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A retailer can sign multiple contracts with participation in demand response program (DRP). The energy
sources considered for retailers include pool market and forward contracts. In this paper, several new
DRP schemes are proposed for a retailer which is containing pool-order DR, forward DR and reward-
base DR. proposed model is an agreement that retailer will participate it, if is useful. Pool market price
uncertainty modeling is one of the main challenges in power system modeling which information gap de-
cision theory (IGDT) is proposed for this uncertainty. In IGDT approach, the robustness and opportunity
functions are used to study of different strategies in the presence of pool market price uncertainty. Ro-
bustness function is used in the risk-averse strategy while opportunity function is used in the risk-taker
strategy. The proposed IGDT risk-constraint strategies of electricity retailer in presence of pool-order DR,
forward DR and reward-base DR are modeled via mixed-integer non-linear programming which is solved
using SBB solver under GAMS optimization software. To validate the proposed model, two cases are stud-
ied and positive effects of proposed DR scheme on the risk-averse, risk-neutral, risk-taker strategies are

investigated, and the results are compared with each other.
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NOMENCLATURE

A. Parameters:
d(t) Time period

f,é’;’” (t) Penalty of not running pool-order DR in time period t

®)

pP 5’MAX (t) Highest demand in block b of forward DR f in time

period t (MWh)

PjD R(#) Demand in jth step of reward-base DR in time period t
(MWh)

P}ViAX (t) Highest demand in block b of forward contract in time

period t (MWh)

P%AX (t) Highest demand in pool-order DR in time period t
(MWHh)

Pi(t) Value of purchased power by retailer in period t (MWh)

RjD R(t) Highest value in jth step of reward-base DR in time
period t ($/MWh)

Apo(t) Price of pool-order DR in period t ($/ MWh)

Aj? R(t) Price of block b of forward DR f option in time period t
($/MWh)

A}: »(t) Price of the block b of forward contract f in time period t
($/MWh)

AP(t) Forecasted pool market price ($/MWh)
w Percentage increase in cost for retailer (%)
Y Percentage decrease in cost for retailer (%)

Cp Minimum expected cost of retailer ($)
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C, Critical cost for robustness function ($)

C, Critical cost for opportunity function ($)

B. Numbers:
Nppr Number of blocks in forward DR

Nr Number of forward contracts

Npg Number of blocks in forward contracts
Nepr Number of contract in forward DR
Nj Number of steps in reward-base DR

Npo Number of pool-order options

C. Variables:
C(FDR) Total cost of forward DR program ($)

(
C(F) Total cost of forward contracts ($)
C(PO) Total cost of pool-order options ($)
EC(P) Total cost of power procurement from pool market ($)
EC(RDR) Total cost of reward-base DR ($)

PPR(t) Purchased power from reward-base DR in time period t
(MWh)

Ppo(t) Purchased power from pool-order in time period t
(MWh)

P]P[F (t) Purchased power from block b of forward DR f in time
period t(tMWh)

Pf ,(t) Purchased power from block b of forward contract f in
time period t(MWh)

PP(t) Purchased power from the pool market in time period t
(MWnh)

RPR(t) Value of reward in time period t ($/ MWh)
R]D R(t) Value of reward of step j in time period t ($/ MWh)

UpR,j(t) Binary variable that shows which step is executed in
time period t 0,1

Upo(t) Binary variable which is 1 if pool-order is run in time
period t 0,1

AP () Actual pool market price ($/MWh)

D. Functions:
C(p,A) Procurement cost function of retailer ($)

&(C,) Robustness function (%)
B(C,) Opportunity function (%)
1. INTRODUCTION

The electricity retailer can purchase power from pool market and

forward contracts in order to supply the consumers” demand [1].

Also, retailer can use DRPs in order to balance the price on
the electricity market [2]. In DRPs, peak load is managed by
electricity retailer [3] in which the load profile is flatted and
purchased cost is reduced.

A. Literature review

Retailers usually work to fill the gap between consumers and
the wholesale market. Ref [4] used hybrid approach based on
binary imperialist competitive algorithm and binary particle
swarm optimization to procure optimal energy for retailer. An
optimal strategy for retailer is presented in [5], which retailer can
provide its energy from both pool and bilateral contract options.
Retailer problems when setting up a contract for both sides of
the suppliers and end-use in order to achieve maximum profits
by considering acceptable risk levels are presented in [6]. Also,
retailer contracts with consumers should also be set up to allow
consumers to choose it. In ref [7], contracts setting problem is
provided to maximize profits with an acceptable level of risk.
Ref [8] created a multi-stage randomized optimization approach
that leads to model the uncertainties of electricity prices and
loads. Retailer policies to determine the optimum price for the
electricity selling and procure f are investigated by stochastic
programming in [9]. In ref [10], the financial risk arising from
the uncertainty of market prices has been addressed. Ref [11]
presented a stochastic programming in order to determine the
selling price of electricity to consumers based on the time-of-use
(TOU) of DRP and manage a set of contracts to cover its demand
and avoid risks in a medium-term period. In ref [12], a model
presented for the retailer, in which consumers shift their loads
based on TOU-DRP, taking market price changes into account.
In [13], energy management of retailer is modeled by using a
bi-level programming approach. In [14], a robust optimization
method is presented in order to obtain optimal bidding strategy
for retailer which also demand response program is used in [15].
The uncertainty of the pool price for retailers is considered in [16]
which various strategies are obtained for selling to consumers.

