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ABSTRACT The operation of power systems under peak demand conditions results in higher operational
costs, more instability risks and often forces an excessive use of fossil fuels. In this context, this paper
proposes a self-sustainable real-time pricing (RTP) tariff that is adjusted proportionally to the aggregated
demand of a group of consumers, and is based on a changing rate for each hour of the day. Therefore,
demand peaks are expected to be naturally reduced by the group due to the higher tariff values imposed
during these operating conditions. In addition, consumers benefit from the opportunity to reduce their bills
according to the tariff and can carry out financial strategies by setting up their own consumption profile. The
proposed dynamic tariff has a self-sustainable and revenue neutral nature which protects both consumers
and distribution power companies from being economically affected by varying price elasticity scenarios.
This is achieved by mathematically guaranteeing for such companies a revenue equal to the one they would
expect with the traditional application of flat tariff. The advantages of the proposal are highlighted through
numerical simulations by comparing it with the so-called Conventional Tariff and White Tariff, which are

currently adopted by residential consumers in Brazil.

INDEX TERMS Demand response, real time pricing, dynamic tariff, price elasticity.

I. INTRODUCTION

Power systems must be prepared to operate under peak
demand conditions, which generally present more risks for
power system stability as well as higher costs with generation,
transmission and distribution. In this context, many power
companies are employing substantial effort to obtain peak
demand reduction with demand response approaches instead
of adopting solely more traditional (and invasive) strategies
such as load shedding schemes [1].

Demand Response (DR) can be defined as all intentional
modifications practiced by consumers in terms of their con-
sumption patterns in response to changes in electricity tariff
over time [2]. In this sense, the key idea is to apply higher
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tariff values for consumers when the system is overloaded
and to compensate consumers that tend to reduce energy con-
sumption during off-peak moments. Once reduction in peak
demand is obtained, reinforcements with generation, distri-
bution and transmission infrastructure are naturally avoided,
specially with construction of new generation units and with
transmission/distribution lines. The avoided reinforcement
costs can then be reflected in price reduction of electric-
ity for all consumers (DR program participants and non-
participants) [2]. Price reduction is also obtained since the
necessity of activating additional generation units during
peak consumption moments can be diminished. Such addi-
tional generation units are generally much more expensive
than the regularly active ones [3]. In addition, they are often
based on non-renewable energy sources such as thermal
power plants.
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There are basically two categories of DR programs:
Incentive-Based Programs (IBP) and Price-Based Pro-
grams (PBP). In IBP, participating consumers receive partic-
ipation payments usually as a bill credit or discount rate. The
amount of credit or discount rate depends on the amount of
load reduction they practice during critical conditions [4]-[6].

On the other hand, PBP are based on dynamic tariffs in
which electricity pricing rates are not flat over time, so that
tariff values vary following the actual cost of electricity [3],
[7]. In literature, there are several studies revealing all pos-
sible benefits from adopting dynamic pricing, including both
peak demand and resource cost reduction [3], [8]. The per-
formance of PBP is typically measured using the concept of
price elasticity, which estimates the sensitivity of consumers
demand to the actual electricity tariff value [9].

Time of Use (TOU) tariff is perhaps the most basic type of
PBP. It proposes that electricity prices per unit consumption
should differ within different periods of the day [10]. In this
sense, the tariff value during peak moments is expected to
be higher than during off-peak moments. On the other hand,
Real Time Pricing (RTP) is a type of PBP in which consumers
are charged based on hourly fluctuating prices, where they
are informed about these prices on a day-ahead or hour-ahead
basis [9].

