities into system operators and the aggre-
gators’ problems, there are a few research works addressing
the customers’ problem to optimally participate in DR pro-
grams. The potential of demand-side management activities
and customers price elasticities to impact power system opera-
tion is investigated in [15]-[18]. The customer models in [15]-
[18] merely include demand shifting procedure based on price
elasticities which does not precisely reflect customers’ optimal
behavior. Additional works look at enabling customers to re-
spond to price-based DR programs [19]-[23]. A linear pro-
gramming model is proposed in [19] that enables customers to
adjust their hourly load levels in response to hourly electricity
prices. Wang et al. [20] have analyzed the electrical load
tracking capability of energy intensive enterprises by schedul-
ing local power plants to track their load curve considering
time-of-use (TOU) tariffs. A new TOU tariff is introduced in
[21] that incentivizes selected customers to shift their loads
into other time periods. In [22], Zhang et al. have developed
an optimal bidding strategy for an aluminum smelter facility
to participate in day-ahead energy and spinning reserve mar-
kets. A formulation to determine the optimal operating strate-
gy of a cogeneration system in proposed in [23] that reduces
the peak demand of a typical petrochemical facility under
TOU tariff. We argue that the technical literature lacks de-
tailed models looking at various flexibility options of custom-
ers, and a new decision-making tool is required for enabling
customers to scrupulously design their optimum offer packag-
es considering all the available flexibility options.

In this context, this paper proposes a novel decision-
making tool for large customers to optimally adjust their elec-
tricity demand by integrating all possible flexibilities includ-
ing flexible loads, operating OG, and utilizing ESS while min-
imizing the customer’s electricity cost. The proposed integrat-
ed model, formulated as a mixed-integer linear programming
problem, simultaneously optimizes the integrated flexibility of
the customers for hourly load reductions in the system, as well
as energy portfolio procurement from different sources includ-
ing bilateral contracts and the market.

The rest of this paper is organized as follows: Section III
models the customer’s consumption flexibility in terms of
available options by which customers provide hourly load
reductions. The proposed model for integrated flexibility
scheduling and energy procurement of large customers is ex-
pounded and formulated through Section IV. Section V
demonstrates the application of the proposed decision-making
tool on a sample large industrial customer. The conclusions
are drawn and discussed in Section VI.

III. CHARACTERISTICS OF CUSTOMERS FLEXIBILITY OPTIONS

In this paper, customer flexibility is defined as any activity
at the customer site that supports a net change in the energy
supplied by the grid to the customer. Large customers, such as
industrial facilities, usually have energy intensive loads and
production processes that may be rescheduled in order to pro-
vide the flexibility in power systems operation. In addition,
customers with local generation and/or energy storage devices
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are given with further options to make a net change in the
power delivered by the grid and participate in DR program
[5], [8]. There are, however, different costs associated with
the load reduction associated with different flexibility options,
which requires analysis and optimization before making deci-
sions about submitting DR offers in the markets. For instance,
customers who are capable of shifting their normal consump-
tion patterns may incur rescheduling costs from labor re-
scheduling, overtime pay or productivity losses from adjust-
ments to their production processes. Rescheduling cost is the
cost of curtailing and shifting the consumption of flexible
loads. Utilization of OG would impose fuel and maintenance
costs while utilizing ESS would impose costs associated with
charging/discharging losses [5]. The potential flexibility op-
tions of customers are discussed below in detail. Note that,
this paper focuses on customer flexibility services in energy
markets, and options to provide ancillary services are not dis-
cussed. Further, energy efficiency measures that permanently
modify the demand, such as installing higher efficiency light-
ing, cooling and heating systems are not considered.

A. Flexible Load

In this option, customers reschedule their electricity con-
sumption away from DR program execution intervals to other
hours. Rescheduling large flexible loads that provide signifi-
cant change in the customer’s load are suitable for this appli-
cation. For instance, an industrial facility might reschedule a
batch production process to the prior points in the time (pre-
ceding) or to the subsequent times (postponing). Flexile loads
and processes typically belong to one of the following catego-
ries [24]: Inert thermal processes (heating, cooling), inert dif-
fusion processes (ventilation, irrigation, etc.), mass transport
(pumps with tanks, conveyor belts, etc.), and logistics (sched-
ules, dependencies, lunch-breaks, etc.). Identifying the availa-
ble load flexibility propels customers to prioritize the potential
flexible loads with respect to their corresponding rescheduling
costs derived from indispensable cost analysis.

