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Abstract: In a scenario where distributed generation infrastructure is increasing, the impact of that
integration on electricity tariffs has captured particular attention. As the distribution sector is mainly
regulated, tariff systems are defined by the authority. Then, tariffs must be simple, so the methodology,
criteria, and procedures can be made public to ensure transparency and responsiveness of the customers
to price signals. In the aim of simplicity, tariff systems in current practices mostly consist
of volumetric charges. Hence, the reduction of the energy purchased from the distribution network
jeopardizes the ability of the tariff system to ensure recovery of the total regulated costs. Although
various works have captured this concern, most proposals present significant mathematical complexity,
contrasting with the simplicity of current practices and limiting its regulatory applicability. This work
develops a tariff system that captures the basic elements of distribution systems, trying to maintain
the simplicity of current practices, ensuring recovery of the total regulated cost under the penetration
of distributed generation, and incentivizing through price signals operational efficiency. A simulation
will be presented to discuss numerical results.
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1. Introduction

Distribution systems are normally regulated monopolies where the authority set electricity rates.
In such a scenario, an electricity tariff system is a rate structure that aims to guarantee regulatory
and economic aspects.

From a regulatory perspective, the methodology, employed criteria and procedures of the tariff
system must be made public to ensure transparency [1]. In this sense, the tariff systems must be as
simple as possible to guarantee that each actor can understand the aim of the methodology and respond
to the tariff system in a harmonic manner. Thus, simplicity is a very important feature in tariff systems,
as seen in current practices [2,3].

From an economic perspective, tariff systems must simultaneously guarantee cost recovery
and efficiency, which makes tariff design a difficult task. In terms of costs, the tariff systems must
ensure that energy and network costs are recovered, as tariff systems are a regulated by the authority [1].
In addition, a tariff system must send adequate economic signals both in the short and long term
to improve the efficiency of the distribution system [1].

Generally, regulatory and economic aspects of tariff systems are not consistent each other.
For example, the best way of guaranteeing efficiency is to reflect marginal prices in the tariff system;
however, marginal prices do not recover network costs and the marginal pricing theory is
mathematically complex. On the other hand, one can define an average flat rate to ensure full
recovery of costs. This approach would be the simplest, but it would be economically inefficient,
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as no responsiveness from demand would exist. Thus, there exists a trade-off between the tariff system
principles [1], which makes the problem difficult to solve. The fact that tariff systems depend on
a multiplicity of factors is discussed in detail in [4].

This need for simplicity has captured particular attention in the literature. In [5], an experiment
is conducted in Ireland to test consumer behaviour towards smart meters and time-of-use tariffs.
The results suggest that consumers struggle to match their electricity usage to appropriate tariffs,
and that a general aversion to more complex tariffs can lead to sub-optimal choices. Similarly, in [6],
an experiment on German consumers was conducted, obtaining similar findings. The results
suggest that consumer reactions to dynamic tariffs are strongly related to the cognitive effort they
make in order to understand the tariff system to estimating the bill amount. It concludes that
it will be challenging to convince European consumers to select complex dynamic tariffs. In [7],
the consequences for the cost-reflectivity, predictability, and robustness of different types of network
tariffs are investigated. The study finds that predictability (how accurately a customer can estimate
the total bill from the understanding of the tariff system) is the central factor for the sustainability
of a tariff system, even more important than cost reflectivity. Therefore, it can be seen that simplicity is
a crucial aspect of a tariff system.

In their aim for simplicity, most tariff systems are based on a single charge that is proportional
to the energy consumption, in addition to other fixed charges. These tariff systems are generally called
volumetric [8], as the cost of energy and network are represented in one single charge. As a volumetric
tariff is the simplest way electricity can be priced, it is widely used in practice [2,3].

Although simple and widely used, volumetric tariffs are very limited in terms of guaranteeing
recovery of the total regulated costs under the penetration of Distributed Generation (DG). In terms of
determining volumetric tariffs, the authority intends to define a volumetric charge that covers
the energy and network costs; the energy cost is by nature proportional to the amount of energy,
and the network cost is determined by assuming a representative average power profile of customers
to obtain an estimate of network usage. However, if a significant penetration of DG occurs, the amount
of energy withdrawn from the grid will decrease, and the tariff collection may not be enough to cover
total network costs. This problem is described in detail in [9–11].

The definition of tariff systems for a harmonic integration of DG has captured particular attention
in the literature, but most of the approaches are of a very complex nature, contrasting with the need
for simplicity. In [12], the behavior of photovoltaic DG respect to distribution tariffs is analyzed.
In the analysis, three simple tariff mechanisms are considered, and the relationship between different
DG technologies is analyzed using a game theory approach. Although representative of the collective
behavior of distribution customers, the work proposes a very complex model that is difficult to extend
to a tariff definition. In addition, the tariff mechanism that is presented is assumed volumetric, which
does not guarantee cost recovery when a large DG penetration scenario is considered. Similarly, in [13],
the behavior of distributed storage systems respect to distribution tariffs is analyzed. Considering
the particular case of Findland, this work discusses the benefits of a distribution customer with storage,
and the benefits of the distribution system operator. Mainly associated with new domestic storage
and smart meters, the study shows that the use of storage can be profitable for some cases where
power-based distribution tariffs are considered. The analysis also assumes that the tariff structure does
not change with the integration DG. A similar approach is presented in [14], where the influence on
the tariff structure is not considered.

