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Abstract: The electricity system is evolving due to three driven forces: decarbonization, digitalization,
and decentralization (3 Ds). Should these three forces occur, electricity network tariffs must be
revisited. In most countries, actual network charges incentivize inefficient network usage when
volumetric or low granular (temporal and locational) charges are applied. This paper analyses the
effect of 3 Ds on tariff design principles and proposes an efficient methodology for network tariff
design that promotes efficient usage of the network as well as an equitable share of the costs for
network users. The proposed network tariff consists of two components: a peak-coincident and
a fixed charge. The peak-coincident forward-looking charge considers the cost of future network
reinforcements required, calculated element-by-element, and assigned to customers during the peak
utilization hours of each network element. Fixed charges allocate the residual part of the total network
costs following equity principles. A simplified network model is used to compare the charges faced
by consumers through three tariff structures: (1) a volumetric tariff, (2) a simplified version of the
Spanish tariff, and (3) the proposed efficient tariff. This case study highlights the economic benefits of
applying a highly granular and peak-coincident tariff structure.

Keywords: electricity network tariffs; tariff principles; customer response; distributed energy
resources

1. Introduction

Traditionally, electricity tariffs have evolved in parallel with the organization and regulation of
electricity systems. This ranges from integral tariffs based on bundled services and costs under the
paradigm of vertically integrated utilities, regulated as monopolies, to deregulation and markets, with
a separation between energy as a commodity traded in competition and regulated tariffs to allocate
transmission and distribution costs from monopolistic activities and other regulated costs [1]. Nowadays,
electricity systems are facing new evolutions derived from three major drivers—digitalization,
decarbonization, and decentralization—that again are bringing a need to rethink electricity system
regulation, together with organizational and business models. These changes, in the following referred
to as 3 Ds, are also challenging traditional electricity tariffs that need to be revised with the aim of
continuing to promote technical and economic efficiency for the system and achieving a fair and
equitable share of costs and charges allocated to customers.

In this context, this paper is focused on revisiting the design of network charges and how this
design is affected by the 3 Ds transformation. Another relevant discussion is how the allocation of
other regulated charges and the overall market design under 3 Ds should be rethought, but this issue
is out of the scope of this paper.

Before the liberalization of the electricity sector, initiated in the European Union in 1996, the
allocation of bundled system costs corresponding to each vertically integrated utility was made
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according to simple rules that shared these costs among different customer categories based mainly
on their energy consumption. Electricity was generated by centralized producers, transported by
unidirectional flows through the grid, and consumed by the end users. For such system configurations,
flat and volumetric tariffs were the easiest way to recover regulated costs. The higher your consumption
was, the higher your contribution to system costs and payments was [2].

However, under the new 3 Ds paradigm, the proportionality between energy consumption and
system cost contribution is no longer valid, and tariff design principles and practices are a key issue
that needs to be revisited.

Decentralization is putting consumers at the center of this energy system transformation.
New technologies are available directly at the premises of end users for changing the way they
consume, self-produce, or store their energy requirements. These technologies are among others,
(1) thermostatically controlled loads, (2) distributed renewable generation, (3) energy storage, (4) electric
vehicles (EVs), and (5) smart meters, together with ICT. Decentralization allows end users to become
active participants in the electricity market. Current electricity tariff designs are not updated to cope
with these changes, provoking distorting effects in the efficiency of the system and distributional and
non-equitable effects on some categories of end users. For example, volumetric tariffs currently applied
to recover network costs are over-incentivizing end users to install distributed generation (DER) netting
their energy consumption. While this effect reduces network fees paid by DER owners, network system
costs are not equally reduced. Thus, regulators have to increase, in the next tariff review, network
volumetric charges to fully recover network costs. Those users who did not install DERs then face
higher rates for the same electricity consumption, so they are further encouraged to invest in DER.
According to several authors, this reality makes the redesign of tariff structures indispensable [3–5].

Decentralization and digitalization are driving this transformation. The deployment of smart
meters in some EU countries with 100% penetration, including for small residential consumers,
in combination with new communication technologies, enables consumers to respond to electricity
prices and regulated tariffs with higher temporal and spatial granularity. If these economic signals
are cost-reflective, this will create savings for the consumers and for the whole system. The tariff
redesign should take into account the new opportunities for efficient customer behavior offered
by digitalization [4]. Digitalization implies a large-scale deployment of not only metering but also
actuators and controllers, at a low voltage level. In addition, digitalization allows the emergence
of new business models for aggregators where joining the response of thousands of consumers can
provide system services, i.e., through flexibility markets, allowing the participation of small consumers
in providing flexibility services to transmission and distribution system operators [6,7].

In parallel to the aforementioned innovative technologies, climate change is one of the most
important global challenges for this century and will drastically change the way we produce and
consume electricity. Efforts to limit the global temperature rise, as agreed internationally with the
Paris agreement in 2015 [8], translate into rigid CO2 emission reduction targets in the European Union.
By 2030, 32% of all energy consumption within the EU shall be from renewable sources [9]. Electricity
tariff design is affected by those environmental and energy policies that may involve additional costs
that would be allocated to, among others, electricity consumers; i.e., renewable subsidies in many EU
countries account today for a major share of the policy costs in electricity bills [10]. Another important
issue, which is not discussed in this paper, is how to allocate costs derived from these political decisions
among users.

