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Abstract

Energy policies in favor of a larger adoption of renewable energy sources
for electricity production purposes and the significant progress of several re-
newable technologies are among the main drivers behind an increasing inte-
gration of distributed generation (DG) in distribution networks.

DG affects distribution network planning and operation and, consequently,
higher or lower network costs than in a traditional passive network scenario
arise.

Two main complementary tools for an efficient integration of DG have
been identified in this thesis: (i) a sound economic regulation of Distribution
System Operators (DSOs) for taking into account DG-driven potential costs
and accordingly remunerating DSOs, and (ii) network tariff design, in order
to allocate network costs and re-distribute potential benefits to different grid
users.

Distribution economic regulations vary from country to country with grid
characteristics and regulatory customs. In order for Regulators to promote the
integration of DG units according to policy objectives, the potential impact
of DG on the different distribution costs needs to be analyzed and quantita-
tively assessed: in this thesis, these objectives are achieved by using a novel
model that combines the technical characteristics of distribution grids with
the regulatory details specific of each regulation.

Once computed, DSOs’ total allowed revenue is allocated to different
users’ categories according to the adopted tariff structures. This thesis focuses
on the challenges arising within the traditional paradigm of distribution tariff
design when an increasing amount of DG is connected to the grids. In par-
ticular, the consequences of DG exemption from distribution tariffs and the
application of load-tailored tariff schemes to DG are investigated, both from a
qualitative and quantitative point of view; cross subsidies between consumers
and DG owners are computed by applying a cost causality principle.

Key words: Distributed generation; distribution economic regulation;
regulatory impact; distribution tariff design; cost allocation methodologies;
cross subsidies.
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Sammanfattning

Energipolitik har i många länder på senare år fått en inriktning mot en större
mängd förnybara energikällor för elproduktion. Dessutom har det skett betydande
tekniska framsteg inom området förnybar energiteknik. Detta är bland de viktigaste
drivkrafterna bakom den ökande integreringen av distribuerad generering (DG) i
distributionsnäten.

DG påverkar distributionsnätens drift och planering och medför därmed poten-
tiellt högre eller lägre nätkostnader jämfört med ett traditionellt, passivt, nät.

Två i huvudsak kompletterande metoder för en effektiv integrering av DG har
identifierats i denna avhandling: (i) en rimlig ekonomisk reglering av de som
hanterar distributionsnäten (DSO) för att ta hänsyn till potentiella DG-orsakade
kostnader och möjligheter till ersättning av ansvarig DSO, samt (ii) design av nät-
tariffer, med syfte att fördela nätkostnader och omfördela potentiella vinster mellan
olika nätkunder.

Den ekonomiska regleringen av eldistributionsverksamhet varierar från land till
land beroende på nätens egenskaper och reglerings-tradition. För att främja inte-
grationen av DG i enlighet med de politiska målen måste de potentiella effekterna av
DG-orsakade kostnader i distributionsnäten analyseras och utvärderas kvantitativt:
i denna avhandling uppnås dessa mål genom att använda en ny beräkningsmodell
som kombinerar distributionsnätens tekniska egenskaper med specifika detaljer för
den ekonomiska regleringen.

Utgående från den ekonomiska regleringen kan DSO’ns totala intäkt beräknas.
DSO’n erhåller denna intäkt genom nättariffer vilka fördelas mellan olika använ-
darkategorier enligt en fastställd avgiftsstruktur. Denna avhandling fokuserar på
de utmaningar som uppstår för den traditionella designen av nättariffer när en allt
större mängd DG är ansluten till näten.

Specifikt studeras konsekvenserna, såväl kvalitativt som kvantitativt, av om DG
inte behöver betala nättariffer. På samma sätt studeras även konsekvenserna av
om nättariffen istället sätts utifrån inverkan på den faktiska nätkostnaden.

Nyckelord: Distribuerad elgenerering; ekonomisk reglering av distribution-
snäten; inverkan av ekonomisk reglering; design av elnätstariffer; metoder för kost-
nadsallokering; korssubventioner.
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Chapter 1

Introduction

This chapter illustrates the motivation for this thesis, defines its objectives and
scope, and summarizes the main scientific contributions.

1.1 Background

In the last years, electricity systems have been undergoing substantial changes in
several countries around the world. Among these changes are the liberalization and
privatization of several sectors within the electricity business; some of them are still
in a transition phase.

One of the new aspects characterizing electricity grids is the increasing integra-
tion of distributed generation (DG).

A combination of environmental, commercial and regulatory drivers is deemed
to be triggering such swift DG integration [1]. From an environmental perspective,
DG is regarded as a useful instrument for greenhouse gas emissions reduction, as
well as for opening possibilities for avoided constructions of new transmission lines
and large generation plants [1]. From a commercial standpoint, DG has established
itself as a less risky alternative than conventional power plants due to the growing
uncertainty in electricity markets, and as a cost effective tool to improve power
quality and reliability [1]. Finally, in the context of enhancing national energy
security by diversifying energy production, DG has often been promoted on a reg-
ulatory level as a promising solution in that direction [1]. Moreover, its growing
integration is being supported by advances in several DG technologies, making eco-
nomic conditions for DG connection increasingly favorable. For some technologies,
grid parity [2] (reached when generation costs intersect end-users electricity prices)
is becoming a realistic scenario, this is especially the case for photovoltaic (PV)
systems [3].