Most approaches that consider, to some extent, recovery of regulated costs under the integration
of DG are mathematically complex in the context of tariff systems. The work in [15] deals with volumetric
tariff limitations, but considers an optimization problem capturing the basic features of the problem
in a very complex manner. The work proposes that distribution customers behave optimally, so tariff
parameters are tuned iteratively until a set of parameters for the tariff are obtained, constrained
to recovery of the total regulated cost. However, together with the complexity of the approach, a change
in the conditions (an increment in DG penetration for example) requires a new run of the algorithm
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and a new set of parameters. In [16], a Local Marginal Pricing (LMP) approach is extended to a tariff
for the Nigerian case. As the focus is cost representativeness, the impact of a LMP formulation complexity
on a distribution customer level did not capture particular attention. A similar approach is presented
in [17], where a more generalized optimization framework is presented. In [18], the minimization costs
of the customer is represented without considering recovery of the regulated cost. In [19], a dynamic
tariff system is proposed to incentive distribution customers to install photovoltaic (PV) DG and storage
based on feed-in tariffs. In line with current practices that maintain design simplicity, the tariff
system is based on fuzzy rules that represent physical constraints of the network and the objective
of incentivizing PV and storage. Although the cost recovery of the PV and storage from the customer
size is considered, the recovery of network cost is not represented, as the formulation focus is on feed
in tariff definition. In [20], a tariff structure for each day is calculated by formulating and solving
a binary linear optimization problem, as well as [21] that proposes an optimization framework
to represent the tariff system in order to maximize social welfare. As it can be seen, the problem of tariff
systems under the penetration of DG is clear, but the various approaches in the literature overlook
the need for simplicity coming from the regulatory need of transparency and customer responsiveness.

This paper proposes a simple tariff system definition under the penetration of DG. The goal
of the formulation is to consider the trade-off between simplicity, cost recovery, and efficiency
by formulating a tariff system that guarantees recovery of the total regulated costs and incetivizes
efficiency through prices with a simple mathematical formulation. A numerical example is presented
in order to show the behavior of the proposed approach.

2. Work Contribution

As stated in Section 1, tariff systems must follow principles that make the implementation
of the tariff system realistic. As explained in [1], simplicity and cost recovery are very important
in a pragmatic solution, while efficiency must be ensured by sending adequate economic signals
through prices to be “reasonably” efficient [1]. This way, the basic ideas of the proposed tariff
system are:

• Guaranteeing recovery of the total regulated cost for each activity (generation, transmission,
distribution, etc.).

• Incentivizing a customer behavior through prices that tends to efficiency. In this work, the tariff will
incentivize customers to produce peak shaving that has well-understood systemic benefits [22,23].

• Keeping the mathematics and conceptual framework behind the tariff simple. In particular,
the tariff system will consider algebraic systems and closed-form solutions.

This way, the contribution of the work is to comprise the most important features of a tariff
system in the presence of DG integration in a simple manner. In one hand, various approaches have
represented cost recovery and efficiency systematically, but with complex mathematical formulations
that complicates regulatory implementations. On the other hand, various actual implementations
maintain a level of simplicity that allows its regulatory applicability [2,3]; however, most of these
approaches are based in volumetric tariffs that overlook cost recovery and efficiency in the presence
of DG. Thus, this work proposes a tariff system considering the trade-off between mathematical
complexity and regulatory applicability.

3. Formulation of the Tariff System

The tariff system will consider that there is an operating period for which cost recovery must
be ensured. The operating period will be divided in N intervals in which prices will be defined.
In order to simplify the notation, the fixed network charges, namely generation capacity, transmission,
distribution, and others, will be represented by a unique cost per day CD. The energy cost will
be represented by a constant price πR that represent a flat-price generation contract; the representation
of more complex energy prices is left for future work. Then, the idea of the proposed formulation is
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to establish prices for injection πsell
k and consumption π

buy
k for each operating period k that incetivize

peak shaving.
The tariff system considers the following definitions:

N: number of equal time intervals within an operating period,
k ∈ K: set of equal time intervals within an operating period,
i ∈ I : set of customers,
CD: cost of the physical operation of the distribution grid ($/day),
πR: price of energy supplied by a generation company ($/kWh),
ER: energy supplied by a generation company (kWh/day),
π

buy
k : price of energy purchased from the grid in period k ($/kWh),

πsell
k : price of energy sold to the grid in period k ($/kWh),

Ebuy
ik : energy purchased from the grid in period k by customer i (kWh), and

Esell
ik : energy sold to the grid in period k by customer i (kWh).