Assume that the customer identifies a set of flexible loads,
K, whose elements are modeled by the pair (%, C*) reflecting
the load and the rescheduling cost of k" flexible load in MW
and $/MWh. The total load reduction and the rescheduling
cost associated with the flexible loads are formulated in (1)
and (2) respectively as:

L:‘“’ = thf 7’“ , Vtel,, (1)
keK
=Y (Ctuly* A, VieT, )
keK

Where, the binary variable u* models the scheduling status of
k™ flexible load which is equal to 1 if the load is curtailed at
teTrr and 0 otherwise. Moreover, in practice, depending on
the customers’ processes, the identified flexible loads might
have operational limits such as minimum/maximum off time
durations, and maximum number of curtailments, which are
formulated as:

t+T,"" At

Z ul >1,™ (utk —ut’im), Vk eK,telT, @)

t+T,"™ —At
> oul <™ (uf -uly ), Vk €K, teT, &)
t'=t
> ul <NC™, Vk ek, (5)
telyp

where constraints (3) and (4) represent the minimum and max-
imum off time constraints of k" flexible load, respectively. In
addition, constraint (5) bounds the number of curtailments of
k™ flexible load during DR execution time Tz. Note that Ky is
a subset of flexible loads with functional constraints (K,CK).
Here we assume that the operation processes of the flexible
loads are functionally independent. Accordingly, the operation
of each flexible load does not affect the operation status of the
others. In case of functional interdependencies between the
flexible loads, those flexibilities are aggregated into single
ones, where the processes of engendered flexible loads will be

functionally independent.
In addition to the load reduction procedure modeled in (1)-
(5), the essential load recovery process of the flexible loads is

formulated as follows:

0<L¥ <Y ufy*, Viely (6)
k ek
DLMA - Y LA =0 (7)
tel; telpe
ZUszuf, Vk eK (8)
telpe tel p

where constraint (6) states that the total amount of load recov-
ery during ¢ belongs to the recovery time intervals Tzc must be
less than or equal to the curtailed flexible loads during DR
execution time intervals (7;z). Constraint (7) ensures that the
total recovered load equals to the total load reduction. Moreo-
ver, constraint (8) ensures that the reduced flexible loads
would be recovered during load recovery time intervals (Tzc).

In addition to rescheduling the operation of flexible loads,
the customers may utilize OG and/or ESS in order to supply
some or all of reduced loads during the DR program execution
time. Although the customers may have little or no interrup-
tion to their electrical usages by the flexible loads, their net
load requirement on the power system would be reduced. The
utilization of OG and ESS is modeled next.

B. Onsite Generation

Running OG in large customer sites is common and has
had a large increase in recent years, such that onsite energy
generation in industrial sector in 2012 amounts for approxi-
mately 4% of the total U.S. electric energy (MWh) generated
throughout the same year [25]. Although the primary use of
OG is to functioning as a backup generator during emergen-
cies, the customers can also operate these generators to com-
pensate some or all of the reduced load during DR program
execution time. Assuming piecewise linear production cost
function with j segments [13], the total power generation of
OG can be modeled by:

P =pP™+> P,, VteT ©)

jeJ
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0<P, <pP™, Vjel,tel (10)

where, the binary variable p, reflects the commitment status of
the OG that is equal to 1 if the unit operates at ¢ and 0 other-
wise. The constraint (10) limits the power generation of the
OG in each segment by the corresponding upper capacity lim-
its. The total generation cost of OG is calculated in (11), and
the OG ramping constraint is formulated in (12).

C°=pC™+% [P, VieT. (11)
jeJ
—RD? < P°° - P <RU®’, VteT (12)

C. Energy Storage System

The availability and utilization of ESS devices at customer
sites facilitates the rational arbitrage of energy for the custom-
ers, where the customers may purchase additional electric en-
ergy during low prices to charge the ESS, and consuming the
stored energy at the times of high prices and/or the DR pro-
gram execution time to compensate some or all of reduced
loads. By utilizing ESS, the net load of DR participants will
be reduced as ESS is discharged, and will increase as it is be-
ing charged. The charge and discharge process of the ESS can
be mathematically modeled as:

0<S" <(1-B)P", VteT (13)
0<S™ <BP", VteTl (14)
E =E,_, +1n"S"At ———S8*"At, VieT (15)
E™<E <E™, VteTl (16)

where the binary variable f; models the charging status of
ESS. The charge/discharge power of the ESS is limited to the
rated power of ESS in (13) and (14). Moreover, the dynamic
energy balance of the ESS is modeled in (15), and the energy
capacity limits of ESS are presented in (16). In addition, the
constraint (17) ensures that the total stored energy is con-
sumed locally by the customer and is not sold back to the grid.