Recently, the authors in [11] proposed a dynamic tar-
iff (DT) for uncertainty-based congestion management with
the presence of stochastic parameters of flexible loads. On the
other hand, the authors in [12] proposed a feeder reconfigu-
ration method for minimizing energy cost and the DT itself.
This method also encompasses lines losses when calculating
the DT. An operation framework applicable for both flexible
and inflexible loads is proposed in [13]. In [14], the authors
use a fuzzy-logic to propose a dynamic feed-in tariff, which
is designed based on electricity price, hosting capacity, ambi-
ent temperature and time of day. Meanwhile, the authors
in [15] combine relaxed DT, network reconfiguration and
re-profiling products to perform day-ahead congestion man-
agement. In [16], the authors propose a flexible TOU tariff
for real-world thermal companies to optimize the electricity
prices and their allocations to different time periods. The
proposal of a distributed optimization-based dynamic tariff
method for congestion management in distribution networks
with high penetration of electric vehicles and heat pumps is
addressed in [17]. In [18], the authors propose the use of
individualized price policies combined with energy demand
and electricity price to incentivize low energy users. In [19],
it is proposed a robust DT method for day-ahead congestion
management which is capable of dealing with forecasting
errors. Finally, several promising studies covering a variety
of RTP approaches developed for specific country scenarios
can be found in [20]-[24].

This paper focuses on the actual Brazilian electricity mar-
ket. In Brazil, Conventional Tariff (CT) is currently the most
widely adopted type of tariff among residential consumers.
CT is a flat type of tariff in which consumers are always
charged with the same fixed energy tariff value regardless of
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either the hour of the day or the day type (workday, weekend,
holiday). As such, consumers are not motivated to better
distribute their energy use throughout different periods of the
day. Consequently, this naturally contributes to some degree
to the appearance of demand peaks during moments in which
consumers tend to simultaneously consume more energy.

For trying to diminish such demand peaks, the Brazilian
National Agency of Electrical Energy (or ANEEL, in Por-
tuguese) proposed the so-called White Tariff (WT) [25],
which is a relatively new type of TOU tariff option for Brazil-
ian residential consumers. WT is period-dependent and day
type-dependent. During weekends and holidays, White Tariff
presupposes that the power system is not likely to present
significant demand peaks, so it charges consumers with an
off-peak tariff value. However, during workdays, White Tariff
applies three different tariff values (peak, intermediate and
off-peak) depending on the period of the day.

It is naturally expected that residential consumers which
choose to migrate from CT to WT will tend to avoid
non-essential use of energy during peak and intermedi-
ate demand moments (usually predetermined by distribu-
tion power companies as the period between 17-22h), then
diminishing their consumption during these time periods.
An example would be shifting the majority of their household
activities (e.g. dishwashers, electric showers, pool pumps,
electric vehicle chargers) to off-peak periods, in which WT
is substantially cheaper than CT. Depending on the demand
reduction obtained during peak and intermediate demand
periods, the adoption of White Tariff may either increase
or decrease bill values significantly in comparison to CT,
meaning either consumers or distribution power companies
become negatively impacted by its adoption [3], [29].

Apart from possible economical impacts for consumers
and distribution power companies, the adoption of WT also
has a second fundamental issue: due to its static behavior,
it may not reflect the actual operating condition of the power
system. This happens, for instance, if significant demand
peaks do not occur during the predetermined intermediate
and peak periods defined by WT, i.e., if demand curves are
relatively flatter during the time period between 17-22h.