An initial concern of a tariff system is to guarantee cost recovery. Mathematically, the following
necessary conditions can be formulated:

∑
k∈K

∑
i∈I

(
π

buy
k Ebuy

ik − πsell
k Esell

ik

)
= CD + πRER. (1)

Note that this definition internalizes the cost of physical operation and energy into one single
charge, similar to the idea of volumetric tariffs. Now, let E be the average of net demand (Enet

k ) over
a period of operation:

E =
1
N ∑

k∈K

(
Ebuy

k − Esell
k

)
=

1
N ∑

k∈K
Enet

k , (2)

where
Esell

k = ∑
i∈I

Esell
ik ; Ebuy

k = ∑
i∈I

Ebuy
ik , (3)

are, respectively, the total net energy consumed and injected.
Similarly, it can be seen that the total energy ER consumed from customers is given by:

ER = ∑
k∈K

Enet
k (4)

Then, from Label (1):

∑
k∈K

(
π

buy
k Ebuy

k − πsell
k Esell

k

)
=CD + πRER (5)

=
E
E

CD + πRER

=
1
E

1
N ∑

k∈K
Enet

k CD + πR ∑
k∈K

Enet
k

= ∑
k∈K

(
CDEnet

k
NE

+ πREnet
k

)
.

(6)

Thus, from (3), a sufficient condition for (1) to hold is:

π
buy
k Ebuy

k − πsell
k Esell

k =
CDEnet

k
NE

+ πREnet
k . (7)
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Note that (7) is a condition on each period k, but requires information from all periods
to compute E. This leads to an ex-post definition of the tariff system because one needs to first
know the behavior of customers’ energy demand and injections for the entire period to then obtain
prices consistent with such choices of demand and injection. Assume that Esell

ik and Ebuy
ik are known

for all i ∈ I and k ∈ K. In such a case, (7) has no unique algebraic solution as one equation and two
variables (πbuy

k , and πsell
k ) exist. Additional conditions are necessary to define a unique solution to (7).

One additional condition can be defined to incentivize peak shaving behavior as follows:

π
buy
k − πsell

k = αk
Enet

k − E
E

, (8)

where αk ($/kWh) is a given non-negative scalar function. If Enet
k > E, then π

buy
k > πsell

k , so the
customer is incentivized to use storage for self consumption to avoid energy consumption from
the grid. If Enet

k < E, then π
buy
k < πsell

k , the customer is incentivized to consume from the grid
taking advantage of a better price. The term αk ($/kWh) is intended to modulate/control the price
differentiation effect. Thus, the tariff rule formed by (7) and (8) consists of a linear system as follows:[

Ebuy
k −Esell

k
1 −1

] [
π

buy
k

πsell
k

]
=

CDEnet
k

NE
+ πREnet

k

αk
Enet

k −E
E

. (9)

Note that system (9) has a unique solution for all Ebuy
k 6= Esell

k that is, Enet
k 6= 0. In this case,

the prices of energy consumed and injected at instant k, are given by:

π
buy
k = πR + CD

NE
− αk

Enet
k −E
EEnet

k
Esell

k

πsell
k = πR + CD

NE
− αk

Enet
k −E
EEnet

k
Ebuy

k

, Esell
k 6= Ebuy

k . (10)

If, for some k, Esell
k = Ebuy

k , or Enet
k = 0, the pricing rule becomes indefinite. The condition

for which Esell
k = Ebuy

k occurs when generation matches demand, and demand from the distribution
system is not needed. In that case, the distribution system cannot ensure regulated cost recovery,
which is a general problem of distribution systems when a large penetration of DG occurs.
This issue is complicated because it presents the situation when there is no need for energy from
the transmission/generation system, and the distribution system is somehow self-sufficient. This topic
is beyond the scope of this work, although the tariff system shows the problem from its underlying
mathematical definition.

Note that the price determination in (10) is simpler than state-of-the-art methods in terms
of processing time and implementation. The tariff system in (10) is based on a simple arithmetic
operations of rational numbers. This is less computationally expensive than current approaches based
on optimization [16–21], which are numerically implemented with iterative algorithms normally
based on repetitive inverse matrix computations. In this sense, the proposed tariff system results
in shorter processing time than those based on optimization programs. In addition, one can see
that the proposed approach does not need real-time metering, as the tariff computation is ex-post.
Note that expression (10) requires the hour-by-hour power consumption of customers at the end
of the tariff period, so there is no need for real-time metering. In fact, the proposed tariff system
can be implemented with existing offline metering technologies, where the hour-by-hour reading
can be manually obtained from the meter data-logger to then compute the prices and the total bill
of customers. Then, the proposed tariff system is simple in terms of the metering infrastructure that is
required to be implemented.
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One limitation of the proposed tariff system is that optimization approaches represent welfare
maximization explicitly, while the proposed approach represents economic efficiency through peak shaving.
Optimization approaches represent welfare maximization as an explicit constraint that ensures both
recovery of regulated costs and profit maximization of customers. The proposed formulation also
ensures recovery of regulated costs, but do not guarantee profit maximization of customers; instead,
the tariff system incentivizes peak shaving that leads to economic efficiency. However, the complexity
of the optimization proposals is a limitation while considering the impact of customer understandability
on the performance of a tariff system [5–7]. A more accurate (but simple) representation of welfare
maximization is left for future work.