Steered by these drivers, specific policies in favor of renewable energy sources
have been enforced all around the world. A well-known example of such policies is
represented by the European “202020” energy targets [4], endorsed by the EU Coun-
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2 CHAPTER 1. INTRODUCTION

cil in March 2007. In order to achieve competitiveness, sustainability and security
of supply targets, EU “202020” prescribes a reduction in greenhouse gas emissions
by at least 20%, a decrease in the EU energy consumption by 20% (as compared to
the projections for 2020) to be reached through improved energy efficiency, and a
20% share of renewables in the overall EU energy consumption; these objectives are
to be met by 2020. A higher penetration of DG units, especially renewable-based,
has been a direct consequence of the policy goals.

According to Eurostat statistics, in 2010 the renewable energy shares of 20
Member States and the EU as a whole were at the level of or above 2010 commit-
ments set out in the respective national plans, with the EU renewable share in the
electricity sector reaching a value of almost 20% [5].

Several definitions are adopted for DG in the literature, and there is yet no
consensus on a common one. In this thesis, we refer to the following one:

Definition 1. Distributed generation is an electric power source connected directly
to the distribution network or on the customer side of the meter [6].

Def. 1 translates into both Renewable Energy Sources (RES) and Combined
Heat and Power (CHP) technologies being considered as DG.

Numerous aspects of electricity distribution business, such as network planning,
network investments and maintenance, power quality, power security, and system
reliability, are affected by DG due to the significant transformation DG produces
within the traditional paradigm of electricity transport [1]. As a matter of fact,
once produced by centralized generation units connected at transmission level and
transferred to the final users through the grids, electricity is nowadays increasingly
produced by power plants connected at distribution level.

Along with its technical impact, DG integration may have economic effects
in terms of higher or lower costs for network investments, operation and mainte-
nance [7], [8], [1], [9]. However, the actual impact of DG integration is hard to
univocally predict due to its dependance on DG penetration and concentration lev-
els, DG generation technology/profile, network characteristics and dynamics (e.g.
electricity demand growth and need for network asset replacement) and type of
network management [10], [11].

Different actors can be identified within the distribution sector: DG owners,
consumers and distribution system operators (DSOs). Since the distribution busi-
ness is considered to be a natural monopoly, regulatory intervention by national
regulatory authorities (Regulators) is needed to prevent potential monopolistic be-
haviors by DSOs.

Regulation in its broadest meaning comprises all legal, organisational and in-
stitutional rules governing the electricity sector. For the purposes of this thesis,
however, attention is focused on economic regulation, defined in [11] as a process
substituting for competition. The following objectives are regarded as the pillars
of distribution economic regulation [12]:
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1. Ensure the financial viability of the distribution companies through efficient
cost coverage and an adequate rate of return on the investments,

2. Protect network customers from potentially too high network charges, and

3. Ensure that the quality of supply is maintained at acceptable levels and an
efficient usage of the grid is achieved.

Jointly achieving these three objectives would be to achieve economic efficiency
of the power system.

Definition 2. An efficient DG integration is such that it allows the general regu-
latory objectives to be fulfilled, as the objectives do not change in presence of DG.

This definition of efficient DG integration is the one adopted throughout this
thesis. However, note that customers Objective 2 refers to do not any longer coin-
cide with consumers as it used to do in the past, as they now include both consumers
and DG units.

Each of the actors within the distribution business interacts with the regula-
tory authorities, as well as with the other actors on the grounds of the regulatory
arrangements enforced in each country.

In particular, DSOs are in charge of distribution grid investments and operation
and, therefore, subject to potentially higher or lower costs if compared with a so-
called passive network scenario (where no DG is connected). Being DSOs’ revenues
regulated by national regulatory agencies, each regulation should acknowledge po-
tential DG-driven costs and benefits in order to fairly remunerate the distribution
companies. Moreover, regulation has the responsibility to incentivize DSOs to effi-
ciently integrate DG, according to the energy policy objectives.

Electricity consumers and DG owners, as grid users, represent DSOs’ customers.
They economically interact with DSOs by means of network tariffs, which are meant
to collect DSOs’ allowed revenues and to foster an efficient usage of the grid facilities
by its users.

Thus, within the multi-faced aspects of distribution economic regulation, two
areas have been identified in this thesis as being of interest from a DG integration
perspective:

• Area of interest 1: The economic regulation of DSOs’ revenues/profits, and

• area of interest 2: The allocation of network costs to the different grid users
by means of network tariffs.

These two areas correspond to the regulatory Objectives 1 and 2 in Def. 2.
Within these two areas of interest, a further selection of the aspects to be

prioritized in the analyses has been applied; the selected aspects and the rationale
behind this selection are illustrated in the thesis’ chapters.
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The two areas of interest correspond to the two complementary and subsequent
steps of network tariff design process. In fact, network design traditionally con-
sists, at the first stage, in determining the total allowed revenue for the different
distribution companies, and, at the second stage, in allocating it to the users of
the distribution network. DSOs’ allowed revenues are set according to so-called
DSOs’ remuneration schemes, while DSOs’ revenue allocation to network users is
achieved by deciding on the tariff structure [13]. Fig. 1.1 illustrates the connections
between the two areas of interest and among the different actors in the distribu-
tion business from the three standpoints of actors’ responsibility, impact on actors
and regulatory function. The dashed arrows represent those connections which are
regulation-dependent.