This paper first presents a literature review on previous work that has addressed the need for
revisiting some of the aspects of electricity tariff design due to the new challenges presented by
the 3 Ds transformation. Second, it presents a comprehensive proposal on how the principles of
economic efficiency, equity, and transparency should be applied in the new context. Third, it presents
a methodology for tariff design consisting of three sequential steps: (1) cost segmentation and
identification of cost drivers, (2) definition of categories of network users and charging variables,
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and (3) fixing the locational and temporal granularity of charges. This methodology is applied to
design network tariffs, but it can also be applied to policy charges, which need specific development.

The implications of this paper’s findings are highly relevant for all stakeholders in electricity
systems. This work can serve academia, distribution system operators, regulators and policy makers
as input for designing electricity tariffs ensuring an economically efficient and equitable cost allocation.

The main contributions of this paper are (1) a discussion and recommendations of principles
that should be followed in designing network tariffs in this new 3 Ds context, with active consumers
responding to price signals and potentially playing in the market providing services to the system;
(2) a new methodology for the allocation of network costs, which divides network costs into incremental
and residual costs (for the allocation of incremental network costs, highly granular (both temporal and
locational) charges are applied), and (3) a newly developed mathematical model that demonstrates
the benefits of this network cost allocation methodology by comparing it with other often-used
tariff structures.

In Section 2, a critical review highlights the principles of electricity tariff design and evaluates
how they are affected by the 3 Ds. Section 3 presents a methodology for tariff design derived from
revisited principles, implemented for the allocation of network costs, resulting in a tariff structure
proposal. Section 4 presents a practical case study to illustrate the proposed tariff design. Concluding
remarks are presented in Section 5.

2. Principles for Tariff Design

Generally speaking, cost recovery is the main principle guiding any tariff design. However,
the aim of tariff design is not only to ensure cost recovery but also to lead the system to a higher
technical and economic efficiency in the short and the long term, promoting customers’ efficient usage
of the network. In addition, charges should be fair and equitable among customer categories and
non-discriminatory between customers that use the service in the same way. A general consensus exists
in the literature on the regulatory principles that electricity rates should follow: economic efficiency,
equity, and transparency [11–13].

Beyond principles definition, some authors identify measurable objectives to quantify how these
principles are explicitly formulated or can be fulfilled. In the following, these objectives are identified
and discussed for each one of the aforementioned principles:

Economic efficiency: goods or services should be consumed by whoever benefits most from them [1].
The aim of this principle is the maximization of social welfare, and the main objective derived from this
principle is the total system cost minimization. Not only short-term but also long-term system costs
should be minimized. One way to incentivize system cost minimization, in terms of network costs,
is by sending efficient economic signals to network users that encourage their response to produce
efficient network usage [14].

Behind the principle of economic efficiency, several objectives in tariff design can be derived:

• Cost reflectivity: electricity tariffs reflect the costs of delivering the service, recognizing that
electricity costs may vary by time, location, and supplied quality [15]. Additional objectives
related to economic efficiency and, in some sense, ingredients for cost reflectivity are the following:

# Cost additivity: tariffs are formed by aggregating different cost categories or items up to
reflect the total system costs.

# Symmetry: costs that depend on consumption and injection of energy or power are
charged/rewarded following the same methodology within the chosen locational and
time granularity.

# Robustness against consumer aggregation: costs that do not change depending on
whether consumption is aggregated or individualized per consumer should not be charged
differently to the aggregation of consumers than to individual consumers.
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• Predictability: in the short term, how precisely consumers can estimate ex-ante the amount they
will be charged. In the long term, predictability of tariffs and their methods of calculation provides
regulatory certainty to users.

• Technology neutral: tariffs should be agnostic to the particular activities for which electricity is
used by network users or to the technology used to withdraw or inject energy into the grid [1].

• Minimization of cross-subsidies: one consumer’s actions should not negatively impact other
consumers’ charges.

Equity: the equity principle has many interpretations. This principle can be split into specific
subprinciples [13], defined as allocative equity, distributional equity, and transitional equity.

• Allocative equity: identical network usages are charged equally. Identical network usage refers
to comparable location and consumption patterns, regardless of payer nature, energy final usage,
or appliances behind the meter [1,13].
Although allocative equity is a consideration of the equity principle, its implications are completely
aligned with the economic efficiency principle. For example, as explained in [13], one of the main
implications of allocative equity is that marginal consumption/production should be charged/paid
according to the marginal cost/value it creates. This can be assumed as cost reflectivity and,
therefore, would conduce to a more efficient system.

• Distributional equity: charges should be proportional to the economic capability of each user. This
is critical when allocating residual costs to vulnerable consumers [13,16]. Residual costs are those
costs that have no cost driver, and cannot be recovered following economically efficient signals, as
further defined in Section 3. This implication directly grapples with economic efficiency principles.

• Transitional equity: a transition from an old to a new tariff scheme should be gradually implemented.

Transparency and simplicity: the publication and explanation of the tariff design methodology is the
only mechanism available to verify whether and to what degree the other principles and objectives are
being fulfilled [13].

Related to transparency, simplicity implies that tariffs are easy to understand for the vast majority
of the population in order to facilitate comprehension and acceptance among system users [17].