4. Interpretation of the Tariff System

In the wholesale generation operation, market participants present offers of their energy
generation/consumption, and an optimization program makes a decision on which participants
are dispatch/serve; the objective of the optimization is to minimize the operating costs under
the physical constraints of the electric system. This way, energy prices approach the real value
of electricity, and competition is incentivized as prices, and dispatch/served quantities are known after
offers are made explicit. Various authors have proposed to implement the same structure for modern
distribution systems, encountering multiple implementation issues. The most critical complexity is
the fact that distribution users must submit generation/consumption offers. This way, distribution
tariff systems are meant to be simple, tending to volumetric rates that are easy to understand but
with significant limitations in terms of representing the cost of electricity and that of the infrastructure
to transport and distribute such electricity.

In the case of the proposed tariff system, prices are known after the operating period,
depending on the behavior of the participants; however, the rule does not require customers
to submit offers. Instead, customers have the option of not performing any action over their energy
profile, or considering a more active role and respond to the tariff system incentives. On the other
hand, the rule results in high prices for energy when demand is high respect to average demand,
and otherwise, when demand is low. This way, a following-rule customer will tend to flatten out
net demand, which tend to reduce long term costs in distribution systems. This way, the tariff
system incentivizes efficiency through peak shaving, and guarantee cost recovery with an algebraic,
closed-form mathematical formulation consistent with the requirements of regulatory simplicity.

5. Customer Model

In order to show the functioning of the proposed tariff system, a customer model will be presented.
It is important to note that the customer model is developed with the objective of illustrating
the functioning of the tariff system in a simple manner.

The customer model aims to resemble a simple logic behavior intending to reduce the electricity
bill of the customer by managing an Energy Storage System (ESS) and in the presence of a Photovoltaic
system (PV). The logic is simple: if the prices for energy consumption are high, the customer will
tend to discharge the EES to reduce its energy consumption from the network. If the prices for energy
consumption are low, the customer will tend to charge the ESS to take advantage of the low price to use
the stored energy in periods of high prices. In order to represent this logic in a simple manner, a fuzzy
logic controller is selected because of the similarity between the fuzzy rule structure and the logic
described above. As the customer model is not the central contribution of the work, the development
of the fuzzy controller will be simple and it will not represent more complex phenomena such as
maximization of the collective profit of customers and retailers or the interaction between customers
(which leads the problem to a game). Actual data of customers will be considered, but the intelligence
of the fuzzy controller will be only representative of simple logic rules.
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Since the tariff system is ex-post, the fuzzy controller will need a forecast of the period to be represented.
The tariff system determines the prices after knowing the behavior of customers for the period under
analysis, in order to make decisions based on simple logic rules, the fuzzy controller must have
a forecast of the behavior of customers. In order to represent the forecast error, forecast error for PV
and demand are obtained from the literature.

5.1. ESS Dynamics

A first element to be defined is the functioning of the ESS. Although numerous approaches define
optimal battery charge/discharge policies, such policies are more focused on preserving the chemical
life of batteries and other aspects related to operating concerns [24]. The proposed model for storage is
simple enough to capture the conservation of energy in a storage device as follows:

SOCSTRG
i,k = SOCSTRG

i,k−1 + ESTRG
i,k , (11)

SOCSTRG
i,k ≤ SOCSTRG

i,k ≤ SOCSTRG
i,k , (12)

where SOCSTRG
i,k is the state of charge of the storage system of customer i at period k, SOCSTRG

i,k

and SOCSTRG
i,k are the minimum and maximum storage capacity, respectively, and ESTRG

i,k is the amount
of energy deployed by the storage system (if ESTRG

i,k < 0, the storage system is charged from the grid).
Then, the energy balance of customer i at period k is

Ebuy
i,k = max

(
EDEM

i,k − EPV
i,k − ESTRG

i,k , 0
)

, (13)

Esell
i,k = max

(
−EDEM

i,k + EPV
i,k + ESTRG

i,k , 0
)

, (14)

where EDEM
i,k is the customer demand profile, and EPV

i,k is the output of the PV system.

5.2. Forecast Information Available to the Fuzzy Controller

The fuzzy representation of customers is assumed to have forecast information of solar generation

(namely Êk
sell

) and of the demand profiles (namely Êk
buy

) of the system under analysis, so a forecast

of the total power profile (namely Êk
net

) is available in the absence of ESS actions for each period
k. Solar irradiance forecasting methods and implementations are widely known [25], as well as
forecasting methods for load [26,27]. Forecasting of load in the distribution level has also been treated
in the literature [28].

The forecast error for solar irradiance will be simulated with a Normalized Mean Absolute Error,
NMAE%, of 1.5% (according to [29], 1% < NMAE% < 2%). The forecast error for demand has a NMAE%
of 0.87%, according to [30]. Then, the fuzzy controller will have forecast information to make decisions
on the use of the ESS.

5.3. Fuzzy Controller

This work proposes a set of fuzzy rules to represent customer behavior in response to the tariff
system. A fuzzy controller [31] may not be an optimal choice in light of other approaches [32,33],
but a set of fuzzy rules was found to be simple enough to show some responsiveness of customers
to the proposed tariff system.