The basic concepts of DRPs are described in [17]. Consumer
behavior against price fluctuations is discussed in [18]. Reward-
based DRP is described in [19,20]. Formulation of DRP is pre-
sented in [21]. A study about coupon-based method is inves-
tigated in [22], where the market price determines amount of
incentive to the consumer. There is detailed explanation about
incentive-based methods in [23], where energy cost and peak-to-
average ratio are minimized through a game theory approach.
Refs [24,25] provided the description of price-based DRP. The
consumer can adjust its energy consumption by using real-time
prices based on presented model in [24]. A comprehensive for-
mulation of TOU is given in [25]. The technical aspects of DRP
are presented in [26-30]. New markets for DRP exchange have
been proposed in [31,32]. Based on the pool-market, the market
operator collects offers and clears market to maintain balance,
but in [32] market clearing scheme uses Walrasian auctions, in
which price is updated in response to adjusting the market price.
Ref [33-36] paid to evaluate the three economic types of DRPs,
known as load curtailment, load shifting and fuel substitution.
DRP can be an option to reduce the retailer’s risk. In [37], au-
thors counteract the uncertainty of the pool market which use
interruptible loads. In [38], two types of interruptible loads con-
tract (pay-in-advance and pay-as-you-go) are evaluated. Ref [39]
used self-production to reduce pool market volatility. Ref [40]
indicates that distribution companies can use interruptible loads
as energy resources. According to the presented model in [41],
distribution companies used interruptible loads to participate in
the market. Distribution companies used real-time pricing and
TOU to improve consumers’ energy consumption [42]. IGDT is
one of the main methods which used in uncertainty modeling
in power market problems. For example in ref [43] proposes an
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IGDT to obtain the bidding strategy of MG. in addition in ref [44]
authors considered a price-taker generation station producer
that participates in a day-ahead market using IGDT. According
to the abovementioned matter, most papers have been reviewed
the DRP from consumer point of view and few papers reviewed
DRP from the points of retailers. Most of previous papers, DR
has mostly addressed as technical aspects and basic concepts has
not considered DR contract options. Only [19,20] have reviewed
the economic aspects of DRP.

B. Novelty and contributions

In this paper, new DRP is proposed to reduce retailer’s cost.
There are difference between the new method and the previous
method [19, 20] in the DRP exchange type. In new method,
DRP is directly exchanged between DRP buyer and seller. The
methods in this plan include various agreements for the DRP
transaction, which may be long-term or short-term agreements.
These contracts include as follows:

1 Forward-DR: this type of contracts is safe agreements that
take place at a specific volume and price for specific period
[45, 46].

2 Pool-order: to counter against the small fluctuation of pool
price, this plan uses the well-known financial concept which
is presented during price increment [45,46].

3 Reward-based DRP [47]: this type of DRP is a consumer
incentive scheme to further load reduction and receive more
reward from retailer, also considered contract is a real-time
source for presenting DRP method.

The abovementioned contract allows the retailers to decide
on different conditions and choose the suitable contracts. In
normal conditions, retailers use forward-DRP contract. Also
when the pool price has increased, the pool-order will be used.
Finally, they can hope to real-time contracts (reward-base DR).
Retailer uses DRP and contracts in this paper to minimize their
costs, also information gap decision theory is proposed to model
the pool price uncertainty. Robust and opportunistic are strate-
gies derived from the robustness and opportunity functions of
IGDT technique for retailers, which are used to model various
uncertainty states. Also, deterministic results without pool mar-
ket price uncertainty modeling are used as risk-neutral strategy.
Furthermore, robust results are used in the risk-averse strategies
while opportunistic results are used in the risk-taker strategies.
IGDT has several differences in comparing to robust optimiza-
tion approach. Robust optimization approach is analyzed solu-
tion optimally under forecasting errors in two risk-neutral strat-
egy and risk-averse strategy which risk-averse strategy modeled
worst condition for uncertain parameter. Nevertheless, IGDT is
analyzed effects of various amounts of deviation from optimal
solution on the uncertain parameter.

C. Paper organization

The paper is organized as follows: New proposed DRP schemes
for retailer as well as wholesale market suppliers are formulated
in Section 2. IGDT approach is presented in Section 3 and it is
applied to the proposed model in Section 4. Section 5 presents
the risk-averse, risk-neutral and risk-taker results for a retailer,
based on proposed IGDT approach. Finally, the conclusion is
presented in Section 6.

| Retailer |

1 I Il

[ Pool-order options Forward-DR contracts Reward-base DR

Il 1l !

| Consumers [ aggregator |

Fig. 1. Available DR programs for energy supply of retailer

2. PROBLEM FORMULATION

Retailer can trade with consumers through several contracts
and meet the DRP requirement. These contracts are shown in
Fig. 1. These contracts may differ in terms of price, volume
and execution time. Details of these contracts will be described
in the relevant section. In this paper, consumers just able to
sell DRP to retailers, but generally they can sell their DRP in
other markets [48,49]. Also the retailer does not care about the
technical aspects of DR programs.

A. Pool-order DR

At the time of pool price fluctuations, retailer can set a pool-
order options contract with DRP sellers. In fact, this contract is
set for market price upturn times and will run when the DRP
cost is lower than the procurement cost from the pool market.
At the contract running time, the retailer decides to run or not to
perform the contract by compar the market price. If the contract
is not executed, the retailer must pay a predetermined amount as
a penalty. Meanwhile, retailers not have to choose this contract
because will choose contract to prevent further losses when pool
prices is increased. The mathematical model of this contract is
presented in Egs. (1) - (3). Furthermore, the overall structure of
this contract is shown in Fig. 2.