DS AL - Z%Sﬁ’”" At =0 (17)

tel tel

IV. INTEGRATED FLEXIBILITY MODEL

The individual flexible strategies for large customers, in-
cluding scheduling flexible loads, OG and ESS, are discussed
in detail in Section III. We argue that although the individual
flexibility strategies would equip customers to participate in
the DR program, the three options could be integrated to cap-
ture the interdependencies and the relative costs and benefits
among the strategies, delivering additional flexibility at lower
costs. More specifically, while shifting loads and processes
can be quite costly for large customers, the availability of OG
and/or ESS can be leveraged to substitute the costly load shift-
ing, yet achieving comparable benefits for the customers.

Here we aim to develop an integrated flexibility model for
the customers by capturing the complementary nature of the
three flexibilities during the DR program events. The integrat-
ed model intends to combine the three models in Section III

4

into a unified flexibility scheduling model where the power
generation by OG and/or energy stored in ESS are utilized in
order to compensate some or all of the curtailed flexible loads
and/or supplying inflexible parts of customer’s demand. Here
we assume that the energy generated by OG and/or power
discharge of ESS is not being sold to the market, and is con-
sumed locally by the customer during optimum time intervals.

In the proposed integrated flexibility scheduling model,
during the DR program events, the customer may choose to
utilize OG and/or ESS in order to either: 1) substitute flexible
load shifting, or 2) supply inflexible loads while load shifting
is scheduled to provide flexibility to the grid. These two op-
tions would incur different costs to the customers, so a trade-
off should be made based on the costs and benefits of imple-
menting each option. Thus, the integrated flexibility of the
customers demand, D/™, and the associated cost function, C/¥,
during the DR program time intervals 7;z are formulated in
(18) and (19) as:

thlx — Zurk 7k +ﬁtil |:Std(.‘h _ﬂrﬂ [ Z urk 7k j:|

kekK kekK,
+p! (1-8] ){P,OG - { >oulyt ﬂ (18)
keK,
P P
k ek 4
Clm=> Ctuly* At - p ( > Crufyt ]At
kekK kekK,
_ptﬂ (l_gz)[ Z Ckutkyk JAt (19)
keK,

_p;f[,;ﬂ[ » cku,kykjm, vier,
keK,
where two pairs of new binary variables, (p/.p/") and (87,5,
are defined to model the trade-off that should be made for
substituting the flexible (f/) and inflexible load (i/) with OG
and/or ESS. Accordingly, (20) and (21) below guarantee that
if OG and/or ESS are available, at least one of the two options
are opted during DR execution time intervals 77z:

p<p'+p', VteT, (20)

B<p +pB', Viel, (21)

In (18), K, and K, are given subsets of K representing flex-
ible loads that can be respectively substituted by ESS and OG,
while Kg, represents the set of flexible loads that can be exclu-
sively substituted by either OG or ESS. Defining the subsets,
in (18), the first term presents the load reduction of flexible
loads, the second and third term present the flexible loads that
are substituted by ESS and OG operation, and the fourth term
presents the flexible loads that are exclusively substituted by
ESS or OG. The fourth term in (18) avoids any interferences
in substituting the flexible and/or inflexible loads, at times
when OG and ESS are both available. Constraints (22), (23)
ensure that, at each time, the ESS and OG have enough power

1949-3053 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TSG.2017.2739482, IEEE

Transactions on Smart Grid

capacity to substitute the scheduled flexible loads.

B uly)<S, vieT, (22)
kekK,
(> ufy*)<P%, VteT (23)
P CV)SET LR
kng

The equation (19) defines the costs associated with the in-
tegrated flexibility model (18), where the negative terms rep-
resent the net-reduction in costs associated with supplying the
flexible loads by OG and/or ESS, and eliminating the re-
scheduling costs of scheduled flexible loads. Note that the
flexible loads can be only substituted with OG or ESS in (18),
if the flexible loads are scheduled. This is expressed in (24),
(25) and (26) where the binary variables p/ and B/ can be
equal to 1 only if at least one of the flexible loads in sets Kj,
K, or Ky is scheduled.