As mentioned below, the fuzzy controller is assumed to have forecast information of solar

generation (Êk
sell

) and of the demand profiles (namelyÊk
buy

). Then, a forecast of prices (namely π̂
buy
k )

and π̂sell
k ) can be constructed by considering the values of Êk

sell
, Êk

buy
, and Êk

net
by using (10).
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In terms of the inputs considered for the fuzzy controller, these are Ênet
i,k , π̂

buy
k , and π̂sell

k . In order

for the controller to capture the difference between π̂
buy
k , and π̂sell

k , it was found that the difference

between prices ∆π̂k = (π̂
buy
k − π̂sell

k ) was a better choice for an input. The output of the fuzzy controller
is the power delivered or absorbed by the ESS ESTRG

i,k .
The various rules for the fuzzy system and fuzzy variables are described in Table 1.

Table 1. Fuzzy variables.

Variable Domain Unit Memberships Type Functions

Ênet
i,k [−2.5,2.5] kW (NN,N,Z,P,PP) Input Figure 1

π̂
buy
k [55,75] $/kWh (L,M,H) Input Figure 2

∆π̂k [−10,10] $/kWh (N,Z,P) Input Figure 3

ESTRG
i,k [−1,1] kW (N,Z,P) Output Figure 4

In Table 1, the symbols L, M, H represent, respectively, Low, Medium, and High; while NN, N, Z,
P, and PP represent very Negative, Negative, Zero, Positive, and very Positive, respectively.

The logic of the rules is simple, as mentioned above. For example, if the price difference is such
that it is very convenient to consume, but PV production is high, the logic action would be to charge
the storage system aggressively to both absorb the energy from the PV system and consume from
the distribution system. Similarly, if PV production is low, and demand is high, the storage system
must discharge aggressively to follow profit maximization if the injection price is high. In all rules,
the SOC constraint (11) is considered to avoid unfeasible conditions for the ESS (either fully depleted
or fully charged).

The membership functions of each variable are presented in Figures 1–4.

Figure 1. Membership functions for Ênet
i,k .

Figure 2. Membership functions for π̂
buy
k .
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Figure 3. Membership functions for ∆π̂k.

Figure 4. Membership functions for ESTRG
i,k .

The ranges were defined by trial and error, observing the regular behavior of the variables through
repetitive simulations. The shape of the fuzzy functions was also defined by trial and error, observing
the behavior of the variables through repetitive simulations.

6. Simulation

A study case is presented with residential customers. Some proportion of them will have a ESS
and PV, while others will be normal customers with uncontrollable demand. For the simulation,
a feeder with 100 customers will be considered. The sun radiation profile and the overall demand
of the 100 customers are shown in Figure 5, respectively. For the construction of the feeder power
profile, data of actual customers in Santiago, Chile are considered. With the availability of smart
meters, it was possible to obtain 362 actual 15-min power profiles. In order to effectively present
the information of the 362 power profiles, a k-means clustering analysis was considered, leading to six
main clusters shown in Figures 6–12.

In Table 2, the simulation parameters are shown.

Table 2. Simulation parameters.

Period CD πE N α1 DSS DSS DPS
Days $ $/kWh kW kWh kWp

30 25,000 50 100 1 1 10 3
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Figure 5. 30-day, hourly solar irradiance (a) and load (b) time series.
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Figure 6. Data of 362 actual distribution customers from Santiago, Chile. Cluster 1.
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Figure 7. Data of 362 actual distribution customers from Santiago, Chile. Cluster 2.
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Figure 8. Data of 362 actual distribution customers from Santiago, Chile. Cluster 3.

N
o

rm
al

iz
ed

Po
w

er
o

u
tp

u
t

Time (hours) 240

Figure 9. Data of 362 actual distribution customers from Santiago, Chile. Cluster 4.
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Figure 10. Data of 362 actual distribution customers from Santiago, Chile. Cluster 5.
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Figure 11. Data of 362 actual distribution customers from Santiago, Chile. Cluster 6.
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Figure 12. Data of 362 actual distribution customers from Santiago, Chile. Outlayers.

Simulation Scenarios

For the simulation, a base case and four scenarios are considered. The base case assumes that
no active customers exist, so customers do not modify their natural behaviors, and Enet

k is exactly
the collective behavior shown in Figure 5. In this work, an active customer will be modeled with
a PV of 3 kWp installed capacity and a 1 kW@10 kWh ESS. In order to see the impact of different
scenarios, four conditions will be considered: 25% active customers without PV, 50% active customers
without PV, 25% active customers with PV, and 50% active customers with PV. Individual power
profiles are taken from the 362 actual profiles in Figures 6–12 , and then a one-year simulation is
considered, implementing the proposed tariff system. Figures 13–16 show the histograms of net
demand Enet

k for the four scenarios, respectively.
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Figure 13. Enet
k for the 25% active customers without PV.
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Figure 14. Enet
k for the 50% active customers without PV.
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k for the 25% active customers with PV.
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Figure 16. Enet
k for the 50% active customers with PV.
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The Enet
k behavior shows the peak shaving effect of the tariff. The occurrence of peaks is reduced

in all cases where active customers are present. The PV integration improves the peak shaving effect,
as the load profile has diurnal peaks.