Npl)
C(PO) =Y Y [Ppo(t)-Apo(p0)-vpo(£).d(t) + (1=vpo(t)).-fro" (1)
teT po=1
@
0 < Ppo(t) < PRO(t)  Vpo =1,2,...,Npo )
Np()
PRt (t) = Y Ppo(t)vpo(t) 3)
po=1

Eq. (1) shows the overall cost of pool-order options for the
specified time horizon. This equation consists of two parts.
The first part shows the cost of the pool-order option and the
second part shows the penalty for not executed contract. Eq. (2)
determines the power limit of each pool-order options. Finally,
the total pool-order power is expressed in Eq. (3).

B. Forward DR

Forward DRP contracts are agreements that are signed before
the start of the time horizon. Forward DR contract is created
by adapting forward contracts to DRP, in which the exchange
product is DRP [45]. These contracts have different price blocks,
which in each block has different volume and price. These types
of contracts usually have a certain price, which is determined as
follows:

¢ Unmatched market: in this method, the price is negotiated
directly between the buyer and the seller.
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Fig. 2. Configuration of pool-order option

* Bourse-trade market: in this market, contracts are signed
with standardized price and volume. The advantage of this
type of trading is that prices are settled through a central-
ized clearing center.

Because this type of exchange is done directly between the
seller and the buyer, direct settlement is used for pricing. The
total cost of this contract is calculated as follows:

Nrpr Nppr

L) Y PRAR (D4 @
teT f=1 b=1

C(FDR) =

Furthermore, Egs. (4) and (5) show the forward DRP cost and
the boundary size of each contract, respectively. Finally, Eq. (6)
shows the overall forward-DRP’s power in during period.

0 < PR(H) < Pﬁf'Mﬂx(t) (5)
Nrpr Nepr

PEPR(5) = )7 Y PR (6)
=1 b=1

C. Reward-base DR

The reward-based DRP is shown in Fig. 3. In this DRP, the
consumers more reduce their demand while the rewards will
increase which receive from the retailer. In this method, in-
creased rewards are stepwise. This paper has assumed that the
full potential reward-based DRP is used by consumers. The all
equations for this scheme are presented in (7)-(10).

N
PDR Z VDR,] t) (7)
N,
RPR(1) = ZRDR( ) 8)
j=1
RPE (£).vprj(t) < RPR(t) < RPR(£).vpg (t) ©
N
Y vprj(t) =1 (10)

o=
L |
=55
F2g
FoR fr——
P]’R — !‘]“H
<+
J_',:m R.';‘H
-
o 'REJR >
! DR
LN
.
ROR RoR RoR R RpR Reward
($/MWh)

Fig. 3. The reward-base DR curve

Eq. (7) shows the total reduced demand by the consumers
and Eq. (8) shows the reward paid by retailer. Constraint of
reward in each step is presented by Eq. (9). Number of reward-
based DRP choices is shown in Eq. (10). The total expected cost
of the reward-based DRP is provided by Eq. (11).

N,

Y| PPR(1).RPR(1).d(t) (1)

teT |j=1

EC(RDR) =

D. Pool market

Pool market as a power market is always available to the retailer,
in which the pool price uncertainty is considered as uncertain
variable. In this paper, this uncertain variable is modeled by
IGDT technique. The total cost of pool market is modeled as
follow:

=) PP(t).AP(t).d(t) (12)

teT

E. Forward contract market

Forward contract is also considered as a contract for the future,
which is one of the power purchasing sources for the retailer.
This contract is set in constant blocks, in which each blocks has
a specific power and price. These blocks have incremental steps
for price and power. The overall cost of forward contract is
shown as below:

Nr Nrp
=Yy Epfh Afb A(t) 13)
teT f=1b=
0.< PFy(1) < P (1) a9

In the forward contract, the power boundaries are modeled
in Eq. (14). Finally, total power for each period t is obtained by
Eq. (15).

PE() =Y ), Pry(h) (15)

F. Power balance and objective function

Power balance constraint is provided in Eq. (16) which pro-
cured power is equal to demand. Finally, the proposed objective
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function for a retailer is presented in Eq. (17) which total pro-
curement cost from pool market, forward contracts, pool-order
DRP, forward DRP and reward-base DRP are presented.

PI(t) = PP(t) + PF(t) + P (t) + PFPR(£) + PPR(t)  (16)

Min C(p,A) = Ec(P) + C(F) + C(PO) + C(FDR) + C(RDR)
17)

3. IGDT TECHNIQUE

One of the main problems in the power system is the uncertainty
problem. This uncertainty may occur for various parameters
in the power system (for example pool price, consumers de-
mand and etc.). Also, this uncertainty may have desirable or
undesirable effects. These effects are examined by the IGDT
method [50-53]. IGDT method has two robustness and opportu-
nity functions which are used to assess the desirable and unde-
sirable effects, respectively. IGDT consists of three parts: system
model, operation requirements and uncertainty modeling.

A. System model

System output/input structure exists in C(p, A) model which
IGDT is applied and used to describe the system model. In this
model p is the decision variable and A is uncertainty parameter.
It should be mentioned that purchased power from alternative
energy sources are the decision variable while pool market price
is considered as uncertainty parameter in the proposed model.