There is a consensus that simultaneously meeting all principles and objectives in one specific tariff
design is a difficult task, as principles generate conflicts among themselves. For example, the equity
principle sometimes limits economic efficiency [1,14]. Some authors, like Schittekatte [18], provide a
quantitative model to compare different tariffs in terms of economic efficiency and equity. This model
aims to identify the most balanced network tariff designs in terms of fulfilling the different principles.

2.1. Revisiting Principles of Tariff Design under the 3 Ds

As has been commented, the 3 Ds impose the need of revisiting how the explained principles are
fulfilled by traditional tariff designs and how these designs should be adapted to the new situation.

2.1.1. Digitalization

Since digital measurements, computing power, and data transfer have been enormously enhanced,
there exists the opportunity to define more cost-reflective granular tariff categories with higher
locational and temporal discrimination. The outcome would be, in general, a more complex multi-part
tariff structure. Note that multi-part tariffs contain more than one term: for instance, a charge per energy
(€/kWh), a charge per demand (€/kW month), and a charge per connection (€/customer). Regarding
retail markets, retailers are responsible for translating regulated tariffs together with the commodity
cost and retail margins into final prices. Retailers would find value in creating simplified final prices
that can be easily understood by residential or small consumers with little capacity for becoming active
consumers. In addition, retailers will opt for offering more sophisticated final prices where they find a
value in getting the flexibility from active consumers.
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In addition, digitalization brings opportunities for increasing traceability and transparency of
information signaling, where the different charges come from following the application of transparent
methodologies for cost allocation.

For instance, through the development of apps displaying market prices and signaling system
operation conditions, active consumers (or customer aggregators) will respond by modifying their
consumption patterns, creating a higher system efficiency.

A deeper knowledge of customer consumption patterns—provided by smart meter data—and its
relationship with income variables enables better customer segmentation and granularity, allowing the
design of more equitable tariffs.

2.1.2. Decarbonization

Recent studies [19] foresee that ambitious decarbonization policies imposing higher penetration
targets for renewable generation in the electricity system will need some sort of additional price
support, over the market price, to ensure investment recovery to RES promoters. Depending on the
market designs, the extra cost of support mechanisms for RES can be allocated to final customers as a
regulated cost to be recovered through the tariff.

Increasing the burden of supporting renewables or other environmental policies in the tariff could
have an effect on cross-subsidies among consumers, especially when volumetric charges are applied to
recover those costs [20].

Additionally, decarbonization of the energy system also includes the electrification of other vectors,
like gas for cooling/heating appliances and transportation through electric vehicles [21]. Electricity
tariffs may also support or at least not be an obstacle to these objectives, always preserving the main
principles of economic efficiency and equity.

In addition, with ambitious RES targets, a higher locational granularity applied to network charges
and connection charges—a one-off charge for a new grid connection that at least includes the cost of
extension of the existing grid—is needed to provide cost reflectivity and efficiency for the connection
of new renewable sources to the system.

2.1.3. Decentralization

Experience demonstrates that net-metering volumetric tariffs incentivize customers to install
distributed renewable generation behind the meter, mainly as solar photovoltaics (PV). As a
consequence, active consumers—customers installing PV—avoid paying a portion of regulated costs,
while the rest of consumers bear these costs [16]. New tariff designs should avoid non-cost-reflective
inefficient economic signals for the installation of self-generation technologies, such as PV, that provide
more benefits for the owner than for the electricity system at the expense of a cross-subsidization effect
by the rest of the consumers.

The side effect of providing hidden incentives, through tariff design, to decentralized technology
solutions, may impose cost recovery difficulties, and consequent rises in the following period in electric
tariffs, affecting the principles of stability and predictability [17].

Furthermore, a level playing field should be built for both centralized and decentralized energy
resources. In other words, tariffs should send efficient economic signals to invest in the most beneficial
technology for the system, regardless of its technology or use [21].

Research projects and literature refer to active customers—with PV, demand response, batteries,
and/or EV—as flexibility providers to the grid, improving grid efficiency [4,22,23]. At the same time,
distributed generation is able to improve system reliability since system failures can be compensated
with local resources. These implications could lead to new approaches to grid services valuation,
including some charges for the reliability of services or promoting new markets such as local flexibility
markets [22]. In this context, the tariff design should not become an obstacle for active consumers to
provide the aforementioned system services.
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An extreme case of decentralization occurs when a consumer decides to completely defect from
the grid and self-provide her energy needs through alternative sources. This effect is known as grid
defection. In this case, the electricity system or the rest of the consumers should not bear the fixed costs
that were covered by the defecting consumer and that remain in the system, for instance, network costs
or policy costs. This issue opens a discussion about the potential application of exit fees or alternative
tariff designs to recover these stranded costs when defections occur [13,24].

3. Methodology

3.1. Introduction

A tariff structure is composed of a set of charges allocated to the different customer categories
designed to collect the allowed regulated network costs.

As an example, Table 1 shows the Spanish low-voltage tariff structure in 2019, in which customers
with contracted capacity (i.e., maximum peak demand) below 10 kW are divided into three categories
(2.0A, 2.0DHA, and 2.0DHS). In this case, two different types of charges are applied: an energy term
(ET) in €/kWh that charges the amount of energy consumed in the billing period and a capacity term
(CT) in €/kW that charges the maximum kW consumption in the billing period. Tariffs 2.0DHA and
2.0DHS include time discrimination, depending on the hours of the day when the energy is consumed
(peak and off-peak periods). For group 2.0 DHS, periods 1, 2 and 3 correspond to peak, shoulder and
off-peak periods, respectively.