In order to cope with the above mentioned issues, it is
proposed in this paper a dynamic self-sustainable RTP type
of tariff whose dynamic behavior comes from the fact that its
values during each hour of the day are adjusted proportionally
to the aggregated demand of a group of consumers. Therefore,
demand peaks are expected to be naturally reduced by the
group due to the higher tariff values practiced during these
peak periods. As in WT, consumers may produce significant
bill savings by choosing to consume energy during time
periods in which it is cheaper. The proposed DT has a revenue
neutral nature which comes from the fact it is guaranteed to
provide for distribution power companies the same revenue
they would expect with the traditional application of CT.
In other words, it does not prejudice neither utilities or con-
sumers from an economical perspective. On the other hand,
the self-sustainable nature of the proposed DT comes from
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the fact it is passively indexed to CT. Therefore, if an increase
in electricity cost is requested by the National System Opera-
tor (due to national water or fuel scarcity, for instance), power
companies are not required to develop specific strategies to
determine new values for the proposed tariff. Instead, they
just have to adjust their CT value (which is already a common
practice for such companies), and the DT will adjust its values
accordingly. The revenue neutral and self-sustainable nature
of the proposed methodology constitutes its main advantage
compared to WT and is also what differentiates it from the
dynamic tariff schemes previously proposed in literature,
such as the ones in [11]-[23], [36]. In summary, the pro-
posed dynamic tariff represents a safer economic model, and
protects both consumers and distribution power companies
from being economically affected by varying price elasticity
scenarios. The simulation results highlight its effectiveness
and a comparison with traditionally applied dynamic tariffs
is also presented.

The paper is structured as follows. In Section II we briefly
describe the fundamental aspects regarding Conventional
Tariff and White Tariff. In Section III, the proposed self-
sustainable Dynamic Tariff is presented. Section IV presents
the validation of the proposed DT thorough numerical simu-
lations. In section V, we address the conclusions of the paper.

Il. CONVENTIONAL TARIFF AND WHITE TARIFF

The aggregated demand of a group of consumers may vary
significantly throughout hours of the day and also depending
on the day type (workday, holiday or weekend) [26]. In this
context, power systems must be prepared to operate under
peak demand conditions, which generally present higher
costs with generation, transmission and distribution. In the
specific case of Brazil, additional non-renewable energy
sources such as thermal generation are also required dur-
ing peak consumption moments, being these sources signif-
icantly more polluting and expensive than renewable energy
sources such as hydroelectric power plants.

Figure 1 shows the aggregated power demand data set for
a group of actual residential consumers located in Ipiranga,
Parand, Brazil. Such data set illustrates a typical workday
consumption profile for residential consumers in Brazil,
which are most commonly charged based on CT.

With CT, consumers are charged with a fixed energy tariff
value p coNV- regardless of either the hour of the day or
the day type. This naturally makes groups of consumers to
collectively produce demand peaks, such as the one presented
in Figure 1, where an excessive amount of energy is con-
sumed during a short time period. In this sense, it is clearly
shown in Figure 1 that the peak in demanded power occurs
between 17-24h.

Many strategies exist for trying to reduce consumption
during peak periods. In this regard, the key idea of PBP-based
demand response approaches is to apply higher tariff values
for consumers when the system is overloaded and to com-
pensate consumers that tend to reduce energy consumption
during off-peak moments. With this, consumers that choose
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FIGURE 1. Aggregated load demand during a workday for a group
of 95 actual consumers located in Ipiranga, Parana, Brazil.

TABLE 1. Conventional Tariff (taxes included) [28].

time interval pconv [8/EWhR]

0.79878

Conventional 0-24h

to participate in these programs are naturally expected to
reduce their consumption during peak periods, intentionally
migrating energy use to hours of lower power system demand.

Within the Brazilian interconnected power system, which
encompasses all 5 regions of the country, since 2020 res-
idential consumers have become allowed to migrate from
CT to WT. With WT, consumers are charged based on three
different (yet static) energy tariff values.

In order to clearly differentiate between these two types
of tariffs (CT and WT), both of them are formally presented
in the following subsections of this paper. The fundamental
idea of WT is to reduce peak consumption. Nonetheless,
as will be shown, depending on the price elasticity scenario,
WT may negatively impact consumers and distribution power
companies from an economical perspective.

A. CONVENTIONAL TARIFF

Consumers under CT regime are continuously charged based
on the same fixed energy tariff value p cony. The Brazil-
ian approximate value for p coNy (With government taxes
included) is shown in Table 1. In this paper, the symbol $ is
used to actually denote Brazilian currency R$. In practice,
Brazilian power companies specify a value for p coNV
which already takes into account the higher energy costs
inherent to peak operation.