B. Operation requirements

Operation requirements describe the expected performance for
retailer in different circumstances. These expectations are ana-
lyzed in various functions such as opportunity and robustness,
which set these functions for certain problems. The robustness
and opportunity functions of retailer will be as follow:

a(Cr) = max {a: max(C(p,A)) <Cr} (18)

B(Co) = rr}ljn {a: min(C(p,A)) <C,} (19)

As shown in Eq. (18) which is considered as robustness func-
tion, retailers are resistant against increasing pool prices, with
considering the risk-averse strategy and paying more money.
& is degree of resistance against increasing pool price. There-
fore, the maximum value of & is desirable. Also the total cost of
retailers must be less than the constant value, C, .

Also, for opportunity function expressed in Eq. (19), retailer
will benefit from decreasing pool price with taking risk-seeking
strategy, which leads to reduction in total costs. 8 is minimum
value of «. Since B represent the minimum pool price reduction,
so that the minimum J value is desired. Also the total cost of
retailers must be less than the constant value, C,. Also, in the
abovementioned equation, C; is bigger than C,.

C. Uncertainty modeling

By obtaining information about the uncertainty parameter (A),
it can be modeled using fractional error model based on IGDT
approach which is introduced in next section.

4. PROPOSED IGDT-BASED RISK-CONSTRAINT FOR-
MULATION

In this section, IGDT technique has been applied to pool market
price uncertainty.

A. Uncertainty modeling

To model the uncertainty in the problem, a fractional info-gap
uncertainty model is used in Eq. (20). Meanwhile, the uncer-
tainty parameter in this problem is pool price.

- AP(t) — AP(8)]|
U(a,AP(£)) = ¢ AP(t |~7< ,a>0 (20
(0 A1) { t b <apaz0 @
The proposed uncertainty model in Eq. (20) is a fractional
info-gap uncertainty model, in which the scale of gap is propor-
tional to the forecasted value, AP (t).

B. Robustness function

In robustness function, maximum value of resistance against
pool price uncertainty is shown by&(C,). Retailer in robust
performance with paying more money wants to choose the risk-
averse strategy. Based on the abovementioned content, robust-
ness function of IGDT technique can be modeled as follows:

#(C;) = max {IX : ( max  cost <C, = (1 +w)Cb> }
leU(a AP (1))
(21)
In the taken risk-averse strategy by retailer, the uncertainty
parameter is maximized while all requirements of retailer are

satisfied.

a(Cy) = max « (22)
Subject to:
Max {Ec(P) + C(F) + C(PO) + C(FDR) + C(RDR)} < C,
(23)
(1—a)AP(t) < AP(t) < (14+a)AP(2) (24)
Egs.(1) — (16) (25)

In order to considering of maximum increase of the uncer-
tain parameter AP (t) = (14 a)AP(¢) will be taken into account.
Therefore, the robustness function for risk-averse strategy will
be simplified as follows:

2(Cy) = max « (26)

Subject to:

Max {Ec(P) 4+ C(F) 4+ C(PO) + C(FDR) + C(RDR)} < G,

(27)
AP(t) = (1+a)AP(t) (28)
Egs.(1) — (16) (29)

C. Opportunity function

Any reduction of the uncertainty parameter will increase pos-
sible benefit for the retailer which is modeled by using oppor-
tunity function. Retailer can take advantage of these benefits
with taking the risk-taker strategy into account. Also, based
on the mentioned content above, opportunity function of IGDT
technique can be formulated as follows:

B(Co) = min {(x :( min  cost <C))= (1-Y)G,

leU(w AP (1))
(30)
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For a risk-taker retailer, the objective of using the IGDT tech-
nique is to maximize the benefits of reducing the uncertainty
parameter while the requirements of retailer are satisfied:

B(Cy) = min & (31)
Subject to:
Min {Ec(P) + C(F) + C(PO) + C(FDR) + C(RDR)} < C,
(32)
(1—a)AP(t) < AP(t) < (14+a)AP(2) (33)
Egs.(1) — (16) (34)

AP(t) = (1 — a)AP(t) Will be taken into account in order to
consider the reduction of the uncertain parameter. Therefore, the
opportunity function for risk-averse strategy will be simplified
as follows:

B(Co) = min & (35)
Subject to:
Min {Ec(P) + C(F) + C(PO) + C(EDR) + C(RDR)} < C,
(36)
AP(t) = (1 —a)AP(t) (37)
Egs.(1) — (16) (38)

5. CASE STUDY

This scheme consists of 32 periods, which include summer and
winter days. Each period is comprised of the one week’s average
peak time. Peak times are different for each season, so that for
the summer from 11 am to 9 pm, and for the winter is from
6-10 am to 4-10 pm. It should be noted that only peak times
of working days (Monday-Friday) are used. According to the
considered method in [54, 55], these periods consist of 12 weeks
of January-March, 17 weeks of June-September and 3 weeks of
December which daily load profiles of Queensland in 2012 has
been used [56].

In this study, forward contracts included three contracts (F1-
F3) which each contract covers some part of the years. F1-F3
contracts are set for 12 weeks of January—March, 17 weeks of
June-September and 3 weeks of December, respectively. These
contracts consist of 6 blocks, which each block is different in
price and maximum power size. Forward price used are taken
from Queensland region 2012 [57]. Maximum power for each
block of forward contracts at each time period is 450MW.

Four options are considered for pool-order DRP. As noted
earlier, this option is set to few increases in the market price and
is negotiated in a certain volume of demand and price. Maxi-
mum demand for pool-order options is 50MW. As mentioned
earlier, retailers should pay a penalty if they do not perform the
pool-order. Amount of this penalty is equal to 15% of the each
contract cost for retailer. This plan is eight months long, with
a forward DRP contract for each month. For forward DRP con-
tract six blocks are considered and each block with a maximum
demand value of 75MW is limited.