Table 1. Low-voltage tariff structure for Spain in 2019. CT (capacity term), ET (energy term), [25].

Tariff Period 1 Period 2 Period 3

2.0A
CT (€/kW year) 38.043426 - -

ET (€/kWh) 0.044027 - -

2.0DHA
CT (€/kW year) 38.043426 - -

ET (€/kWh) 0.062012 0.002215 -

2.0DHS
CT (€/kW year) 38.043426 - -

ET (€/kWh) 0.062012 0.002879 0.000886

Designing a tariff structure according to the aforementioned principles of efficiency, equity and
transparency should follow the methodology proposed in Figure 1. In the following, the three main
steps of the proposed methodology are introduced.
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3.1.1. Cost Segmentation and Cost Drivers

Network costs mainly include investment and operation and maintenance of network assets.
Cost drivers are the magnitudes related to network users that contribute to increasing the amount of
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costs, for instance, the peak consumption, the energy consumed or injected in the network, or the new
connection of a network user.

3.1.2. Network Users and Type of Charges

Once cost drivers are defined for each cost segment, these costs must be allocated to network
users through specific charges to network users.

Network users are divided into two main groups: power-generating facilities and customers,
including the concept of prosumers. Power-generating facilities (or generators) are defined according
to European Union regulations as those facilities that convert primary energy into electrical energy
connected to the network [26]. Customers are defined as those users who purchase electricity for their
own use (final customer) or for the purpose of resale electricity inside or outside the system where
they are established (wholesale customers). Under the EU point of view, the so-called prosumers are
included in the final customers group, in a subgroup called active customers [27]. Large batteries
acting as pump-hydro storage plants are wholesale customers, while small batteries are included as
assets owned by active customers.

Cost allocation among users is limited by the available type of charges, which are energy-based
charges (€/kWh), capacity-based charges (€/kW), and fixed charges per customer (€/customer).

3.1.3. Granularity

Figure 1 shows the latter step of the tariff structure methodology to select a level of adequate
locational and temporal granularity to be applied to the previously selected type of charges.
For accomplishing this task, a good balance between the principles of economic efficiency and
equity while maintaining transparency is needed. The most economically efficient solution would
drive us to design almost-individual (depending on the point of connection to the grid) dynamic
charges with very high temporal and locational granularity, where every user pays for withdrawing
power at each network connection at every instant. However, this solution would be almost impossible
to apply in practice and it would be difficult for consumers to accept due to its high level of complexity.
Furthermore, equity issues could arise among rural and urban users since rural users would pay
significantly higher charges than urban users because of lower load density and higher customer
dispersion in rural areas.

In the following, we describe in detail the three steps of the methodology applied to allocate
network costs. A similar methodology could be also applied to other cost categories, such as policy
costs derived from the support to renewables, social costs, or other policy-related costs included in the
electricity tariffs, but that is out of the scope of this paper.

3.2. Methodology for Allocation of Network Costs

In this section, we apply the previously defined methodology to the network costs to finally come
up with the tariff structure shown in Figure 2. In addition, as stated earlier, for residual costs, equity
criteria consideration may also affect the cost allocation among customer groups.

3.2.1. Cost Recognition and Segmentation

The electricity network is a capital-intensive business. Network costs are fundamentally formed by
past investments with long depreciation periods (CAPEX) and operation and maintenance costs (OPEX)
that are mostly independent from network usage. Energy losses and quality of service operating costs
are also included in OPEX.

Cost minimization objectives lead to design tariffs that mainly are addressed to minimize long-term
network expansion costs, as explained in Section 2. For this purpose, some authors, like [4], agree
that network costs should be segmented between long-term and residual costs. Long-term costs are
associated with future needed reinforcements and investments if the network usage continues to
grow in the maximum demand periods [28]. Long-term network costs should be recovered through
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peak-coincident charges, while residual costs are the proportion of the total network costs that are
not recovered through the previously defined peak-coincident charges. It is important to note that
long-term costs and residual costs depend on both the current grid and the foreseen grid usage.Energies 2020, 13, x FOR PEER REVIEW 8 of 22 
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Since network tariffs pursue long-term network cost minimization, a methodology for its
calculation must be developed. For this aim, using a generation-demand network expansion model,
taking into account different scenarios to characterize the evolution patterns of network users, is required.
The incremental cost can be obtained as the network expansion cost from the current situation to the
long-term considered futures. This approach is similar to the one expected to be developed by OFGEM
in the UK under the Forward-Looking Charging reform [29]. The charges allocated to network users
would be based on the annualized cost of the network expansion plans.

Cost Drivers

Cost drivers should be selected for each defined cost segment, i.e., long-term and residual
network costs.

The main trigger for future network investments is the maximum peak usage of each network
element, i.e., the maximum amount of energy that flows through the element due to the aggregation of
all the generation and demand. Therefore, for long-term incremental costs, the main cost driver is the
maximum network flow in each network component [22].

For the residual costs, there is no driver, as this cost is calculated as the remaining part of the total
recognized regulated cost.

3.2.2. Network Users and Types of Charges

After identifying cost segments and cost drivers, costs should be allocated among system users,
i.e., generators and customers, through the available charging variables.