Firstly, the actors are identified in terms of responsibility with respect to the two
regulatory areas. While determining the remuneration scheme for DSOs exclusively
appertains to the regulator (connection D in Fig. 1.1), deciding on tariff structures
could lie with either the regulator (such as in Italy, Portugal, and Spain) or DSOs
themselves (such as in Germany, Sweden, and UK) [14]. These roles are represented
by connections E and G in Fig.1.1. In both cases, the regulator has an impact
on tariffs: this impact can be considered as direct when it sets the charges, and
indirect when DSOs set the charges under the regulator’s supervision and guidelines
(connection F in Fig. 1.1).

Secondly, DSO’s remuneration schemes and methods for grid costs allocation
have an impact on the actors in different ways: a direct impact on DSOs stems
from DSO’s remuneration schemes (connection H in Fig. 1.1), whose design affects
DSOs’ revenues and profits. Similarly, consumers are directly affected by DSO’s
remuneration schemes as network ratepayers (connection L in Fig. 1.1): in fact,
distribution remuneration schemes regulate DSOs’ costs and profits, this way af-
fecting the total allowed revenue collected through network tariffs. DG owners may
be subject to use of system charges or not, and their connections charges be shallow
or deep depending on the enforced regulation [14]. The impact of DSOs’ economic
regulation on DG varies with these factors as DG might be: (i) directly affected by
DSOs’ allowed revenues and indirectly by DSOs’ investment decisions if subject to
use of system charges and deep connection approach, (ii) only indirectly affected
by DSOs’ investment decisions if not subject to network charges but to a deep con-
nection approach and (iii) not affected either directly or indirectly if not subject
to network charges and under a shallow connection charging approach. Therefore,
connection I in Fig. 1.1 is represented as a dashed line. Likewise, the cost alloca-
tion achieved through the tariffs has a direct impact on consumers and DG owners
(connections N and O in Fig. 1.1), since they are the ones subject to such charges,
but it might as well have an impact on DSOs (connection M in Fig. 1.1). For ex-
ample, this can happen under price-cap schemes, not allowing tariff adjustments in
response to potential events of DSOs’ revenue erosion not depending on the DSOs’
performances [12]; this case will be explained in more details in Chapters 4 and 5.

Finally, the three regulatory functions represent a strong link between the two
regulatory aspects: both aspects contribute to consumers’ protection from unfair
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Figure 1.1: The thesis two regulatory areas in terms of responsibility, impact and
regulatory functions.

prices and the achievement of an efficient usage of the grid (connections Q and
T, and R and U in Fig. 1.1), while DSOs’ remuneration schemes are central for
ensuring full cost recovery and adequate economic return for the distribution busi-
ness (connections P in Fig. 1.1), but they may need to be complemented by tariff
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cost allocation (connection S in Fig. 1.1) under particular conditions that will be
described more in details in the thesis’ chapters.

This thesis seeks to explore both the direct and indirect links between the actors
and the regulatory functions with respect to the DSOs’ remuneration schemes and
network cost allocation through network tariffs.

According to the approach proposed in Fig. 1.1, DG owners are actors involved
in the distribution business, along with DSOs and consumers. Moreover, DG rep-
resents a key factor that triggers the need for regulatory changes within the distri-
bution business. This thesis follows the following conceptual rationale: regulations
have been designed when only loads were connected to distribution grids, and most
of them still follow this traditional paradigm. DG integration in distribution grids
is assuming an ever increasing role. DG has an impact on other actors, which
depends on regulation.

Therefore, this thesis contains two types of analyses:

• The analysis of DG impact on other actors, as well as its indirect consequences
on DG itself; an example of this is DSOs’ economic incentive to integrate DG
in their grids depending on the remuneration scheme, and

• the analysis of changes needed to reap the potential benefits and tackle the
potential negative effects identified as a consequence of the DG integration.

The previous discussion brings us to the three research questions that this thesis
aims to tackle:

• Estimating DG impact :

– Q1: What is the economic impact of DG on DSOs’ business under dif-
ferent national regulations and different scenarios of DG penetration?
Economic distribution regulations extensively vary from country to coun-
try, as grids’ characteristics and policy contexts vary. Therefore, in order
for regulators to enforce an efficient grid regulation for DG integration,
it is necessary to qualitatively and quantitatively estimate DG poten-
tial impact on the different areas of the distribution business, such as
the treatment of network losses, distribution tariffs collected on the grid
users and fees to be paid for the energy imported from/exported to the
higher voltage grid. This estimate needs to take into account deter-
mining factors such as the amount of DG connected to the grid, grid
characteristics and DSOs’ economic strategies. In Fig. 1.2, the connec-
tions that Q1 attempts to investigate are highlighted in red.