Bl<d uf, Viel, (24)
kekK,
ol (1-8")< Y uf, vier, 25)
keK
plB < Y uf, viel, (26)
keK

In addition, the proposed integrated flexibility model in-
cludes constraints (27)-(31) for coordinating the load recovery
of the scheduled flexible loads during Trc, with the substitu-
tion decisions made through (18)-(26).

0<D/™ <> vfy*, VieT, (27)
kekK
Z |:Zutk7k _(Stdch +ROG _[Dtﬂx _ zutkj/k jJ:|At
tel p | keK kekK (28)
- > D/*Ar=0
telpe
dof=>ul-> B, Vkek, (29)
telpe tel tel
Db = ul -3 o', Vkek, (30)
telpe telyp telp
St =Yul, Vkelk UK,) (31)
telpe tel p

The constraint (27) ensures that the amount of load recov-
ery does not exceed the load reduction of the scheduled flexi-
ble loads, while (28) adjusts the amount of load recovery giv-
en the scheduled OG and ESS substitutions. The innermost
negative term in parentheses in (28) reflects the amount of
load reductions provided by OG and/or ESS. In addition,
equations (29)-(31) ensure that the load recovery should be
continued for the number of hours that the load reduction is
scheduled, considering the adjustment made by the OG or
ESS substitutions.

The proposed integrated flexibility model in (18)-(31), in-
cludes nonlinear expressions in (18), (19), (22), (23) and (25),
(26) that would complicate the solution of the proposed flexi-
bility scheduling problem. In order to preserve the MILP for-
mat of the proposed model, the nonlinear terms are casted in
linear forms in Appendix A.
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Implementing the integrated flexibility model, would modi-
fy the customers’ normal consumption patterns to achieve a
modified demand profile, as seen by the system operator. The

customer’s modified demand, Dt'""d, during different time in-
tervals is presented in (32)-(34), which includes the estimated
demand profile D/ adjusted by the load reduction and recov-

ery of flexible loads, the charging and discharging of ESS,
and the power generation of OG.

D™ =D —D™ +S™, vt T, (32)
D™ =D +D/" +87 -8 —P% Vit eT,. (33)
Dtmod :Dtest +Stch _Stdgh _})tOG , Vi ¢ {TLR UTRC} (34)

V. INTEGRATED FLEXIBILITY SCHEDULING AND ENERGY
PROCUREMENT FOR LARGE CUSTOMERS

In this section, we present the proposed model for co-
optimization of the flexibility schedules and the energy pro-
curement decisions for large customers. The large customers’
energy sources include signing bilateral contracts that makes it
possible for customers to cover part of their electricity demand
before its physical delivery. The reference energy prices as
well as the upper and lower limits of the energy traded over
the scheduling horizon are specified through the contrasts.
Moreover, customers can buy part of their electricity needs
from the wholesale forward market at times the prices are low.
Here we assume that energy arbitrage, i.e., purchasing energy
through bilateral contracts and selling it to the market is not
considered [1], [4], [26]. The objective function of the pro-
posed model is to minimize the total energy procurement costs

that is formulated as follows:
JAt +C%¢ }
(35)

esi ﬂ?)t t
A2 PP
e
+ Z ( /lx /Itest Di/lx A t)
tel g

Where, the terms in the first line respectively include the costs
of purchasing energy from the market, available bilateral con-
tracts and energy production by OG. In (35), the final prices
of each bilateral contract at each time interval are equal to the
average of the contract reference prices and the market prices
[1], [4]. The second line in (35) models the cost of providing
flexibility to the market formulated in (19), minus the incen-
tive payments received from the system operator. The amount
of incentives offered by the system operator is dependent to
their respective market regulations. One option is to pay cus-
tomers according to the energy market prices, which is con-
sistent with the current FERC order 745 regulations [27]. The
hourly forecast for prices of energy is an input to the optimi-
zation problem and considered to be given by applying nu-
merical techniques like time series and artificial neural net-
work [28]. Accordingly, customers utilize historical data in
order to forecast hourly market prices. The objective function
(35) is subjected to the upper and lower limits on the energy
bought from bilateral contract b during hours of type z (e.g.,
on-peak or off-peak hours) formulated as:
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Ept < PIAt<EN™, Vz,YbeB

=

(36)

Further, the power balance constraint (37) ensures that the
energy bought from the market and the bilateral contracts bal-
ance the modified demand of the customer formulated in (32)-
(34), which takes into account the integrated flexible options
at the customer site.