For reward-based DRP, 14 steps with different incentives
considered to reduce the demand. Capacity of DRP in this plan
considered 30% of the total Australia demand in which obtained
on the basis of trials. Figs. 4- 6 and Tables 1 and 2 show and
present the input data for each above options.

The IGDT technique is used to assess the retailer’s risks. This
issue will be studied in two cases which include with DRP and
without DRP modes. The proposed models are solved using

o0 |
Fio
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Fig. 4. Demand amount required by the retailer
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Fig. 5. Pool-order option prices

Table 1. Forward contract prices ($/MWh)
Bl B2 B3 B4 B5 B6
F1 40 45 50 55 60 65
F2 38 42 46 50 54 58
F3 39 44 49 54 59 64

CPLEX solver [58] under GAMS environment [59] in which a
risk-based performance for retailers is provided in the presence
of pool-order DR, forward DR and reward-base DR programs.

A. Robustness and opportunity functions

In the risk-neutral strategy, optimal performance of retailer ob-
tained without considering the robustness and opportunity func-
tions based on IGDT approach. In other words, cost function, Eq.
(17), is minimized subject to constraints (1)-(16) by considering
forecasted pool market price. In this strategy, retailer reduce
their costs due to implementation of pool-order DRP, forward
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Bl B2 B3 B4 B5 B6
FDR1 35 37 39 41 43 45
FDR2 32 34 36 38 40 42
FDR3 29 31 33 35 37 39
FDR4 33 35 37 39 41 43
FDRS 45 47 49 51 53 55
FDR6 51 53 55 57 59 61
FDR7 56 58 60 62 64 66
FDR8 69 71 73 75 77 79
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DRP and reward-based DRP, which retailer cost with DRP and
without DRP are 4,681,597.4 $ and 4,873,026.5 $, respectively. It
can be seen that the total cost in with DRP mode has reduced
3.93 %.

Fig. 7 shows purchased cost in the risk-averse strategy. This
strategy is achieved by solving the robustness function (26) and
taking into account constraints (27)-(29). According to Fig.7,
for example the retailer with payment 4,903,026.5 $ withstand
against possible increasing pool market prices. However, it
should be noted that the degree of robustness (&) in with DRP
and without DRP is 20.4 % and 1.6 %, respectively. This means
that the retailer pays 4,903,026.5 $ which is robust to the 20.4 %
in DRP mode, and 1.6 % in without DRP mode. So by using DRP
the retailer is more robust to the increasing pool market prices.

Furthermore, Fig. 8 shows purchased cost in the risk-taker
strategy. This strategy is achieved by solving the opportunity
function, Eq. (35), and taking constraints (36)-(38) into account.
According to Fig. 8, for example, in 11% reduction of pool
market price, purchased costs are 4,471,597.4 $ and 4,633,026.5
$ for with DRP and without DRP modes, respectively. This
means that the retailer can increase their benefits in a certain
price reduction if DRP is used.

I 25 I a7 48 49
Opportunity cost (3) <10t

b
Ly

Fig. 8. Opportunity function

B. Comparison risk-based results

In this section, we will look at analysis and will compare the
results. This analysis will be compared to three different re-
tailer strategies which are risk-averse, risk-neutral and risk-taker
strategies. These strategies determine the optimal retailer per-
formance in different conditions.

B.1. Analysis results of DRP schemes

Retailer has three DRP options (Forward DRP, Pool-order op-
tions and reward-base DRPs) to supply its Demand. Fig. 9
shows Forward DRP with three different strategies (risk-averse,
risk-neutral and risk-taker) for the retailer. Retailer purchases
more DRP by taking risk-averse strategy in comparison with
risk-neutral strategy. So, forward DRP is safe option for retail-
ers when the prices are increasing. Also, retailer purchases less
DRP in the risk-taker strategy in comparison with risk-neutral
strategy which retailer purchases more power from pool market
in the risk-taker strategy and vice versa. A summary of the
obtained results of this problem for retailer is presented in Table
3.
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Fig. 9. Purchased power from the forward DR

Table 3. Retailer cost in different condition

Various cost ($) With DR Without DR
Deterministic cost (Risk-neutral strategy) 4,681,597.4  4,873,026.5
Robustness cost (Risk-averse strategy) 4,981,597.4  5,173,026.5
Opportunity cost (Risk-taker) 4,381,597.4  4,573,026.5
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Fig. 10. Purchased power from the reward-base DR

Fig. 10 shows reward-base DRP with three different strategies
(risk-averse, risk-neutral and risk-taker) for the retailer. It is seen
that in the risk-averse strategy, retailer make the most of this
option. So, reward-based DRP is also safe option for retailers
when the prices are increasing and vice versa.

Fig. 11 shows pool-order DRP with three different strategies
(risk-averse, risk-neutral and risk-taker) for the retailer. In this
option of DRP scheme, retailer has the highest DRP purchase
from consumers or aggregator in the risk-averse strategy which
has risen in prices. So, this option is very suitable when the
prices increase a little.

B.2. Analysis results of wholesale market suppliers

The retailer also has access to the wholesale markets to supply
their demand. Two options of the wholesale market have been
used in this study, which are pool market and forward contract.