To understand how the peak shaving effect is a consequence of the tariff rule, Figure 17 shows
the prices and their relationship with the net load profiles.

0 10 20 30 40 50 60 80 90 100

Time (hours)

Figure 17. Prices and Net Demand for a 100-h Period with 25% of active with PV.

In Figure 17, the prices, and energy profiles are shown for a period of four days (96 h). It can be seen
that the energy profile of the base case Enet

base presents peaks that are partially shaved by the behavior
of the active customers, resulting in the energy profile of the case with 25% penetration of active
customers with PV. Consistent with that behavior, the price of injecting energy is high during peak
periods, incentivizing the injection of energy which contributes to reducing peak demand. It is also
noticeable that, in the scenarios with storage, there is valley shaving, due to the need for the storage
system to “refill” during periods of low consumption prices (the rule incentives customers to consume
during valley periods). In the scenarios with PV, the high production of solar is selected by the fuzzy
controller to charge the storage, so the valley shaving effect is less significant in the scenarios with PV.

It can also be seen from Figure 17 that a better storage decision system could have been made,
showing the optimality limitation of the fuzzy rules. For example, in the first peak at about k = 20,
a significant peak occurs, with a rise in the injection price. However, the fuzzy rule depleted the storage
before the price peak, so a further reduction in peak (and more profit from the deployed energy) could
have been possible by following the tariff system closer to optimal.

In Table 3, a summary of numerical results is presented, where µ(.) represents the average value
and σ(.) the standard deviation, for net demand and the prices. It can be seen that, for example,
the average net demand µ(Enet) for the cases without PV does not significantly change. This is
consistent with the fact that the amount of energy needed to satisfy demand is the same with
or without the storage system since the storage system does not generate electricity. When PV is
present, the average net demand decreases as the PV systems provide some of the demand. However,
the storage system has an impact on the standard deviation of net demand σ(Enet), which decreases
with the presence of the storage system, given that the storage system tends to shave the peaks
and valleys of net demand. In the case of the prices, it can be seen that both averages increase as
the penetration of active customers increase. A particular situation is observed for 50% penetration
of active customers and PV integration; the volatility of prices increases significantly. This shows that,
as the amount of energy consumed from the grid decreases with PV integration, the value of such
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power must increase to make up for the shortfall and reach a level to cover the costs of infrastructure CD.
These results show that the problem of covering infrastructure costs in a scenario of high penetration
of PV and ESS is still complicated, even when a systematic representation of the prices is implemented.

Table 3. Summary of numerical results.

Active µ(ENet) σ(ENet) µ(πsell) σ(πsell) µ(πbuy) σ(πbuy)
Users MWh MWh $ $ $ $

0% 98.3 46.5 61.2 1 61.2 2.6
25% 98.2 39.7 61.2 4.2 61.2 2.6

25% + PV 85.5 36.4 62.9 5.0 62.9 3.5
50% 98.3 39.0 61.1 4.3 61.5 2.6

50% + PV 72.7 38.2 64.8 115.1 64.8 115.0

7. Conclusions and Future Work

This work has presented a tariff system of simple implementation that guarantees recovery
of the total regulated cost and send price signal tending to efficiency by incentivizing peak shaving.
The proposed tariff system was implemented in a simulation to see the effects of active/passive
customer scenarios, showing that the definition of prices incentivizes customers to reduce demand
peaks. Although the tariff system behaves as expected, there are various aspects that need to be treated
in future works.

The tariff system assumes that the energy price πR is fixed. In general, this price may not be fixed,
depending on the value of energy in the electricity market or the energy contract that may not be fixed.
Future work may explore an adaptation of the rule to represent variable πR and its impact on prices
and customer behavior.

The proposed simulation does not consider the investment cost of storage and PV to assess
the adequacy of customers’ investment. Although the simulation shows prices and a reduction
in energy cost for active customers, financial indicators are not taken into account. If financial
indicators are considered, the inclusion of active customers may not be profitable for all conditions,
as the investment cost of the customer must be represented. Future work is proposed to explore such
a scenario.

In addition, a more accurate description of welfare maximization is left for future work in terms
of maintaining the simplicity of the mathematical representation.

Similarly, the work contribution is centered on the simplicity of the approach, and a qualitative
comparison was exposed in Section 3. Future work will be focused on developing a more systematic
comparison metric that can numerically evaluate different tariff proposals.

Author Contributions: Conceptualization, H.C.; methodology, H.C.; Data curation, R.A.; software, J.B. and M.J.;
validation, J.B. and K.A.B.; formal analysis, H.C.; investigation, J.B.; writing—original draft preparation, H.C.;
writing—review and editing, H.C. and K.A.B; supervision, H.C.; project administration, H.C.; funding acquisition,
H.C. All authors have read and approved the final version of the manuscript.