P’ +> B} =D™, Vtel

beB

(37)

VI. CASE STUDY AND RESULTS

Numerical studies are conducted to delineate the merits of
the proposed model. Here we adapt the model to solve the
flexibility scheduling and energy procurement for a sample
large industrial manufacturer over a one-week period. Each
working day is decomposed into three load levels in Table 1.

The customer has option to procure energy through two
weekly bilateral contracts with reference prices and the energy
consumption limits as in Tables II and III. It is assumed that
the customer has a precise knowledge of its future demand,
whose forecast is plotted in Fig. 1 (demand on Tuesday ex-
tracted from [1] and extended to whole week). The day-ahead
wholesale market prices of the Iberian Peninsula for the first
week of October 2004, depicted in Fig. 1, are utilized for the
studies. It is assumed that the system operator decides to
schedule DR in working days during hours 12-21. The quanti-
ty of energy previously contracted is assumed to be zero.

The proposed model is solved using the CPLEX 12 solver
under GAMS [29] on a computer with a core i5-3337U pro-
cessor at 1.80 GHz and 4GB of RAM. The computation times
in all the studies were trivial, while the upper bound on the
duality gap is set to be zero. Two cases are studied below.

TABLE I
Hour Type within a Week
Hour Type Hours of the day
Working Day - Valley 2-7
Working Day - Shoulder 1;8-10;15-18;23-24
Working Day - Peak 11-14;19-22
Weekend Day 1-24
TABLE II
Bilateral Contracts Prices for a Week
Price ($/MWh)
Hour Type Bilateral contract 1 Bilateral contract 2
Valley 15 10
Shoulder 35 30
Peak 45 50
Weekend 35 30
TABLE I
Energy Consumption Limits of Bilateral Contracts (MWh)
ot BilaFeral contract 1 Bilatgral contract 2
we | A [ R | A [ A
Valley 750 2,500 500 2,300
Shoulder 1,500 3,200 1,700 3,000
Peak 1,000 3,000 1,200 2,750
Weekend 2,000 3,300 1,700 3,000
A. Case 1

In this base case, it is assumed that the customer does not
participate in the DR program, and looks for optimally procur-

ing its normal consumption pattern from the available energy
resources, without utilizing flexibility options. The numerical
results, including the amount and cost of energy procured
from the two weekly bilateral contracts and the market over
the one-week horizon are shown in Table IV. In addition, the
percentage of energy procured from the resources is shown in
Fig. 2.

Market Prices

i\‘/ \f \ .

—_
o
=3

2
Price ($/MWh)

Demand (MWh)
[
=

wn
=]

1 25 49 73 97 121 145
Time (Hr)

Fig. 1. Estimated demand and energy market prices.

TABLE IV
Numerical Results for Case 1
Total energy supplied 31,837.2
Demand (MWh) Procured from bilateral contracts 18,653.3
Procured from the energy market 13,183.9
Energy Market 430,780.8
Energy Costs ($) Bilateral contracts 653,762.1
Total Costs (Objective Function) | 1,084,542.9