Generically, for a specific group of consumers absorbing a
total amount of energy E T from the power system during the
24 hours of a day, the total energy cost EC -y to be paid
by these consumers with the adoption of CT can be calculated
as follows

EC coNv = P CONVE T- ey

In Brazil, distribution power companies receive as revenue
only a proportional part of EC cqNy (around 20% of this
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TABLE 2. White Tariff (taxes included) [28].

time interval price [$/kW h]
Peak 18-21h 1.45488
Intermediate 17-18h, 21-22h 0.93679
Off-peak 22-24h,0-17h 0.68559

value), being the remaining 80% of this value a division
between government taxes, costs with generation and trans-
mission, costs with public illumination etc.

Considering that E; = P;AT (with AT = 1h) represents
the aggregated energy consumed by the group of consumers
from hour i — 1 up to hour i of the day and P; is the
corresponding averaged power demand related to this time
period, the total amount of energy provided to the group of
consumers reads

24
Er= ZEi. )
i=1

B. WHITE TARIFF
Since CT applies the same fixed tariff o cony for all
24 hours of the day, consumers are not motivated to better
distribute their energy use throughout these hours. This con-
tributes to the appearance of demand peaks during moments
which consumers tend to simultaneously use more energy.

For trying do diminish such demand peaks, ANEEL pro-
posed the WT, which exists since January 2018 for con-
sumers with an average consumption above 500kWh, and
since January 2019 for consumers with an average consump-
tion above 250kWh. Since January 2020, all residential con-
sumers have become allowed to migrate from CT to WT.

WT values are static, but period-dependent and day type-
dependent. During workdays, WT applies three different
tariff values depending on the hour of the day. During the
time period from 18-21h, WT presupposes that the power
system is operating under peak consumption levels, and it
charges consumers with a p pga tariff value significantly
greater than p coNy. During 17-18h and during 21-22h,
WT considers an intermediate consumption operation, and
it charges consumers with a tariff value o [NTER Which
satisfies o CONV < P INTER < P PEAK.- Finally, during
22-24h and 0-17h time periods, WT considers that the power
system is operating under low consumption (off-peak) levels,
and charges consumers with a lower p OFF_PEAK €nergy
value, with p QFE.PEAK < P CONV- During weekends
and holidays, WT charges consumers with the off-peak tariff
value p QFF-PEAK. regardless of the hour of the day. The
approximate tariff values regarding WT in Brazil (with taxes
included) are as shown in Table 2.

For a specific group of consumers absorbing a total amount
of energy E T from the power system during the 24 hours
of a workday, the total energy cost EC T to be paid by

I Brazil, the determination of peak, intermediate and off-peak time
periods may slightly vary depending on the distribution power company.
For sake of explanation, we have considered the time periods determined
by COPEL [28].
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these consumers with the adoption of WT can be calculated
as follows

ECwr= )  »rPEAKE + ) PINTERE:
i=19,20,21 i=18,22
+ ) POFFPEAKE ()

i=1,2,...,17,23,24

By comparing tariff values from Tables 1 and 2, one can
naturally expect that residential consumers which choose to
migrate from CT to WT will tend to avoid non-essential use of
energy during peak and intermediate demand moments, then
diminishing their consumption during these time periods.
Depending on the demand reduction obtained during peak
and intermediate demand periods, the adoption of WT may
either increase (if EC ywwr > EC cony) or decrease (if
ECwt < EC conv) bill values significantly in compar-
ison to CT, meaning either consumers or distribution power
companies may be negatively impacted by its adoption.

Apart from possible economical impacts for consumers
and distribution power companies, the adoption of WT also
has a second fundamental issue: it may not exactly reflect the
actual operating condition of the power system. This happens,
for instance, if significant demand peaks do not occur during
the intermediate and peak periods defined by WT.