Funding: This research was funded by FONDECYT Grant No. 11191302. The work of J.B. and K.A.B. have been
partially supported by Universidad de Santiago de Chile, Dirección de Investigación Científica y Tecnológica
(DICYT), under grant 061813AB.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pérez-Arriaga, I.J. Regulation of the Power Sector (Electricity Tariffs); Springer: London, UK, 2013; pp. 397–441.
2. Langlois-Bertrand, S.; Pineau, P.O. Pricing the transition: Empirical evidence on the evolution of electricity

rate structures in North America. Energy Policy 2018, 117, 184–197. [CrossRef]
3. Palacios, J.P.; Samper, M.E.; Vargas, A. Dynamic transactive energy scheme for smart distribution networks

in a Latin American context. IET Gener. Transm. Distrib. 2019, 13, 1481–1490. [CrossRef]

http://dx.doi.org/10.1016/j.enpol.2018.03.009
http://dx.doi.org/10.1049/iet-gtd.2018.5272


Energies 2020, 13, 1910 16 of 17

4. Lummi, K.; Rautiainen, A.; Järventausta, P.; Heine, P.; Lehtinen, J.; Hyvärinen, M.; Salo, J. Alternative
Power-Based Pricing Schemes for Distribution Network Tariff of Small Customers. In Proceedings of the
IEEE Innovative Smart Grid Technologies—Asia (ISGT Asia), Singapore; 22–25 May 2018, pp. 581–586.

5. Belton, C.A.; Lunn, P.D. Smart choices? An experimental study of smart meters and time-of-use tariffs
in Ireland. Energy Policy 2020, 140, 111243, doi:10.1016/j.enpol.2020.111243. [CrossRef]

6. Layer, P.; Feurer, S.; Jochem, P. Perceived price complexity of dynamic energy tariffs: An investigation of
antecedents and consequences. Energy Policy 2017, 106, 244–254. [CrossRef]

7. Nijhuis, M.; Gibescu, M.; Cobben, J. Analysis of reflectivity & predictability of electricity network tariff
structures for household consumers. Energy Policy 2017, 109, 631–641.

8. Network Tariffs, An EURELECTRIC Position Paper; Technical Report; EURELECTRIC: Brussels, Belgium, 2016.
9. Beaufils, T.; Pineau, P.O. Assessing the impact of residential load profile changes on electricity distribution

utility revenues under alternative rate structures. Util. Policy 2019, 61, 100959. [CrossRef]
10. Costello, K.W.; Hemphill, R.C. Electric Utilities’ ‘Death Spiral’: Hyperbole or Reality? Electr. J. 2014, 27, 7–26.

[CrossRef]
11. Picciariello, A.; Vergara, C.; Reneses, J.; Frías, P.; Söder, L. Electricity distribution tariffs and distributed

generation: Quantifying cross-subsidies from consumers to prosumers. Util. Policy 2015, 37, 23–33.
[CrossRef]

12. Chakraborty, P.; Baeyens, E.; Khargonekar, P.P.; Poolla, K.; Varaiya, P. Analysis of Solar Energy Aggregation
Under Various Billing Mechanisms. IEEE Trans. Smart Grid 2019, 10, 4175–4187. [CrossRef]

13. Koskela, J.; Lummi, K.; Mutanen, A.; Rautiainen, A.; Järventausta, P. Utilization of Electrical Energy Storage
With Power-Based Distribution Tariffs in Households. IEEE Trans. Power Syst. 2019, 34, 1693–1702. [CrossRef]

14. Le, X.; Chen, S.; Yan, Z.; Ping, J.; Zhao, X.; Zhang, N.; Xi, J. Enabling a Transactive Distribution System via
Real-Time Distributed Optimization. IEEE Trans. Smart Grid 2019, 10, 4907–4917. [CrossRef]

15. Schittekatte, T.; Momber, I.; Meeus, L. Future-proof tariff design: Recovering sunk grid costs in a world
where consumers are pushing back. Energy Econ. 2018, 70, 484–498. [CrossRef]

16. Opara, R.O.; Okafor, K.C.; Dike, D.O.; Chukwudebe, G.A.; Onoshakpor, R.M. Towards Locational
Marginal Pricing Model for Nigerian Electricity Tariff Structure using Optimal Power Flow Computation.
In Proceedings of the IEEE PES/IAS PowerAfrica, Abuja, Nigeria, 20–23 August 2019; pp. 24–29.

17. Menta, R.V.; de Oliveira, E.J.; Oliveira, L.W.; Dias, B.H.; Marcato, A.L.M. Optimal model for electricity
Tariff calculation. In Proceedings of the Power Systems Computation Conference (PSCC), Genova, Italy,
20–24 June 2016; pp. 1–7.

18. Kusakana, K. Economic performance of a grid-interactive system with storage under a dynamic electricity
pricing environment. In Proceedings of the IEEE International Conference on Industrial Technology (ICIT),
Melbourne, Australia, 13–15 February 2019; pp. 619–624.