According to the economic efficiency principle and the cost reflectivity and symmetry criteria to
allocate long-term network costs, generators and customers should be treated equally. Furthermore,
active customers highlight the need for this symmetry because, additionally to consuming power from
the grid, they can also inject power in other periods.

On the other hand, regarding the allocation of residual network costs, the problem of charging
generation plants with these costs, which are not cost-reflective, would be that generators will translate
this cost in their sales to the market, passing them to the customers. Therefore, residual charges should
be solely allocated to customers.
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Types of Charges

The main problem in selecting the types of charges to allocate costs derives from the difficulty of
simultaneously meeting both efficiency and equity principles. Traditionally, regulators have assumed
that low-income customers consume less energy than the richer ones. For this reason, volumetric tariffs
(energy-based) have been and currently are widely used to allocate network costs among network
users, so the former ended paying less network costs than the latter. However, new developments,
mainly PV panels, break this assumption since richer customers are able to avoid high-energy charges
by reducing their consumption through PV adoption. These avoided charges are reallocated to the rest
of the customers through higher volumetric charges, further incentivizing PV installation. Several
authors refer to this problem [4,18,30–33] as the death spiral (direct feedback between volumetric
tariffs and DER deployment). Furthermore, theoretically, only energy losses and some of the quality of
service costs according to the principle of economic efficiency and cost reflectivity should be charged
through volumetric energy charges, as stated at [34].

A practical solution for the death spiral problem or the equity issues among customers installing
or not installing PV panels consists of introducing contracted capacity or demand charges (€/kW)
to allocate part of the total network costs, while the remaining part continues to be recovered by
volumetric energy charges. These capacity charges are based on a customer’s maximum demand (kW)
during a certain period. It can only be measured ex-post, i.e., after the end of the period. For the
application of ex-ante capacity-based charges, some countries apply what is called the “contracted
capacity” charge. In this case, users establish a threshold for their maximum capacity at each period.
If the tariff’s objective is to send economic signals to customers, and an ex-post approach is not able to
send them, an ex-ante approach is recommended. Capacity charges also increase the cost reflectivity of
the tariffs since, as has been commented, the main driver of network costs is the peak energy flow,
which determines the necessary network installed capacity [7,35]. The application of a higher capacity
or demand charges would also incentivize, in the future, the implementation of storage technologies,
as several papers foresee [36–39]; customers will also be incentivized to move part of their consumption
from peak hours to off-peak ones [13,30].

Following the economic efficiency principle, the best approach for collecting long-term network
costs would be to implement peak-coincident forward-looking charges (€/kW) that measure the
contributions of network users to the peak network flows in the periods of maximum utilization.
This economic signal would incentivize user responses to reduce network peak flows and delay future
grid investments.

Finally, for recovering residual network costs, it is recommended to select fixed charges per
customer (€/customer) without impacting other efficient price signals, so network users would not
be able to avoid this payment by modifying their consumption patterns. In addition, fixed charges
allow addressing equity issues depending on how they are applied to the different customer categories.
The British regulator is moving in this direction. In the UK, there is a proposal to recover residual
network costs through a fixed charge for domestic customers depending on the aggregated net
consumption of the customer category where they are classified—equal payment for customers
classified under the same category [40]. There are other alternatives to allocate residual costs through
fixed charges among all the customers following equity principles [41,42].

3.2.3. Granularity

Time Granularity

Following the economic efficiency principle and designing cost-reflective charges, peak-coincident
network charges should vary with time since they anticipate investment costs, which would only be
necessary at certain times of the year. For example, if a line is congested, or close to being congested
in the near future, those network users who contribute to this congestion should be signaled to shift
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their consumption because, if they continue or increase their peak consumption at these hours, new
investments will be triggered.

Smart-metering developments enable new billing alternatives with higher time discrimination
that allow signaling peak energy flows, such as peak-coincident network charges [4,22,43], where users
are charged proportionally to their network usage when the grid is congested.

An Illustrative Example for Determining Time Granularity

We assume a low-voltage feeder that supplies 425 real consumers and is connected through a
100-kW distribution transformer to the rest of the distribution network. The actual usage of this
transformer is shown in Figure 3 as the blue histogram. Note that this usage is, in all hours, below the
transformer capacity (100 kW). In addition, we assume a demand growth for this group of users of 1.15
over the next 40 years. Network usage would increase as the orange histogram shows. This increasing
demand would trigger a new investment in the network, since the transformer will be overloaded in
specific hours when the network usage is above 100 kW.
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Following efficient economic signals, the users should respond to peak-coincident charges through
load shifting or load reductions and, in this way, delay network investments if the cost of such actions
is a more efficient than the network reinforcement alternative, i.e., total lower costs.

A key decision is to identify the periods of time that should be signaled by the cost-reflective
charge. A straightforward decision would be to select those hours in which the future network
usage is above the rated network capacity. However, if only those hours are chosen, the intrinsic
uncertainty related to demand forecast may, in the end, lead to congestion in hours close to the selected
period where the charges would be much smaller. Therefore, it is recommended not to narrow too
much the periods when peak-coincident charges are applied [22]. In practice, a lower boundary or
security margin should be defined to determine the periods where peak-coincident charges are applied,
e.g., those hours when the energy flow exceeds 60% of the rated capacity. This is an important topic for
further research.