Ill. PROPOSED DYNAMIC TARIFF

Based on the information presented in Section I1, it is possible
to conclude that neither CT and WT completely solve the
problem of reducing demand peaks without imposing pos-
sible economical losses to either consumers or distribution
power companies.

In order to cope with this issue, it is proposed in this section
a self-sustainable Dynamic Tariff (DT) that fundamentally
solves these two problems simultaneously. The key idea is
to propose a tariff that reflects the operating condition of the
power system by dynamically changing its value proportion-
ally to the actual power system demand.

In the proposed DT, the tariff value ($/kWh) corresponding
to the period from hour i — 1 up to hour i of the day is
denoted by piDT' Therefore, for a specific group of con-
sumers absorbing a total amount of energy E T from the
power system during the 24 hours of a day, the total energy
cost EC pyt to be paid by these consumers with the adoption
of the proposed Dynamic Tariff can be calculated as follows

24
ECpr=). p'yrEi- )
i=1

Since the idea is to dynamically change 'OZDT depending
on the actual operating condition of the power system, one
can enforce proportionality between p' and the actual
corresponding demanded power P;, so that

P'pT = kPis )
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where k is the proportionality constant, being its unit given
by $/(kW)Zh. The insertion of this constant is responsible for
making this proposed tariff dynamic.
Substitution of (5) in (4) produces
24
ECpr =k ZP[E,‘. 6)
i=1
This paper proposes to equalize the integral revenue of
the designed DT with the traditional CT in order to avoid
excessive pricing as well as revenue losses due to possi-
bly unexpected price elasticity scenarios. This is guaranteed
mathematically by enforcing total costs paid by consumers
to be the same between these two types of tariffs, i.e., by
establishing the following relation:

EC pr =EC conv: O
or, equivalently:
24
k Z P:E; = p cONVE T- (8)

i=1

For satisfying (8) one must choose k so that:

24
k= 1% CONVE T/ (Z P,'E,') . (9)
i=1

Once k has been calculated via (9), the tariff values p'
corresponding to each hour of the day can be easily obtained
through Equation (5). Figure 2 depicts the values obtained
for ’OiDT for the demand curve shown in Figure 1 (for this
curve, a k = 0.0451 $/(kW)2h value has been obtained).
For sake of comparison, Figure 2 also depicts the static tariff
values regarding Conventional Tariff and White Tariff (see
also Tables 1 and 2). Consumers benefit from the proposal
since they can choose to use more energy during time periods
in which it is cheaper. The power system benefit from the
proposal since demand peaks are expected to be naturally
reduced due to the higher tariff values during periods of peak
consumption. And, finally, both consumers and distribution
power companies benefit from the proposal since it guaran-
tees EC DT = EC CONV-

A complete scheme containing all fundamental steps for
implementing the proposed Dynamic Tariff in practice is
shown in Figure 3. In an actual online application of this tariff,
it is expected that the distribution power company can make
tariff values 'OIDT’ cee, ,o24 available for all consumers in
advance (via Mobile App, for instance), so that they can be
effectively prepared to respond to the power system demand.
Now, since the power demand for the current day is not
known before the day actually ends, these tariff values can
always be calculated for the next day based on a day-ahead
forecast. Day-ahead forecasting power demand is not within
the scope of this paper, although the interested reader is
hereby referred to [27], [30]-[32] which analyze demand
forecasting techniques in detail. Instead, we here perform an
offline validation of the proposed DT by considering actual
demand measurements for Py, - - - , Pyg.
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FIGURE 2. Comparison between the proposed Dynamic Tariff with
Conventional Tariff and White Tariff. Dynamic Tariff is the only one which
dynamically changes according to demand (see Figure 1).
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day, i.e., obtain next day estimates for <
Py, ..., Py

|

Calculate k via (9), with E; = P; and Et as
defined in (2)

!
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PbTs -, Pt available for all consumers in

the group, so that they can respond to the
expected power system demand

\ 4

Wait for the next day

FIGURE 3. Fundamental steps for implementing the proposed Dynamic
Tariff.