19. Hayat, M.A.; Shahnia, F.; Shafiullah, G. Replacing Flat Rate Feed-In Tariffs for Rooftop Photovoltaic Systems
With a Dynamic One to Consider Technical, Environmental, Social, and Geographical Factors. IEEE Trans.
Ind. Inform. 2019, 15, 3831–3844. [CrossRef]

20. Selinger-Lutz, O.; Groß, A.; Wille-Haussmann, B.; Wittwer, C. Dynamic feed-in tariffs with reduced
complexity and their impact on the optimal operation of a combined heat and power plant. Int. J. Electr.
Power Energy Syst. 2020, 118, 105770. [CrossRef]

21. Cambini, C.; Soroush, G. Designing grid tariffs in the presence of distributed generation. Util. Policy
2019, 61, 100979. [CrossRef]

22. Begovic, M.; Pregelj, A.; Rohatgi, A.; Novosel, D. Impact of renewable distributed generation on power
systems. In Proceedings of the 34th Annual Hawaii International Conference on System Sciences,
Maui, HI, USA, 3–6 January 2001; pp. 654–663.

23. Shirazi, E.; Jadid, S. Cost reduction and peak shaving through domestic load shifting and DERs. Energy
2017, 124, 146–159. [CrossRef]

24. Abdollahi, A.; Han, X.; Raghunathan, N.; Pattipati, B.; Balasingam, B.; Pattipati, K.; Bar-Shalom, Y.;
Card, B. Optimal charging for general equivalent electrical battery model, and battery life management.
J. Energy Storage 2017, 9, 47–58. [CrossRef]

25. Diagne, M.; David, M.; Lauret, P.; Boland, J.; Schmutz, N. Review of solar irradiance forecasting methods
and a proposition for small-scale insular grids. Renew. Sustain. Energy Rev. 2013, 27, 65–76. [CrossRef]

http://dx.doi.org/10.1016/j.enpol.2020.111243
http://dx.doi.org/10.1016/j.enpol.2017.02.051
http://dx.doi.org/10.1016/j.jup.2019.100959
http://dx.doi.org/10.1016/j.tej.2014.09.011
http://dx.doi.org/10.1016/j.jup.2015.09.007
http://dx.doi.org/10.1109/TSG.2018.2851512
http://dx.doi.org/10.1109/TPWRS.2018.2879612
http://dx.doi.org/10.1109/TSG.2018.2870697
http://dx.doi.org/10.1016/j.eneco.2018.01.028
http://dx.doi.org/10.1109/TII.2018.2887281
http://dx.doi.org/10.1016/j.ijepes.2019.105770
http://dx.doi.org/10.1016/j.jup.2019.100979
http://dx.doi.org/10.1016/j.energy.2017.01.148
http://dx.doi.org/10.1016/j.est.2016.11.002
http://dx.doi.org/10.1016/j.rser.2013.06.042


Energies 2020, 13, 1910 17 of 17

26. Hernandez, L.; Baladron, C.; Aguiar, J.M.; Carro, B.; Sanchez-Esguevillas, A.J.; Lloret, J.; Massana, J. A Survey
on Electric Power Demand Forecasting: Future Trends in Smart Grids, Microgrids and Smart Buildings.
IEEE Commun. Surv. Tutor. 2014, 16, 1460–1495. [CrossRef]

27. Australian Energy Market Operator. Electricity Demand Forecasting Methodology Information Paper;
Technical Report; AEMO: Melbourne, Australia, 2019.

28. Kiguchi, Y.; Heo, Y.; Weeks, M.; Choudhary, R. Predicting intra-day load profiles under time-of-use tariffs
using smart meter data. Energy 2019, 173, 959–970.

29. Nespoli, A.; Ogliari, E.; Leva, S.; Massi Pavan, A.; Mellit, A.; Lughi, V.; Dolara, A. Day-Ahead Photovoltaic
Forecasting: A Comparison of the Most Effective Techniques. Energies 2019, 12, 1621, doi:10.3390/en12091621.
[CrossRef]

30. Ma, Y.J.; Zhai, M.Y. Day-Ahead Prediction of Microgrid Electricity Demand Using a Hybrid Artificial
Intelligence Model. Processes 2019, 7, 320, doi:10.3390/pr7060320. [CrossRef]

31. Tsoukalas, L.H.; Uhrig, R.E. Fuzzy and Neural Approaches in Engineering; John Wiley and Sons: New York, NY,
USA, 1997.

32. Wei, W.; Wang, J.; Wu, L. Distribution Optimal Power Flow with Real-time Price Elasticity. IEEE Trans.
Power Syst. 2017, 33, 1097–1098. [CrossRef]

33. Chiu, T.C.; Shih, Y.Y.; Pang, A.C.; Pai, C.W. Optimized Day-Ahead Pricing With Renewable Energy
Demand-Side Management for Smart Grids. IEEE Internet Things J. 2017, 4, 374–383. [CrossRef]

c© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/SURV.2014.032014.00094
http://dx.doi.org/10.3390/en12091621
http://dx.doi.org/10.3390/pr7060320
http://dx.doi.org/10.1109/TPWRS.2017.2691558
http://dx.doi.org/10.1109/JIOT.2016.2556006
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Work Contribution
	Formulation of the Tariff System
	Interpretation of the Tariff System
	Customer Model
	ESS Dynamics
	Forecast Information Available to the Fuzzy Controller
	Fuzzy Controller

	Simulation
	Conclusions and Future Work
	References