– Q2: What kind of challenges may arise within traditional distribution
tariff design due to DG integration?
DG is expected to cause new challenges in terms of grid costs allocation
to the different users, since its integration into the grids causes new costs
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Figure 1.2: Aspects covered by research question Q1 concerning the economic im-
pact of DG on DSO’s business, highlighted in red.

and benefits and consequently re-distribution issues. Distribution tariff
design presents a high flexibility, such that different tariff structures are
adopted in different countries, and sometimes within the same country
under the same regulation. Moreover, several guiding principles are con-
sidered to be crucial as a base for designing tariffs. However, some of
them turn out to be conflicting with each other when it comes to their
practical application. Therefore, a choice of which principles to priori-
tize is needed and common tariff practices need to be evaluated against
such principles, for different scenarios of DG penetration and different
networks. In Fig. 1.3, the connections that Q2 attempts to investigate
are highlighted in red.

• Suggesting possible directions for change:

– Q3: How can DSOs’ economic regulation promote a more efficient inte-
gration of DG in distribution grids? How should tariff design change to
tackle the identified challenges?
Firstly, once DG incremental impact on distribution grids is estimated,
possible directions for change within DSOs’ economic regulations need to
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Figure 1.3: Aspects covered by research question Q2 concerning the economic im-
pact of DG on DSO’s business, highlighted in red.

be investigated in order to translate such impact in remuneration terms
and accordingly design regulatory strategies that are able to remove
possible obstacles towards DG integration.

Secondly, the identified challenges arising within distribution tariff de-
sign due to DG are a starting point for new policy recommendations
that suggest which founding principles tariff design should prioritize and
which new cost allocation methodologies should be adopted. The con-
nections that Q3 attempts to investigate are highlighted in red in Fig.
1.4.

Note that some aspects from the general outline proposed in Fig. 1.1) are not
investigated in details in the thesis. These are: the impact of DSOs’ remuneration
schemes on DG and consumers (connections I and L), the impact of both DSO’s re-
muneration schemes and tariff structure on quality of supply and grid efficient usage
(connections R and U), the impact of tariff structures on DSO’s cost recovery and
profit (connection S) and the connections between DSOs’ allowed revenues/profits
and cost allocation through tariffs (connections A, B and C).
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Figure 1.4: Aspects covered by research question Q3 concerning the economic im-
pact of DG on DSO’s business, highlighted in red.

1.2 Objectives

The economic regulation of distribution business has become increasingly important
as a consequence of the recent electricity business restructuring and liberalization.
New challenges are emerging and are expected to grow in importance with DG
presence within distribution grids, in terms of both economic regulation of the
distribution companies and allocation of the grid costs to network users depending
on their cost responsibilities. Therefore, a reinterpretation of the key aspects of
economic grid regulation is needed to efficiently include DG in the new paradigm.

• Objective 1 is to evaluate the impact of DG on the distribution sector from
an economic point of view and elaborate regulatory recommendations for
adapting the different aspects of regulation to the new DG-driven context.
Objective 1 is the overall objective of the thesis. The objective is, in turn,
broken down into two more specific objectives, listed below as Objective 2
and Objective 3.

• Objective 2 is to develop a methodology for quantitatively and qualita-
tively estimating DG economic impact on different aspects of DSOs’ business



10 CHAPTER 1. INTRODUCTION

under different regulations and different scenarios of DG penetration, along
with elaborating regulatory recommendations to address the negative conse-
quences.

• Objective 3 is to develop a comprehensive analysis, from both a qualitative
and a quantitative point of view, of several issues arising within distribu-
tion tariff design due to DG integration, along with elaborating regulatory
recommendations to address the identified issues.

1.3 Scope

This thesis has a regulatory standpoint ; its focus is represented by DG economic
impact on the distribution business. However, mainly PV technology has been
considered for the case studies because it represents a quite emerging DG technology
and is commonly present in the grids in a widespread form, mostly at household
level, which serves well the purpose of the analyses. The focus of the analyses is on
distribution networks, since DG is by definition connected at distribution level.

The analyses of DSOs’ business are limited to the operational aspects of their
economic business, without taking into account the capital aspects of the electric-
ity business, i.e. investment-related issues. This choice confines the scope of the
analyses to the time horizon corresponding to one regulatory period, since a longer
time frame would be rather focused on planning and investment considerations.
Related to this last aspect, connection charging approaches, which both depend on
and affect DSOs’ investment decisions, are not taken into account when analyzing
tariffs, i.e. only Use of System charges are hereby investigated.

Finally, DG is an actor, subject to regulatory decisions and changes as much
as DSOs and consumers are. However, in the thesis it is rather considered as
the input factor which brings drastic modifications in the distribution traditional
paradigm and to which the distribution regulation needs to adapt in order to re-
move potential obstacles to appropriate cost recovery for distribution companies
and fair re-distribution of network costs among the grid actors. The regulatory
arrangements might, in turn, ultimately affect DG integration, as they determine
a positive or negative environment for DG.

1.4 Scientific contribution

The main contributions of the thesis are the following:

• C1: State-of-art review of regulatory frameworks for the integration of DG
in some EU countries and of methods to model regulation impact on DG
integration in distribution systems. For each regulatory framework, the main
critical issues concerning DG integration are identified.
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• C2: Novel method for calculating how DSOs’ economic incentive to integrate
DG varies with different scenarios of DG penetration and under different net-
work regulations. The method is based on the combination of DSOs’ economic
regulation with the technical performances of distribution grids. Special focus
is posed on network losses treatment, in order to allow for different regulatory
approaches from EU countries and consider the several issues related to losses
definition and calculation. The method focuses on the operational aspects of
the DSOs’ business and is applied to different EU economic distribution reg-
ulations.