Locational Granularity

Again, the principle of economic efficiency would lead us to design peak-coincident network
charges with a high level of locational granularity to incentivize efficient network user responses
depending on the particular network components that are expected to be congested. However, equity
concerns would advocate for allocating the same charges to a large proportion of customers categorized
under the same segment regardless of their location in the network [4,44].
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Some countries have developed intermediate alternatives. For example, the Spanish law does
not permit differentiation among consumers’ locations to recover network costs, but charges are
differentiated depending on the voltage connection [45].

Following a cost-causality principle, peak-coincident network charges should be calculated for
each network user depending on its point of connection to the grid. The considered network should be
divided into as many elements as it is composed of, e.g., lines, transformers, substations, etc. Then,
for each element, the number of hours in which its expected peak flows exceed the threshold according
to the security margin selected are considered, as shown in the illustrative example. All network users
contributing to these peak flows are charged proportionally to their contribution to potential future
investment or incremental cost associated with the expansion of this network component.

On the other hand, the residual cost, calculated as the remaining cost that is not allocated through
peak-coincident charges, is allocated following equity principles. For instance, allocative equity criteria
could lead us to differentiate customer categories depending on the different voltage levels where they
are connected.

3.2.4. Proposed Network Charges: Summary

Long-term network costs could be signaled through element-by-element peak-coincident network
charges that minimize network usage in peak periods, as well as boost flexible resources, from either
generation or demand. These charges would be time-dependent capacity-based charges and dependent
on the location of each consumer in the network.

In the same way, residual network costs can be allocated among consumers through charges that
do not distort the efficient price signals associated with the aforementioned peak-coincident network
charges or energy market prices. Therefore, residual costs should be allocated to network users through
a fixed charge, which consumers would not be able to avoid through any modifications of energy
injection or withdrawal patterns. By modification of consumption patterns, we understand load
shedding, load shifting and defection from the grid. Special attention is required to grid defection, since
a significant amount of foreseeable recovered costs will not be recovered, causing a future increment
in the electricity charges for the rest of consumers. If the network used to deliver electricity to the
defected consumer is not already depreciated and the rest of consumers will not use it, the defected
consumer should bear with the depreciated network investment cost via an exit fee; however, at the
same time, its implementation may be challenging due to legal and practical considerations.

4. Case Study

The case study presented in this article compares the effects of the application of three types of
network tariffs (a volumetric tariff, a representation of the current tariff applied in Spain, and the
proposed efficient tariff) in a simplified network model. For simplicity, these tariffs are calculated and
applied for one representative day (24 h). Note that this case study does not analyze the end-consumer
tariff, but only the network tariffs, so generation and other regulated costs are not included.

4.1. Network Model Description

The simplified network consists of three voltage levels (HV, MV, LV) with transformers connecting
different voltage levels. There are two generators (one in the HV network, which is the slack bus, and
another in the MV network) and nine consumers (2 in HV, 2 in MV, and 5 in LV), as shown in Figure 4.
Consumer load curves are shown in Figure 5.

The annual maintenance costs and the annualized investment costs to be recovered through the
tariffs are known for each network element.
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4.2. Network Tariff Description

The three tariffs analyzed are volumetric, Spanish and efficient as described below. The power
flow and the tariff computations are implemented in Matlab software.

4.2.1. Volumetric Tariff

This charge simply consists of a flat volumetric charge for all hours. To make the three tariffs
comparable, the distribution of costs at each network voltage level is allocated among the users
connected at the same level and the users connected at lower levels according to the cascade model
explained in the Spanish tariff. In practice, the volumetric tariffs may not differentiate costs among
voltage levels. Figure 6 shows the calculations followed to compute the volumetric tariff.
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Where:

i, j, k = voltage levels 1 (low voltage), 2 (medium voltage) and 3 (high voltage);
Ci = network costs per voltage level i;

C j
i = costs of voltage level i that will be allocated to users of voltage level j;

αei
j = cost sharing factor based on the electricity flow from voltage level i to voltage level j;

TE
i = volumetric network tariff (€/kWh) for consumers connected at voltage level i;

Ei = aggregated consumption (kWh) at voltage level i.

4.2.2. Spanish Tariff

The current Spanish tariff consists of two charges: (1) a contracted capacity charge in €/kW-year,
and (2) a volumetric charge in €/kWh. Both charges are different by voltage levels and have temporal
differentiation by periods that vary according to peak consumption hours at each voltage level. In this
paper, the time differentiation for this tariff has been simplified to three periods for all consumers
(peak, shoulder, and off-peak), and the differentiation by voltage levels has been maintained. Hours
belonging to each period are: P1: h9 to h13 and h18 to h21; P2: h8, h14 to h17 and h22 to h24; and P3:
h1 to h7.

The calculation process is the following:

1. The acknowledged regulated costs for each network voltage level are determined. Costs are
allocated to two types of charges so that the capacity charge is responsible for recovering 100% of
the high-voltage (HV) network costs and 75% of the medium-voltage (MV) and low-voltage (LV)
costs, while the energy charge is collecting 25% of MV and 25% of LV costs.

2. The costs from a voltage level are allocated to the different periods according to the proportion of
peak hours found at each period. For example, if period 1 contains 50% of the total peak hours,
50% of costs will be allocated to that period. In this case study, it has been considered that the
peak hours are the 8 h of highest consumption at each voltage level.