Fig. 12 analyzed the purchased power from the pool market
in three different strategies (risk-averse, risk-neutral and risk-
taker) for the retailer. The biggest buying potential from the
pool market is in the risk-taker strategy, which is the desire to
buy power from the market because this strategy is analyzing
the reduction in pool prices. In the risk-averse strategy due to
market price rises in this strategy, the purchasing power from

[y

Tradded power from the pool-order DR kW)

Thime priod

Fig. 11. Purchased power from the reward-base DR

§

g 8

Traded power from the poal market (KW)

Tradbod poswer from the bilaberal contrets (kW)

Fig. 13. Purchased power from the forward contracts

the pool decreases. Also, using the DRP in three strategies, the
power purchased from the market has dropped.

Fig. 13 analyzed the power purchased from the forward
contract in three different strategies (risk-averse, risk-neutral
and risk-taker) for the retailer. According to this figure, it can be
seen that the ability to buy forward contract in the risk-averse
strategy is more than other strategies. Because in this strategy,
the pool market prices have increased and retailer do not want
to buy power from pool market. Also, by using the DRP in
three strategies, the purchased power from the forward contract
market has decreased.

6. CONCLUSION

In this paper, new schemes of DRP and IGDT technique are
proposed to model uncertainty of pool price. This technique
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uses two robustness and opportunity functions which examines
the increase and decrease in pool price, respectively. Using of
mentioned functions in above , retailer costs are examined at
three levels of risk (risk-averse, risk-neutral and risk-taker). Ac-
cording to the obtained results, it is found that in the risk-neutral
strategy, the retailer can reduce its cost 3.9 % using the proposed
DRP schemes which the costs with DRP and without DRP in the
normal condition of pool price are 4,681,597.4 $ and 4,873,026.5
$, respectively. Also, in the risk-averse strategy, retailer with
payment of 4,903,026.5 $ can be robust itself amount of 20.4 %
in with DRP mode and 1.6 % in without DRP mode against
increasing pool market price. In other word, retailer by paying
4,903,026.5 $ can be robust itself amount of 20.4 % and 1.6 % in
with DRP and without DRP is respectively. Therefore, by using
DRP the retailer is more robust to the increasing pool market
prices. Furthermore, in the risk-taker strategy, purchased costs
are 4,471,597.4 $ and 4,633,026.5 $ for with DRP and without
DRP modes, respectively. Due to reduce pool market price (11%)
which will increase their benefit up to 3.6% by implementation
of DRP. In other word, in 11% reduction of pool market price,
purchased costs are 4,471,597.4 $ and 4,633,026.5 $ for with DRP
and without DRP modes, respectively. This means that the re-
tailer can increase their benefits in a certain price reduction if
DRP is used. In the proposed model for retailer in order to
supply its power, three different risk strategies containing risk-
averse, risk-neutral and risk-taker have been investigated. In the
risk-averse strategy which price rises is analyzed, retailers tend
to buy more power from the DRPs and forward contract, but
buy less power from the pool market. In the risk-taker strategy
which price reduction is analyzed, retailers tend to buy more
power from the pool market and then from the other options.

REFERENCES

1. Dagoumas AS, Polemis ML. An integrated model for assess-
ing electricity retailer’s profitability with demand response.
Applied Energy. 2017 Jul 15;198:49-64.

2. Nojavan S, Zare K, Mohammadi-Ivatloo B. Optimal stochas-
tic energy management of retailer based on selling price
determination under smart grid environment in the pres-
ence of demand response program. Applied Energy. 2017
Feb 1;187:449-64.

3. Ghazvini MA, Soares J, Horta N, Neves R, Castro R, Vale
Z. A multi-objective model for scheduling of short-term
incentive-based demand response programs offered by elec-
tricity retailers. Applied Energy. 2015 Aug 1;151:102-18.

4. Nojavan S, Mehdinejad M, Zare K, Mohammadi-Ivatloo B.
Energy procurement management for electricity retailer us-
ing new hybrid approach based on combined BICA-BPSO.
International Journal of Electrical Power Energy Systems.
2015 Dec 31;73:411-9.

5. Nazari M, Foroud AA. Optimal strategy planning for a re-
tailer considering medium and short-term decisions. Inter-
national journal of Electrical power Energy systems. 2013
Feb 28;45(1):107-16.

6. Gabriel SA, Conejo AJ, Plazas MA, Balakrishnan S. Op-
timal price and quantity determination for retail electric
power contracts. IEEE Transactions on power systems. 2006
Feb;21(1):180-7.

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Carrion M, Conejo AJ, Arroyo JM. Forward contracting and
selling price determination for a retailer. IEEE Transactions
on Power Systems. 2007 Nov;22(4):2105-14.

. Kettunen J, Salo A, Bunn DW. Optimization of electricity

retailer’s contract portfolio subject to risk preferences. IEEE
Transactions on Power Systems. 2010 Feb;25(1):117-28.

. Hatami AR, Seifi H, Sheikh-El-Eslami MK. Optimal selling

price and energy procurement strategies for a retailer in an
electricity market. Electric Power Systems Research. 2009
Jan 31;79(1):246-54.

Ahmadi A, Charwand M, Aghaei J. Risk-constrained opti-
mal strategy for retailer forward contract portfolio. Inter-
national Journal of Electrical Power Energy Systems. 2013
Dec 31;53:704-13.

Hatami A, Seifi H, Sheikh-El-Eslami MK. A stochastic-based
decision-making framework for an electricity retailer: time-
of-use pricing and electricity portfolio optimization. IEEE
Transactions on Power Systems. 2011 Nov;26(4):1808-16.