• C3: Comprehensive and methodical review of the new challenges posed by
an increasing level of DG penetration within the distribution tariff design.

• C4: Novel methodology for analytically defining and quantifying the impact
of a pure volumetric tariff combined with net meters on cross subsidies be-
tween customers’ categories. The method is applied to several real-size grids
and scenarios of PV penetration. An overall contribution to tariff design
based on cost causality principle is made.

• C5: Methodology for the computation of cross subsidies between customers’
categories as consequence of DG partial exemption from distribution network
charges. The method is designed for Sweden and applied to it in a case study.

The proposed methods have been applied in different case studies. Table 1.1
illustrates the publications and chapters in which the different contributions are
presented.

Contributions Publications Chapters
I II III IV V VI 2 3 4 5

C1 X X
C2 X X X
C3 X X X
C4 X X
C5 X X

Table 1.1: Thesis contributions in the publications and chapters.

1.5 Thesis outline

The thesis is organized in two main parts, corresponding to the two main areas of
interest identified:

• Part I dealing with the effect of DG and regulation on the DSO’s allowed
reveue/profit, and
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• Part II dealing with distribution tariff structure and the effects of DG on
distribution costs allocation to the network users.

Fig. 1.5 illustrates this structure.

Figure 1.5: Thesis structure.

Part I

Chapter 2 reviews the most common practices within the economic regulation
of the distribution sector, as well as the potential impact of DG integration on dis-
tribution costs. Moreover, several proposals from the literature to take into account
DG in DSOs’ remuneration schemes are investigated, and a state-of-the-art review
of the methods from the literature to assess DG impact on distribution business
depending on regulation is provided. A research gap is, thus, identified in the lack
of a generally applicable method for testing DSOs’ economic regulations from a DG
integration perspective.

Chapter 3 proposes a method for quantifying the economic impact of DG in-
tegration on DSOs’ business under different DSOs’ remuneration schemes and DG
penetration levels. The different aspects of DSOs’ business are investigated with
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respect to DG, in order to assess DG incremental effects compared to a passive
network scenario.

Part II

Chapter 4 reviews the general current approaches to distribution tariffs, and
to DG distribution tariffs in different countries specifically. Different issues aris-
ing within distribution tariff design due to DG integration in distribution grids are
identified and analyzed. A review of tariff design methodologies discussed in the
literature attempting at taking DG into account in the rate design process is pro-
posed. The two main challenges related to DG exemption from network tariffs and
the combined adoption of pure volumetric tariffs and net metering are qualitatively
discussed.

Chapter 5 proposes quantitative analyses, which aims at defining and calcu-
lating cross subsidies that potentially arise between customers’ categories due to
an increasing amount of DG connected to distribution grids if current tariff design
methodologies are not modified to adapt to the new paradigm. The developed
methodology is based on the adoption of the cost causality principle, and Reference
Network Models are used to compute estimations of the different grid costs.

Finally, Chapter 6 concludes the thesis and provides discussion about areas
for future work.





Part I

DSOs’ economic regulation
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Chapter 2

DSOs’ economic regulation and DG:
research background

This chapter explains the background for research question Q1. It reviews the state
of the art of regulatory frameworks for distribution companies’ remuneration, with
a focus on DG integration and its technical and economic impact on the distribution
sector. Various modifications to traditional regulatory frameworks proposed in the
literature to take DG into account are reviewed as well. Moreover, the methods
proposed in the literature to model the regulatory impact on DG integration are
presented. A research gap is identified in the lack of a general methodology for
testing the impact of regulation on DSOs’ business when DG is connected to the
grids. Such gap intends to provide the motivation for the model and the analyses
presented in Chapter 3. Connections D, H and P in Fig. 1.1 from Chapter 1 are
investigated. Contributions from publications I and IV are presented in this chapter.

2.1 DSOs’ economic regulation

The electricity sector has undergone major changes in the last decades, most of
which are parts or consequences of restructuring, privatization and deregulation of
electricity systems. Started in Chile in 1982, the winds of deregulation have been
blowing towards several other countries, from UK and New Zealand first, to the
EU, the US and the rest of the world afterwards [15], [16]. While privatizing and
liberalizing generation and retail sectors, deregulation has not affected the status
of so-called natural monopolies acknowledged to grid-related activities within the
electricity sector, i.e. distribution and transmission. As such, these activities are
still operated as monopolies and, therefore, regulatory intervention is needed to
prevent potential monopolistic behaviors by network operators, such as charging
grid users with unnecessarily high prices or not ensuring an adequate level of quality
of supply [17].

17
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Transmission and distribution present inherently distinct characteristics: while
transmission business comprises comparatively few and very large-scale facilities,
distribution includes a much larger number and wider variety of components [12].
Therefore, they need to be regulated separately from each other. This thesis fo-
cuses on the distribution sector, as DG power plants are by definition connected to
distribution grids.

Distribution System Operators (DSOs) are granted concessions to own and oper-
ate distribution networks, under the responsibility of providing the networks with a
safe, secure, reliable, economical and efficient electricity distribution system. More-
over, they need to ensure that all reasonable demands for electricity are met, to
guarantee an adequate level of security of supply, offering connection to all appli-
cants in line with existing legislations, to keep distribution losses within prescribed
levels, and to manage different metering issues [12]. Thus, the technical functions
of network planning, development and construction, along with its operation and
maintenance, pertain to DSOs [12].