OEnergy purchassed from the market
OEnergy purchassed from bilateral contract 1

BEnergy purchassed from bilateral contract 2

Fig. 2. Optimal mix of electricity sources to procure demand in Case 1

B. Case 2

In this case, we assume that the customer participates in the
DR program and runs the proposed model to co-optimize the
energy procurement decision and the available flexibility
schedules. The customer has identified five flexible loads that
can be utilized to participate in the DR program. The charac-
teristics of the flexible loads are presented in Table V. The
flexible loads FL1-FL3 in Table V can be recovered prior in
time between hours 1-11 at the same day, while the load FL4
can be postponed to hours 1-11 of the next day (slow recov-
ery), and load FL5 can be postponed to hours 22-24 at the
same day (fast recovery). The flexible load FL4 should remain
off for at least 2 hours after being turned off, and the load FL5
can be only curtailed 2 hours per day. In addition to the flexi-
ble loads, the customer owns a battery ESS with rated power
of 3.7 MW and maximum energy capacity of 14.8 MWh, and
charging/discharging efficiencies of 90%. The customer also
owns and operates a 4 MW OG, with the technical and eco-
nomic data presented in tables VI and VII.
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TABLE V
Characteristics of Identified Flexible Loads
Flexible Load | Consumption (MW) | Rescheduling Cost ($/MWh)
FLI % 1 C! 35
FL2 y 2 C 40
FL3 7 4 c? 45
FL4 » 5 c 50
FL5 7 7 c 55
TABLE VI
Characteristics of the OG Unit
P™" (MW) RU | RD®® (MW/min) | Fixed Cost ($/h)
0 0.72 100
TABLE VII
Piecewise Linear Cost Function of the OG Unit
Segment | P™ (MW) | Cost ($/MWh)
1 2 45
2 2 50

Table VIII summarizes the numerical results for the one-
week scheduling horizon in Case 2. In Table VIII, the total
energy procurement cost is reduced as compared to Case 1, by
utilizing the various flexibility options optimized through the
proposed integrated flexibility model. This provides the cus-
tomer with incentives for participation in the DR program.
More specifically, the utilization of flexibility options has
reduced the cost of procuring energy through bilateral con-
tracts. However, this has come with the cost of operating OG
and also the rescheduling cost of the flexible loads, while ex-
tra charging energy of ESS has contributed to increase the cost
of buying power from the market. The optimal mix of the
electricity sources in Case 2 is illustrated in Fig. 3, where the
optimized flexibility has reduced the share of more expensive
bilateral contracts in providing the customer’s energy needs,
as compared to Case 1.

TABLE VIII
Numerical Results of Case 2

Gg’;&?ﬁ; n Total energy generated by OG 192.0
Total energy supplied 31,837.2
Demand Procured from bilateral contracts 18,223.4
(MWh) Procured from the energy market 13,431.2

Scheduled load reduction 686.1
Energy Costs oG 13,920.0
) Energy market 434,135.3
Bilateral contracts 633,751.4
Cost (5) Flexible load rescheduling cost 20,065.0

Total Costs (Objective Function) 1,067,886.7
Revenue (§) | Incentive payments by the system operator | 32,350.1
1%

OEnergy purchassed from the market
OEnergy purchassed from bilateral contract 1
B Energy purchassed from bilateral contract 2
mEnergy generated by OG

Fig. 3. Optimal mix of electricity sources to provide the customer’s demand in
Case 2

Optimal utilization of the flexibility options in Case 2 has
modified the customer’s load profile as shown in Fig. 4. In
summary, a total of 686.1 MWh load reduction is provided to
the grid during the one week scheduling horizon, 63.3%
(434.0 MWh) of which is provided by shifting the demand of
the flexible loads FL1-FL5. In addition, 28% (192.0 MWh) of
the load reduction delivered to the system operator is provided
by OG, and 8.7% (60.102 MWh) is provided by the ESS op-
eration. As an example, the scheduled flexibility options and
the resulting hourly load reductions for the forth working day
of the one-week scheduling horizon are illustrated in Fig. 5.
The optimal mix of hourly energy procurement schedules
from different sources for the same representative working
day is depicted in Fig. 6. In Fig. 5, different mix of flexibility
options are utilized in different hours of the day, depending on
the option constraints and costs. For instance, during hour 19,
the scheduled load reduction is 26.0 MWh, 3.0 MWh of
which is provided by the ESS, 4.0 MWh by the OG, and re-
maining 19 MWh by rescheduling the flexible loads FL1-FL5
that are totally recovered during optimal hours of recovery
time intervals. In addition, the results not only satisfy func-
tional constraints of the flexible loads FL4 and FLS5, but also
authenticate the optimal contributions of both the OG and the
ESS in making a tradeoff pertinent to optimal use of flexible
and inflexible loads. In Fig. 5, the ESS supplies only inflexi-
ble parts of the demand while OG supplies both flexible
(31%) and inflexible (69%) loads. Moreover, it should be not-
ed that OG is scheduled to operate only during DR execution
time intervals in the entire study time horizon.

As expected, very little amounts of the flexibility options
are utilized during the weekend days, as compared to the
weekdays. In Fig. 4, the difference between the estimated de-
mand and the modified demand during the early hours of the
first weekend day is caused by recovery of the flexible load
FL4 whose operations is postponed from the last working day.
Moreover, while ESS is optimally operated during the week-
end days, OG is not scheduled for operation on the same days.