IV. NUMERICAL RESULTS

To validate the self-sustainable DT proposed in this paper,
two case studies are considered in the following subsections.
As mentioned in the previous section of this paper, we here
perform an offline validation of the proposed DT by consid-
ering actual demand measurements for Pq, - - - , P4 instead
of day-ahead forecasting these values. We also assume that
the total energy E T consumed by the group of consumers is
always the same, regardless of the type of tariff they choose
to adopt.

A. CASE STUDY 1

This first case study is based on the workday demand data set
depicted in Figure 1, which corresponds to the actual behavior
of a group of 95 residential consumers in response to CT.
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TABLE 3. Estimated price elasticity with White Tariff.

intermediate reduction [%] peak reduction [%)]

Case 1 10 30
Case 2 20 50
Case 3 30 70

Price Elasticity

W
a

=== Conventional Tariff

== White Tariff (Case 1)
White Tariff (Case 2)

= White Tariff (Case 3)

(&)
o

n n
o a1

demand [kW]
o

ol I I I I I I
2 4 6 8 10 12 14 16 18 20 22 24

hours [h]

FIGURE 4. Comparison between actual price elasticity for Conventional
Tariff and estimated price elasticity scenarios for White Tariff.

For comparison purposes, we additionally assume three
scenarios that estimate how this group of consumers would
change their consumption behavior if they all migrated from
CT to WT. These three scenarios are explained in Table 3.
Motivated by the WT values shown in Table 2, it is assumed a
higher demand reduction during hours of peak consumption,
and a lower demand reduction during hours of intermediate
demand. The resulting estimated curves regarding each sce-
nario for WT are depicted in Figure 4.? The original CT-based
demand curve is also depicted in this figure for comparison.
As it can be observed in the three WT scenarios shown
in Figure 4, all energy reduced during peak and intermediate
consumption hours has been compensated by proportional
demand increases during off-peak hours, so that total amount
of energy E T consumed during the 24 hours of the day is
exactly the same as for the Conventional Tariff-based demand
curve.

Figure 5 depicts the energy costs for the group of con-
sumers throughout the day, corresponding to each case
in Figure 4. Total costs EC cony and EC w are also
shown in the legend of the figure. For Case 1 and Case 2,
it is observed that the adoption of WT negatively impacts
consumers since it is observed an increase in total energy
costs paid by them in comparison to CT, ie., ECywT >
EC conv- Meanwhile, for Case 3 the demand reduction dur-
ing peak and intermediate hours has resulted in lower energy
costs with WT in comparison to CT (EC wT < EC coNV)-
This provides bill savings for consumers but, from the power

2t is also important to emphasize that one should not expect consumers
to change their behavior as shown in Figure 4 within a few days. Instead,
one should assume that it may take a few months (or even a few years) for
consumers to consolidate such behavioral changes.
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FIGURE 5. Energy costs throughout the day, corresponding to each case
in Figure 4.

company point of view, this reduction represents a propor-
tional revenue decrease of about 3.11%. For a scenario with
a larger number of consumers, such a revenue decrease could
negatively impact the power company in maintaining energy
quality aspects.

We now compare these results with three scenarios that
estimate how consumers would change their consumption
behavior if they all migrated from CT to the DT proposed
in this paper. These three scenarios are shown in Figure 6.3
The three curves for DT in Figure 6 have been generated by
assuming that consumers would not change their consump-
tion behavior as abruptly as with the adoption of WT (com-
pare with Figure 4), since DT does not specifically specify
periods of intermediate and peak consumption. As compared
in Figure 7, instead of specifying fixed (static) tariff values
for pre-specified time periods, DT more smoothly changes
its tariff values throughout the day depending on each hourly
associated demand. In order to achieve this expected behav-
ior, the three curves for DT in Figure 6 have been generated
by applying to the original CT-based curve a moving average
with 3, 8, and 13 points for Cases 1, 2 and 3, respectively.