Garcia-Bertrand R. Sale prices setting tool for retailers. IEEE
Transactions on Smart Grid. 2013 Dec;4(4):2028-35.

Carrion M, Arroyo JM, Conejo AJ. A bilevel stochastic pro-
gramming approach for retailer futures market trading.
IEEE Transactions on Power Systems. 2009 Aug;24(3):1446-
56.

Nojavan S, Mohammadi-Ivatloo B, Zare K. Robust optimiza-
tion based price-taker retailer bidding strategy under pool
market price uncertainty. International Journal of Electrical
Power Energy Systems. 2015 Dec 31,73:955-63.

Nojavan S, Mohammadi-Ivatloo B, Zare K. Optimal bidding
strategy of electricity retailers using robust optimisation
approach considering time-of-use rate demand response
programs under market price uncertainties. IET Generation,
Transmission Distribution. 2015 Jan 13;9(4):328-38.

Charwand M, Moshavash Z. Midterm decision-making
framework for an electricity retailer based on informa-
tion gap decision theory. International Journal of Electrical
Power Energy Systems. 2014 Dec 31,63:185-95.

Albadi MH, El-Saadany EF. A summary of demand re-
sponse in electricity markets. Electric power systems re-
search. 2008 Nov 1;78(11):1989-96.

Kirschen DS, Strbac G, Cumperayot P, de Paiva Mendes D.
Factoring the elasticity of demand in electricity prices. IEEE
Transactions on Power Systems. 2000 May;15(2):612-7.

Aalami HA, Moghaddam MP, Yousefi GR. Modeling and
prioritizing demand response programs in power markets.
Electric Power Systems Research. 2010 Apr 30;80(4):426-35.

Zhong H, Xie L, Xia Q. Coupon incentive-based demand
response: Theory and case study. IEEE Transactions on
Power Systems. 2013 May;28(2):1266-76.

Mohsenian-Rad AH, Wong VW, Jatskevich ], Schober R,
Leon-Garcia A. Autonomous demand-side management
based on game-theoretic energy consumption scheduling
for the future smart grid. IEEE transactions on Smart Grid.
2010 Dec;1(3):320-31.



Research Article

22.

23.
24.

25.

26.

27.

28.

29.
30.
31.
32.
33.

34.

35.

36.

Journal of Energy Management and Technology (JEMT)

Vol. 2, Issue 2 40

Mohsenian-Rad AH, Wong VW, Jatskevich ], Schober R,
Leon-Garcia A. Autonomous demand-side management
based on game-theoretic energy consumption scheduling
for the future smart grid. IEEE transactions on Smart Grid.
2010 Dec;1(3):320-31.

Celebi E, Fuller JD. Time-of-use pricing in electricity mar-
kets under different market structures. IEEE Transactions
on Power Systems. 2012 Aug;27(3):1170-81.

Chu CM, Jong TL. A novel direct air-conditioning load
control method. IEEE transactions on power systems. 2008
Aug;23(3):1356-63.

Thomas AG, Jahangiri P, Wu D, Cai C, Zhao H, Aliprantis
DC, Tesfatsion L. Intelligent residential air-conditioning
system with smart-grid functionality. IEEE Transactions on
Smart Grid. 2012 Dec;3(4):2240-51.

Jin M, Feng W, Marnay C, Spanos C. Microgrid to enable
optimal distributed energy retail and end-user demand re-
sponse. Applied Energy. 2018 Jan 15;210:1321-35.

Mehdizadeh A, Taghizadegan N, Salehi J. Risk-based en-
ergy management of renewable-based microgrid using in-
formation gap decision theory in the presence of peak load
management. Applied Energy. 2018 Feb 1;211:617-30.

Eissa MM. First time real time incentive demand response
program in smart grid with “i-Energy” management sys-
tem with different resources. Applied Energy. 2018 Feb
15;212:607-21.

Nan S, Zhou M, Li G. Optimal residential community de-
mand response scheduling in smart grid. Applied Energy.
2018 Jan 15;210:1280-9.

Wang J, Zhong H, Ma Z, Xia Q, Kang C. Review and
prospect of integrated demand response in the multi-energy
system. Applied Energy. 2017 Sep 15;202:772-82.

Nguyen DT, Negnevitsky M, De Groot M. Pool-based de-
mand response exchange—concept and modeling. IEEE
Transactions on Power Systems. 2011 Aug;26(3):1677-85.

Nguyen DT, Negnevitsky M, de Groot M. Walrasian market
clearing for demand response exchange. IEEE Transactions
on Power Systems. 2012 Feb;27(1):535-44.

Sezgen O, Goldman CA, Krishnarao P. Option value of
electricity demand response. Energy. 2007 Feb 28;32(2):108-
19.

Joo]Y, Ahn SH, Yoon YT, Choi JW. Option valuation applied
to implementing demand response via critical peak pricing.
InPower Engineering Society General Meeting, 2007. IEEE
2007 Jun 24 (pp. 1-7). IEEE.

Tyagi R, Black JW, Petersen J. Optimal scheduling of de-
mand response events using options valuation methods.
InPower and Energy Society General Meeting, 2011 IEEE
2011 Jul 24 (pp. 1-5). IEEE.

Oh SC, D’Arcy ]B, Arinez JF, Biller SR, Hildreth AJ. As-
sessment of energy demand response options in smart grid
utilizing the stochastic programming approach. InPower
and Energy Society General Meeting, 2011 IEEE 2011 Jul 24
(pp. 1-5). IEEE.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Hatami AR, Seifi H, Sheikh-El-Eslami MK. Hedging risks
with interruptible load programs for a load serving entity.
Decision Support Systems. 2009 Dec 31;48(1):150-7.