This chapter focuses on how DSOs are regulated from an economic point of
view. Firstly, the general characteristics of distribution economic regulation that
different regulations share are analyzed through a general DSOs’ business model in
2.1.1. Secondly, the differences in regulatory approaches among different national
regulations are reviewed in 2.1.2.

2.1.1 DSOs’ general business model

Fig. 2.1 [9] shows a summarizing model for DSOs’ money flows, where both DSOs’
revenues and expenditures are represented. The model attempts at being as general
as possible by identifying generally recognized categories of distribution costs in the
form of capital and operational ones.

In details, Fig. 2.1 shows, on its right-hand side, the share of distribution ex-
penditures devoted to grid investments and reinforcements (capital expenses), while
the remaining share includes costs related to other activities connected to grid op-
eration and maintenance. Among the latter, UoS charges are paid by DSOs to the
Transmission System Operator (TSO) for the energy exported to/withdrawn from
higher voltage networks, while ancillary services might be purchased from the TSO
or DG operators, depending on what the specific regulation prescribes . The costs
for network losses might have to be corresponded from DSOs to DG operators or
to large power producers. Operation and Maintenance (O&M) costs complete the
listing.

Although not shown in Fig. 2.1, distribution costs can be classified also as con-
trollable and non-controllable: controllable costs are subject to efficiency require-
ments (where in place), while non-controllable costs are not. Which costs are to
be considered as controllable and which ones as non-controllable depends on each
regulation. This aspect is more extensively dealt with in Section 2.1.2.
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Figure 2.1: DSOs’ business model [9].

On the left-hand side of Fig. 2.1, connection charges andUse of System charges(UoS
charges) are presented: their sum amounts to DSOs’ revenues. These charges might
be paid to the DSO by both consumers and DG operators, depending on the en-
forced regulation. While UoS charges are periodically paid for by customers for the
cost of the received service, connection charges are one-off charges, paid for just
once when users require network access. Moreover, connection charges for DG can
be either deep or shallow, depending on the DG owner paying for the direct cost of
the DG connection only or for the additional costs of upgrading the grids for the
DG unit to connect to it as well, respectively [14].

Note that, in this chapter and in Chapter 3, network charges are only considered
in their totality, as a tool for remunerating DSOs with their allowed revenues. Tariff
structure and methodologies for allocating network costs through these charges
represent the focus of Chapter 4 and Chapter 5.

2.1.2 Overview of the different regulatory approaches to DSOs’
remuneration

Three regulatory approaches to regulation of distribution companies’ profits are
traditionally recognized in the literature [18], [19]:

• Rate-of-return regulation

• Incentive-based regulation
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• Yardstick regulation.

Under a rate-of-return scheme (ROR), also known as cost-plus regulation, DSOs
have to report in detail their costs to the Regulator. Based on such costs, the Reg-
ulator defines a reasonable profit for the distribution company, namely the rate of
return, by setting a price for customers for the network use [8]. A typical formula to
calculate companies’ allowed revenues from projected costs under a ROR regulation
in year t is [20]:

RRt = OEt +Dt + Tt + (RB ·ROR)t (2.1)

where: RRt is the required revenue in period t, Dt is the depreciation expense
in period t, OEt represents the operating expenses in period t, RB is the rate base,
Tt is the tax expense in period t, and ROR is the rate of return.

ROR regulation turns out to have several drawbacks, ranging from general lack
of incentives for DSOs to reduce their costs and/or improve their efficiency, to
incentives to overinvest due to the guaranteed return [21]. Therefore, in order
to stimulate DSOs to operate their systems more efficiently, several regulations
are moving away from traditional rate-of-return towards incentive-based regulation
models [20].

Incentive-based regulation, also known as performance-based regulation, sets lim-
its (so-called caps) to the electricity prices that DSOs are allowed to charge their
customers, this way aiming at creating incentives for cost minimization [21]. The
cap is usually defined by the so-called CPI-X formula, which contains three main
elements [8]:

• A factor for inflation adjustments,

• Special adjustment factors, called Z factors, representing costs that are passed
on to consumers, such as taxes, and

• A general productivity factor X. This factor is adjusted over time and de-
pends on the productivity gains of the whole industry. If correctly set, the
X factor provides a high incentive for a network company to achieve a higher
productivity, since it allows the company to make more profits. Note that this
factor is only applied to DSOs’ controllable costs, mentioned in the previous
section.

Two main approaches within incentive regulation can be identified, namely price
cap and revenue cap regulations [8].

A typical price cap formula is [20]:

Pt = Pt−1 · (1 + CPI −X) ± Z (2.2)

where: Pt and Pt−1 are the price ceilings for period t and t-1 respectively; CPI
is the Consumer Price Index; X is the productivity factor, and Z is a correction
factor for events beyond the management control.
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A revenue cap regulation can be represented by the formula in [20]:

Rt = [Rt−1 + CGA · ∆Cust] · [1 + CPI −X] ± Z (2.3)
where: Rt and Rt−1 are the allowed revenues for period t and t-1 respectively;

∆Cust is the change in the number of customers; CGA is a customer growth
adjustment factor.