By analyzing Figures 6 and 7 simultaneously, it is impor-
tant to observe that the dynamic behavior of the proposed
approach comes from the fact that its values during each hour
of the day are proportionally related to the corresponding
demand (see also Equation (5)). This means that, in opposi-
tion to CT, DT tends to make consumers to reduce (increase)
their use of energy during peak (off-peak) hours, then promot-
ing for the power system a more balanced (homogeneous) dis-
tribution of energy. In addition, the proportionality constant
in DT (see Equation (9)) is set so that it guarantees for the dis-
tribution power company a revenue equal to the one expected
with the traditionally adopted CT. That is, the same total
costs of $252.0021 obtained with CT are also expected for
the proposed DT, regardless of the price elasticity scenario,

3 As with WT, one should not expect consumers to change their behavior
as shown in Figure 6 within a few days. Instead, one should assume that it
may take a few months (or even a few years) for consumers to consolidate
such behavioral changes.
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FIGURE 6. Comparison between actual price elasticity for CT and
estimated price elasticity cases for DT.
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FIGURE 7. Tariff values for the group the consumers throughout the day.

ie., EC pT = EC conv = $252.0021 for all cases in Fig-
ure 6. As a result, DT protects both consumers and power
companies from being economically affected by any price
elasticity scenario that may occur with a possible widespread
adoption of WT (see the WT cases in Figure 5).

B. CASE STUDY 2

In this case study, we modify the workday demand data set
depicted in Figure 1 in order to generate the data presented
in Figure 8. Specifically, the demand data from period 10-24h
in Figure 1 has been reflected to intentionally move the
demand peak from 17-24h to 11-17h. The objective is to
show that WT performs even poorly than the proposed DT in
situations where demand peaks occur during periods which
do not correspond to the intermediate and peak hours defined
by WT, i.e., if demand curve presents peaks which are not
within the time period from 17-22h.

We here assume different scenarios that estimate how con-
sumers would change their consumption behavior if they
migrated from CT to either WT or DT. The resulting esti-
mated curves are depicted in Figure 9. These curves have been
generated following the same ideas discussed in the previous
case study.
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FIGURE 9. Comparison between actual price elasticity for Conventional
Tariff and estimated price elasticity scenarios for White Tariff and
Dynamic Tariff.

Figure 10 depicts the energy costs for the group of
consumers throughout the day, corresponding to each case
in Figure 9. Total costs EC cqNvy» EC wT and EC T are
also shown in the legend of the figure. Due to its fixed pricing
behavior established by Table 2, WT presents for all three
cases a decrease in total energy costs paid by consumers
in comparison to CT and DT. In the worst case scenario
(Case 3), this represents an estimated reduction in revenue of
approximately 8.97% for the power company. On the other
hand, DT is expected to guarantee a revenue equal to the
one expected with CT. As also shown in Figure 9, once
WT presents a cheaper value during time period from 0-17h
in comparison to CT, one can even expect an inconvenient
demand peak increase with its adoption.

For comparison purposes, tariff values throughout the day
are shown in Figure 11. As in the previous case study, the pro-
posed DT is the only one that proportionally adapts its values
to the actual power system demand (compare with Figure 9).

C. COMPARISON WITH PREVIOUSLY INTRODUCED
DYNAMIC TARIFFS

As shown in the case studies presented in
sections IV-A and IV-B, revenue oscillations from 8.97%
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in Figure 9.

reduction to 8.58% increase may occur when switching from
flat rate to WT (see Figures 5 and 10). Such oscillations are
also observed when applying other types of dynamics tariffs
previously proposed in literature. For instance, the authors
in [33] have analyzed the impact of applying a RTP dynamic
tariff in a pilot containing 1142 commercial and industrial
consumers in Northern California, and concluded that con-
sumers observed from 4% reduction to 8% increase in the
bill amount. On the other hand, our proposed dynamic tariff
has a revenue neutral nature which makes it to guarantee a
0% revenue oscillation w.r.t. CT. In other words, it benefits
both consumers and utilities since significant reductions or
increases are not expected to be observed.