3. The cascading model is applied, following the assumption that those responsible for the costs
of a voltage level are the users connected at that voltage level and the users connected at lower
voltage levels [46]. For computing the capacity charge, the peak demand power balance is used
to calculate how the cost of a voltage level and period is divided among responsible users at
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the same and other voltage levels. The power flow between voltage levels is the flow in the
transformers at the previously determined peak hours. Knowing these flows, the costs of a
voltage level are allocated among the different voltage levels proportionally to the maximum
flow of each period. This calculation is made for each voltage level, for each hourly period and
for each type of charge (volumetric or capacity). In the case of computing volumetric charges,
the aggregated energy consumed in each period and each voltage level is used instead of the
peak demand.

Figure 7 shows the calculations followed to compute the Spanish tariff.
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Where:

p = time periods from 1 (peak period) to 3 (off-peak period);
i, j, k = voltage levels 1 (low voltage), 2 (medium voltage) and 3 (high voltage);
CC

i = network costs of voltage level i to be recovered by capacity charges;

CC
i,p = part of network costs of voltage level i allocated to time period p, to be recovered by

capacity charges;
H = number of hours with maximum energy flows;
hi,p = number of hours of time period p included in the H for voltage level i;

CC, j
i,p = costs of voltage level i that will be allocated to users of voltage level j, at time period p, to be

recovered by capacity charges;
αi

j,p = cost sharing factor based on the electricity flow from voltage level i to voltage level j, for the time
period p, applied to costs recovered by capacity charges;
TC

i,p = network capacity charge (€/kW) for consumers connected to voltage level i, for time period p;

Di,p = aggregated maximum capacity (kW) at voltage level i and time period p;
CE

i = network costs per voltage level i to be recovered by energy charges;

CE
i,p = part of network costs of voltage level i allocated to time period p, to be recovered by energy charges;

CE, j
i,p = costs of voltage level i that will be allocated to users of voltage level j, at time period p, to be

recovered by energy charges;
αei

j,p = cost sharing factor based on the electricity flow from voltage level i to voltage level j, for the
time period p, applied to costs recovered by energy charges;
TE

i,p = network energy charge (€/kW) for consumers connected to voltage level i, for time period p;

Ei,p = aggregated consumption (kWh) at voltage level i and time period p.

4.2.3. Efficient Tariff

The efficient tariff corresponds to a simplified version of the tariff proposed in Section 3. It consists
of two terms: (1) a peak-coincident capacity charge applied on an hourly and user-to-user basis and
(2) a fixed residual charge. The purpose of the peak-coincident charge is to send an economic signal to
network users who contribute to the flow of network elements that can be potentially congested in the



Energies 2020, 13, 3111 15 of 21

future (for example, an element loaded to more than 60% of its capacity). The contribution of each
user to the power flow of each element is calculated proportionally to the Power Transfer Distribution
Factor [47], so that both generation and demand are charged equally but in the opposite direction.
On the other hand, the residual fix charge by customer is intended to recover the remaining network
costs after the application of peak-coincident charges. Following the allocative equity principle,
residual charges are allocated among the different voltage levels, so that the consumers are responsible
for the residual costs of their voltage level and the levels above, based on the previously mentioned
cascade criterion. Besides, following the distributional equity principle, the applicable charges within
each voltage level are allocated among consumers depending on their maximum demand on peak
or shoulder hours. This is a proxy to charge consumers according to their size, but we recognize
that, in this way, further incentives are provided to reduce consumption in peak and shoulder hours.
However, consumption at off-peak hours, i.e., electric vehicle charging, is not penalized. Figure 8
shows the calculations followed to compute the efficient tariff.Energies 2020, 13, x FOR PEER REVIEW 16 of 22 
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Where:

i, j, k = voltage levels 1 (low voltage), 2 (medium voltage) and 3 (high voltage);
e = network component (line, transformer);
u = network user (consumer or generator);
Ce,h = cost of element e allocated to hour h;
FCe = annualized future reinforcement cost of element e;
he = number of hours in which component e is above 60% of its capacity limit;
Cu,e,h = cost of element e allocated to user u at hour h;
PTDFu,e,h = network flow of component e caused by user u at hour h;
Total f lowe,h = flow along component e at hour h;
TPCCi = total peak-coincident charges at voltage level i;
Ci = total network costs of voltage level i;
RCi = residual network costs of voltage level i;

RC j
i = residual costs of voltage level i that will be allocated to users of voltage level j;

αi
j = cost sharing factor based on the electricity flow from voltage level i to voltage level j;

TF
u = fixed charge for consumer u (€/consumer);

Du = maximum demand at peak or shoulder periods of consumer u.
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4.2.4. First Case

The objective of this first case study is to show the differences that appear in the charges faced by
network users with the three tariffs when part of the network exceeds the selected operational security
margin (60%). In this case, the LV transformer usage is above 60% of its capacity in h1 and from h10 to
h24, and the line 12 usage is above 60% of its capacity from h11 to h14. Instead, if congestions were not
expected, all three tariffs would send similar charges to all network users.