Both price and revenue cap regulatory schemes typically adopt an ex-ante ap-
proach, i.e. caps are set in advance for the next regulatory period [8].

Some drawbacks inherent to incentive-based regulations can be identified in
the literature. Firstly, the asymmetric information level between Regulator and
industry represents an issue for a correct setting of the X factor [8]. Secondly,
performance-based regulation may induce DSOs to underinvest in the short term;
this may lead to progressive deterioration of continuity of supply. As a solution to
this risk for potential underivestment, quality regulation can be applied in addition
to a performance based regulation scheme [21]. The way performance based and
quality regulation frameworks are set determines the incentive that DSOs will act
on and will thus affect the system reliability development [22]. Finally, the impact
of ROR and performance-based regulatory schemes on network innovation is com-
pared in [23]: on the one hand, performance-based regulation turns out to positively
shift the focus from innovation inputs to innovation outputs; this may lead to more
effective and efficient RD&D (Research, Development and Demonstration); on the
other hand, it increases the risk connected to RD&D investments for the regulated
company and, therefore, potentially reduces incentives for innovation. A hybrid
ROR and price-based approach is therefore proposed in [23].

Yardstick regulation represents a third category of traditional regulation ap-
proaches [24]. Note that yardstick regulation is sometimes regarded as a way of
benchmarking utilities rather than a regulatory scheme itself, therefore adopted as
a tool in incentive-based models [20].

By using regulatory benchmarking, each utility is rewarded based on its perfor-
mance compared to similar suppliers. The Regulator can adjust the performance
measures to allow for differences among suppliers in their operation conditions [25].

The formula in [20] presents the main elements of yardstick regulation:

Pi,t = αi · Ci,t + (1 − αi) ·
N∑
j=1

φj · Cj,t (2.4)

where: Pt is the authorized price cap for a firm for period t; α is the share of
firm’s cost information, Ct is the unit cost of the firm for period t, j and Cj,t are
respectively the revenue and the unit costs for peer group firms j, and N is the
number of firms in peer group.

The high variability characterizing utilities’ demand and cost functions is the
main problem of yardstick regulation [8]. Asymmetric information between the
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Regulator and DSOs, instead, can be reduced by choosing yardstick regulation over
other regulatory schemes. In fact, DSOs would not benefit by falsely reporting their
costs, since the assessment of their performance depends on the performances of all
the other utilities in the sector as well [26].

Note that, a transition period is usually needed for yardstick regulation to re-
move historical differences in companies’ inefficiency [21]. Moreover, national en-
ergy regulators are now focusing more on international benchmarking analyses for
setting price controls in incentive regulation. This is due to increasing interna-
tional mergers of energy utilities, and the consequent utilities’ data shortage, which
can be an issue for fulfill data requirements of the commonly used benchmarking
techniques [20].

An application of yardstick regulation can be seen in the Netherlands, where
price caps are based on the average efficiency improvement of the sector [27]. Sim-
ilarly, in Germany DSOs’s authorized revenues are set based on revenue caps; such
caps are set after benchmarking similar DSOs against each other [28]. A cost of ser-
vice regulation is still applied in Belgium [28]. Finally, different regulatory schemes
can be applied to capital and operational costs [12]. In Italy, for example, opera-
tional expenditures are regulated on a price cap basis, while capital expenditures
on a rate-of-return one [29].

2.2 Potential impact of DG on distribution costs and
benefits

Some studies on how to assess the impact of DG integration on distribution costs
can be found in the literature.

This section starts with a review of distribution costs that are potentially af-
fected by DG integration. DG impact is not univocally predictable, as it turns
out to be highly case-dependent. The main factors that can affect DG effects on
network costs are hereby investigated.

2.2.1 DSOs’ costs potentially affected by DG

DG impact has been extensively studied and classified. One of the most exhaus-
tive categorizations is provided in [11], where DG costs and benefits are first dis-
tinguished, and for each category energy-related and network-related effects are
identified. Energy-related aspects mainly concern DG contribution to peak load
reduction, balancing, reserve and security of supply. In this thesis, however, energy-
related consequences of DG integration are not investigated, as DSOs are considered
as network operators only. Moreover, instead of defining DG impact in terms of
costs and benefits, only costs are considered and DG impact assumed to be either
positive or negative, when it decreases or increases such costs, respectively.
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Some of DG potential effects on distribution costs have been identified in the
literature. They are hereby classified according to the time scales they refer to:

(A) Initial network investments might be needed to accommodate power injections
from DG [30]. This represent a capital cost, consisting of the upgrade of
circuits and substations in rural networks, and switchboards replacement in
urban networks [31],

(B) Variations in the costs for distribution operation and maintenance can be
caused by DG integration in the grids, associated to network losses modifi-
cation, need for more sophisticated voltage control schemes and more complex
protection devices, arising of new voltage quality issues, maintenance of relia-
bility of supply in case of DG failures [30], and

(C) Long-term network planning may undergo many changes. With respect to this,
DG might represent a strategic variable or an additional factor of uncertainty,
depending on whether DG installation is under DSOs’ control or not [30]. In
fact, long-term network planning may take advantage of DG potential to defer
distribution investments. Article 14/7 of the EU electricity directive specifi-
cally refers to this, as it requires DSOs to consider DG as an alternative to
network expansion [32]. The benefit that would derive from this investment
deferral is defined in [33] as capacity replacement value and it is due to smaller
electricity flows from higher to lower voltage levels that DG integration might
result in. In fact, this can postpone the need to reinforce the system in case
of load growth or reduce the investment required in case of equipment re-
placement [33]. However, adequate frameworks are needed to encourage DG
integration within grid network planning, thus avoiding potential inefficiencies
in electricity supply infrastructure [34].