Baldick R, Kolos S, Tompaidis S. Interruptible electricity
contracts from an electricity retailer’s point of view: valua-
tion and optimal interruption. Operations Research. 2006
Aug;54(4):627-42.

Carrion M, Philpott AB, Conejo AJ, Arroyo JM. A stochastic
programming approach to electric energy procurement for
large consumers. IEEE Transactions on Power Systems. 2007
May;22(2):744-54.

Algarni AA, Bhattacharya K. A generic operations frame-
work for discos in retail electricity markets. IEEE Transac-
tions on Power Systems. 2009 Feb;24(1):356-67.

L. Haiying, L. Yuzeng, L. Zuyi, A multiperiod energy ac-
quisition model for adistribution company with distributed
generation and interruptible load, IEEETrans. Power Syst.
22 (May) (2007) 588-596.

Horowitz I, Woo CK. Designing Pareto-superior demand-
response rate options. Energy. 2006 Jun 30;31(6):1040-51.

Mehdizadeh A, Taghizadegan N, Salehi J. Risk-based en-
ergy management of renewable-based microgrid using in-
formation gap decision theory in the presence of peak load
management. Applied Energy. 2018 Feb 1;211:617-30.

Nojavan S, Zare K, Ashpazi MA. A hybrid approach based
on IGDT-MPSO method for optimal bidding strategy of
price-taker generation station in day-ahead electricity mar-
ket. International Journal of Electrical Power Energy Sys-
tems. 2015 Jul 1;69:335-43.

Hull JC, Basu S. Options, futures, and other derivatives.
Pearson Education India; 2016.

Kirschen DS, Strbac G. Fundamentals of power system eco-
nomics. John Wiley Sons; 2004 Oct 22.

Mahmoudi N, Saha TK, Eghbal M. Developing a scenario-
based demand response for short-term decisions of electric-

ity retailers. InPower and Energy Society General Meeting
(PES), 2013 IEEE 2013 Jul 21 (pp. 1-5). IEEE.

Chen Y, Li ]J. Comparison of security constrained eco-
nomic dispatch formulations to incorporate reliability stan-
dards on demand response resources into Midwest ISO
co-optimized energy and ancillary service market. Electric
Power Systems Research. 2011 Sep 30;81(9):1786-95.

Su CL, Kirschen D. Quantifying the effect of demand re-
sponse on electricity markets. IEEE Transactions on Power
Systems. 2009 Aug;24(3):1199-207.

Y. Ben-Haim, Information Gap Decision Theory, Designs
Under Severe Uncertainty, Academic, San Diego, CA, 2001.

Zare K, Moghaddam MP, El Eslami MK. Electricity pro-
curement for large consumers based on information gap
decision theory. Energy Policy. 2010 Jan 31;38(1):234-42.



Research Article

Journal of Energy Management and Technology (JEMT)

Vol. 2, Issue 2

41

52. Nojavan S, Ghesmati H, Zare K. Robust optimal offering
strategy of large consumer using IGDT considering demand
response programs. Electric Power Systems Research. 2016
Jan 31;130:46-58.

53. Mohammadi-Ivatloo B, Zareipour H, Amjady N, Ehsan
M. Application of information-gap decision theory to risk-
constrained self-scheduling of GenCos. IEEE Transactions
on Power Systems. 2013 May;28(2):1093-102.

54. Bhattacharya K. Competitive framework for procurement
of interruptible load services. IEEE Transactions on Power
systems. 2003 May;18(2):889-97.

55. Lee TF, Cho MY, Hsiao YC, Chao PJ, Fang FM. Optimization
and implementation of a load control scheduler using re-
laxed dynamic programming for large air conditioner loads.
IEEE Transactions on Power Systems. 2008 May;23(2):691-
702.

56. AEMO Price Demand Data [Online]. Available:
http:/ /www.aemo.com.au/data/pricedemand.html

57. AER, State of the Energy Market, Melbourn, Australia, 2011.

58. The GAMS Software Website, 2018. [Online]. Available: http:
/lwww.gams.com/dd/docs/solvers/cplex.pdf.

59. The GAMS Software Website, 2018. [Online]. Avail-
able: http://www.gams.com/help/index.jsp?topic=%2Fgams.
doc%2Fsolvers%2Findex.html.


http://www.gams.com /dd/docs/solvers/cplex.pdf
http://www.gams.com /dd/docs/solvers/cplex.pdf
http://www.gams.com/help/index.jsp?topic=%2Fgams.doc%2Fsolvers%2Findex.html
http://www.gams.com/help/index.jsp?topic=%2Fgams.doc%2Fsolvers%2Findex.html

	Parameters:
	Numbers:
	Variables:
	Functions:
	Introduction
	Literature review
	 Novelty and contributions
	Paper organization

	Problem formulation
	Pool-order DR
	Forward DR
	Reward-base DR
	Pool market
	Forward contract market
	Power balance and objective function

	IGDT technique
	System model
	Operation requirements
	Uncertainty modeling

	Proposed IGDT-based risk-constraint formulation
	Uncertainty modeling
	Robustness function
	Opportunity function

	Case study
	Robustness and opportunity functions
	Comparison risk-based results
	Analysis results of DRP schemes
	Analysis results of wholesale market suppliers 


	Conclusion