Charges faced by two differently located consumers under the three tariff structures are shown
in Figure 9 to analyze the effect of line 12 exceeding the specified usage threshold. Figure 9a shows
the charges applied to consumer 6, who would not use line 12, while Figure 9b shows the charges
applied to consumer 9, who would need line 12 for her electricity supply. The volumetric tariff (yellow)
consists of a flat energy charge equally applied to all LV consumers. The Spanish tariff (orange) consists
of a volumetric charge and a contracted capacity charge, the same for both consumers. Finally, the
efficient tariff (blue) consists of a peak-coincident capacity charge and a fixed charge; in this case, both
are different for consumers 6 and 9. This difference is based on the fact that consumer 9 is the only one
responsible for line 12 peak flow. Therefore, consumer 9 would face higher peak-coincident capacity
charges than consumer 6. If consumer 9 were able to change her consumption pattern, for instance by
installing a PV panel, reducing demand during line 12 peak flow hours, she would face lower rates
and the need for future network reinforcements would be reduced. On the other hand, consumer 6 is
not able to relieve the line 12 peak flow by changing her consumption pattern and she does not receive
peak-coincident charges for this reason. Similarly, the peak-coincident charges observed for consumer
6, and some part of peak-coincident charges for consumer 9, are due to their contribution to the peak
flow of the LV transformer.

Notice that peak-coincident network charges could result in negative payments, which means
incomes for network users that contribute to reducing peak flows. For instance, this would be the case
for consumers increasing demand in areas with high generation where the peak flows in the network
are due to exporting power to upstream voltage levels

4.2.5. Second Case

The second case presents the effect of one LV consumer installing PV panels for self-generation on
each tariff structure. It is assumed that consumer 6 is installing a 5-kW PV panel installation, reducing
the net demand from the grid. In this second case, charges are calculated for a new tariff period, i.e.,
several years later, so long-term effects are highlighted. Note that, in this case study, one LV consumer
installing PV technology means that 20% of LV consumers are adopting this technology (a realistic
situation for many countries).

Figure 10 shows the charges applied in the next tariff period, after including in the tariff calculation
the effect produced by the new net demand pattern of consumer 6, once this consumer has installed
the PV generation.
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By comparing Figures 9a and 10, economic incentives received by consumer 6 are highlighted.
Volumetric tariffs are slightly increased for all consumers because of the net demand reduction due
to the PV installation. In the case of the Spanish tariff, volumetric and contracted capacity charge
periods are modified, since, in this new tariff period, off-peak hours are now counted in the first 8 h of
maximum utilization of the LV network. Likewise, as in the volumetric tariff, the overall charges are
slightly increased because of the net demand reduction. Regarding the efficient tariff, peak-coincident
charges are allocated to those hours in which the transformer usage is above 60%. Peak-coincident
charges are higher in this second case because transformer reinforcement costs must be divided by a
lower number of close-to-congestion hours. On the other hand, residual charges are not modified.

We can conclude that by applying the Spanish tariff, or the volumetric tariff, consumers receive
incentives to install distributed generation technologies, such as PV panels, by obtaining reduced
network payments that in reality do not correspond to actual or future network cost savings. Looking
at the annual payments, consumer 6 would obtain different savings from the PV installation depending
on which tariff is applied: the volumetric tariff (105 €/year), Spanish tariff (13 €/year) or efficient tariff
(3 €/year).

The obtained results show that volumetric tariffs are particularly harmful in this situation since
consumers are highly incentivized to self-generate. This means that the rest of the consumers will
have to bear the burden of the costs avoided by this consumer. This situation is both inefficient
and inequitable.

5. Conclusions

Electricity tariffs are being reviewed all over the world. The deployment of smart meters and
other digital technologies, electrification of transport and building end uses, and decentralized DER
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massively connected to distribution networks make it indispensable to change the allocation of
electricity system costs among users.

This paper revised the principles in which tariffs should be grounded: economic efficiency, equity,
and transparency. Together with these principles, we proposed several design objectives that can serve
as a benchmark to compare the performance of different network tariff structures.

A new methodology for the allocation of network costs is proposed following the discussed
principles and recent tariff proposals. This methodology segregates total network costs into incremental
and residual costs. On the one hand, once costs are disaggregated, charges are computed either
considering capacity at maximum network utilization times (peak-coincident charges) or fixed (residual
charges). The peak-coincident charges are designed to ensure network users receive signals that reflect
the costs of their network usage and encourage them to behave in a way that means future network
reinforcements and their associated costs are reduced. On the other hand, residual charges are designed
to recover all the system costs once peak-coincident charges have been levied. Residual charges should
not send any economic signal that would distort efficient consumer responses to cost-reflective charges
and energy prices.

Peak-coincident network charges with high locational and time granularity provide efficient
signals to incentive price-responsive customers, but, in many jurisdictions, there are legal impediments
for the implementation of locational tariffs. Socialization of tariffs between different geographical areas
or regions is a current practice in those jurisdictions. While, for residual network charges, several
options are discussed in the literature, fixed charges following equity principles discriminating between
users by size, wealth, or other similar proxies are the preferred options. The segmentation of users
by applying equity principles together with practical implementation issues regarding required data
availability to design fixed charges remains an open issue for discussion in future developments.

Finally, the case study provides evidence of the benefits of applying the proposed methodology
in comparison to other current practical tariff designs. Volumetric and currently applied tariffs in
Spain provide additional incentives to net demand with self-generation and do not signal the parts of
the network and the periods of the year where likely future investment would be needed. Therefore,
traditional tariffs, as opposed to the efficient tariff proposed in this paper, do not incentivize efficient
operational and investment decisions potentially made by responsive customers.
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