Now, as far as peak demand reduction is concerned,
the results presented in sections IV-A and IV-B show that the
proposed DT make consumers to face, on average, a peak-to-
off-peak price ratio of 3.84:1, providing on average a 28.78%
peak demand reduction. In comparison, [8] refers to a study
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TABLE 4. Comparison with previously proposed DTs (based on [35]).

peak-to-off-peak

price ratio peak reduction [%]

Literature 2:1 5
Literature (with

enabling technology) zl ?
Literature 4:1 10
Literature (with .
enabling technology) 41 16
Proposed DT (average) 3.84:1 28.8%

which states that RTP can induce a peak demand reduction
of 10-14%. Meanwhile, the authors in [34] survey 14 util-
ities in the USA and observed over 30% reduction in peak
hour consumption in response to RTP. Further comparisons
with previously proposed approaches are depicted in Table 4,
which considers results produced for a total of 63 pilots
included in the well-known Arcturus Database [35]. In this
table, methods are categorized according to the adopted peak-
to-off-peak price ratio, and also according to the presence
or absence of enabling technology. As shown in this table,
without enabling technology, on average, a customer facing
a peak-to-off-peak price ratio of 2:1 will reduce in 5% his
or her typical peak usage. As this ratio increases to 4:1,
the consumer will reduce in 10% his or her typical peak usage.
In contrast, the presence of enabling technology amplifies the
peak reduction, with 9% and 16% reductions with 2:1 and
4:1 peak-to-off-peak price ratios, respectively. To summarize,
the results provided by the proposed DT are comparable with
those obtained with previously proposed methodologies, but
it is still expected to provide a slightly superior peak demand
reduction.

V. CONCLUSION

It has been proposed in this paper a dynamic self-sustainable
real time pricing tariff (DT) whose dynamic behavior is
related to the tariff rate during each hour of the day. The tariff
rate is adjusted proportionally to the aggregated demand of a
group of consumers. A scheme containing fundamental steps
for implementing this proposed DT has also been presented.
Indeed, the proposed DT naturally reduces demand peaks by
using an economical approach which presents advantages for
both consumers and distribution power companies. Mathe-
matically, this is achieved by its self-sustainable and revenue
neutral nature. Numerical results highlight that demand peaks
are expected to be naturally reduced due to the higher tariff
values imposed during peak conditions. In addition, con-
sumers also benefit from the proposed methodology, since
they can produce significant bill savings by choosing to
consume more energy during cheaper tariff periods. For both
case studies analyzed, it has been shown that the proposed DT
smoothly changes its values throughout the day depending
on each hourly associated demand. In addition, it has shown
to guarantee for the distribution power company the same
$252.0021 revenue it would obtain with the traditionally
adopted CT, regardless of the price elasticity scenario. In con-
trast, for the worst price elasticity scenario tested in case
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study 2, it has been shown that a widespread adoption of WT
would produce a 8.97% revenue reduction. For this second
case study, it is also shown that WT performs even poorly
than the proposed DT if demand peaks occur during periods
which do not correspond to the intermediate and peak hours
pre-defined by WT, i.e., if demand curves present peaks
which are not within the time period from 17-22h. In sum-
mary, DT is shown to outperform both CT and WT.

In Brazil, the same metering infrastructure already required
to implement WT could be used to implement the proposed
DT. Nonetheless, additional regulatory aspects should be
addressed before one can indeed offer this methodology as
a tariff choice for residential consumers. This constitutes a
topic for future research.
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