N R Estimated Demand
{4 iR \ ——Modified Demand

200 r

Demand (MWh)

1 25 49 73 97 121 145
Time (Hr)
Fig. 4. Estimated and modified demands of the customer in Case 2
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Demand (MWh)

1 3 5 7 9 11 13 15 17 19 21 23
Time (hr)
@ Prior recovery
B Postponed fast recovery
Inflexible loads supplied by ESS
Inflexible loads supplied by OG

B Load reduction

® Postponed slow recovery
OESS charging

DO Flexible loads supplied by OG
B Flexible loads supplied by ESS

Fig. 5. Optimal hourly load reductions along with scheduled flexibility options
during 4" working day in Case 2
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Fig. 6. Optimal mix of hourly energy procurement during 4" working day in
Case 2.

C. Case3

The available capacity of OG and ESS at the customer site
may impact the scheduling results. In order to investigate this,
the simulations are repeated for cases with different OG and
ESS capacities, and total operation cost of the customer for
the cases is presented in Tables IX and X. As shown in Tables
IX and X, higher OG and ESS capacities would result in high-
er operation cost savings for customers. This analysis repre-
sents an application of the proposed model as a decision-aid
tool for customers to assess the benefits of installing OG and
ESS.

TABLE IX
Total Customer Cost for Different OG Capacity
OG Capacity 2 MW 4 MW 6 MW
Total Cost ($) 1,071,038.2 1,067,886.7 1,064,735.8
TABLE X
Total Customer Cost for Different ESS Capacity
ESSPower 1) )\ iwia oMWh | 3.7/14.8MW | 6.2MW/24.7MWh
/Energy Rating
Total Cost ($) 1,071,184.0 1,067,886.7 1,065,540.6

VII. CONCLUSION

This paper presented a model for optimal utilization of var-
ious flexibility options for large customers in order to partici-
pate in DR program in the day-ahead energy markets. The
proposed model co-optimized the flexibility options (includ-

ing flexible loads and utilizing OG and ESS) and the decisions
on procuring energy through the bilateral contracts and the
energy market. The proposed model is formulated as a mixed-
integer linear programming (MILP) problem which can be
solved using any available MILP solvers. The simulation re-
sults, conducted on a test industrial customer, reveal that the
proposed integrated flexibility scheduling model allows large
customers to gain financial profits by modifying their normal
consumption patterns in response to changes in prices and
incentive payments achieved from the system operators. It is
also observed that optimal scheduling of the flexibility options
help customers to reduce the energy procurement costs by
being flexible to modify demand and prevent buying energy at
the more expensive hours.

Future works may include incorporating customers’ arbi-
trage behavior along with the flexibility options and study
their mutual impacts on the customers’ energy procurement
problem. In addition, consideration of renewable energy re-
sources as an OG option in the proposed problem is in order.

APPENDIX A
RECASTING NONLINEAR TERMS TO LINEAR FORM

The proposed formulation includes nonlinear terms in (18),
(19), (22), (23) and (25), (26). In order to maintain the MILP
format of the proposed model, we aim to show how the non-
linear terms (the product of decision variables) can be ex-
pressed as a set of linear inequality constraints. For the sake of
presentation, here we present the method for the most compli-
cated nonlinear term, p AP taken from (18), where two
binary variables and a bounded continuous variable are multi-
plied. First, we define the binary variable W, as the product of
the two binary variables, which is constrained as below:

w,=p'p', Vtel,, (38)
W, >0, W, <p", W, <p" (39)
w,2p"+p"-1. (40)

When the two binary variables equal to zero, W, is zero and
(39) and (40) become inactive. Constraint (40) ensures that 7,

is equal to 1 only if both p and A are 1. Now let G, be equal
to the product of binary variable ; and the bounded continu-

ous variable P,°° where 0<P° <> P™ . The linear inequali-
jeJ

ties (42) and (43) ensure that G, substitutes and models the
behavior of the nonlinear term p B'P° . If W, is equal to
zero, G, will be zero due to (42), and (43) becomes inactive. If
W, is equal to one, (43) ensures that G, is equal to L% .

G, =W ,P°, VteT,, (41)
0<G, <W,(D.P™) (42)

Jjet
PO = P™(1-W,)<G, <P (43)

jeJ
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