The focus of this thesis is on cost area B.

2.2.2 Factors affecting DG impact on DSOs

The actual impact of DG integration on distribution costs depends on several fac-
tors. The most relevant ones are identified in [9]:

• DG penetration and concentration,

• network characteristics and dynamics in the distribution networks, e.g. elec-
tricity demand growth and need for network asset replacement,

• network management, and

• DG technology.

DG penetration can be defined, among others, as ratio between DG peak power
injection into the network to the peak demand. DG concentration takes into account
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whether DG units are connected to the same bus or to several buses of the network
[30]. According to [30], network reinforcement costs tend to be zero for low DG
penetration levels and progressively increase for higher levels of DG penetration and
higher DG concentration. Energy losses tend to decrease with low DG penetration
levels and to increase for a higher DG penetration [30].

DG concentration along the feeder has also important consequences on invest-
ment deferrals. In fact, the more dispersedly DG units are located along the net-
work, the better their impact, because of a higher DG total availability and more
complementary energy production patterns from DG units [30].

Another important aspect in the challenge of integrating more DG is the way
distribution networks are managed [9]. With this respect, passive and active net-
work management are to be distinguished. Under a passive network management
(or so-called “fit and forget” approach), network upgrade investments based on peak
DG output are undertaken when DG connects to the distribution network and any
electricity production from the unit is taken as given [9]. A totally different ap-
proach is provided with an active network management philosophy [35], based on an
active involvement of both consumers and DG, as well as on the use of innovations
on power equipment and information and communication technology to achieve
more efficiency in the use of distribution network capacity. In the specific case of
new DG units’ connections, an active DSO is able to recognize the network contri-
bution of electricity consuming and producing entities in its network planning, and
consequently include it in its investment decisions [9]. Reinforcement costs turn
out, in most cases, to be lower under an active network management than a passive
one [36].

Finally, DG type is of great relevance for the analysis of DG impact on network
costs. A higher or lower variability in DG units’ output affects network capacity and
energy losses [37], with different effects for rural and urban networks [36]. Moreover,
the effects of DG technology on investment deferral can be different: results show
that photovoltaic and CHP plants have a more positive impact than wind turbines,
as the latter is characterized by a highly random energy production [30].

In [7], an illustrative overview of how long-term distribution costs vary depend-
ing on voltage level at DG connection points, technology and size of DG units,
interactions between demand and generation, and geographic areas is provided by
adopting Reference Network Models (RNMs) to simulate grid planning with DG
units for three areas in Germany, Spain and the Netherlands. Results show that
DG impact on distribution costs varies with all the mentioned factors.

2.3 DSOs’ economic regulation and DG: innovative
proposals

As already mentioned, DG is changing the traditional paradigm of distribution
described in Section 2.2.1 as A to C.
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DG is also considered as one of the main pillars of the wider smart grids con-
cept [38]. Several studies on smarter regulations for smarter girds can be found,
among others [39] and [40] which include, along with DG, energy management sys-
tems, power electronics, smart consumption, smart meters, information and com-
munication technologies [41]. However, the focus of this thesis is on DG integration
only.

Attempts to include DG as a revenue driver for DSOs’ remuneration have been
made. Even though they are not a methodical approach for acknowledging DG-
driven costs, they represent a first attempt to take DG into account in the re-
muneration formulas of distribution companies. These DG-adapted remuneration
formulas are proposed in [33]:

(1) Rt = Rt−1 · (1 + CPI − X) + y% · IDG
t , where a pass-through factor y% is

added to a revenue cap formula. This factor represents the share of eligible
DG related investments and IDG

t is the total eligible DG related investments
in the distribution networks in year t. The product y% · IDG

t represents a
compensation for a potentially negative impact of DG on the regulatory asset
base (RAB). Case studies in [33] indicate that the y% parameter it should be
set equal to less than 100%, in order to leave some economic incentive for the
DSOs to limit these investments. More in detail, since DSOs’ costs from DG
actually tend to increase as the levels of DG increase, y% can be modeled as
a function of the level of DG penetration in the system. Thus, the higher DG
penetration level, the higher the compensation factor. The formula, however,
takes into account only DG influence on DSO’s CAPEX and neglects the effects
of DG on OPEX, mainly connected to distribution losses.

(2) Rt = Rt−1 · (1 + CPI − X) + γ1 · kWDG + γ2 ·MWhDG , where γ1 and γ2
are the unit increments of DSOs revenues due to DG connected capacity and
DG injected energy, respectively [42]. Some numerical experiments have been
carried out in [33] in order to find the best values for γ1 and γ2: they show that
γ1 should be stable, while γ2 should increase with DG penetration level. γ1 is
in the range of 1 to 3 e/kW, and γ2 in the range 0 to 3.5 e/MWh. However,
since the impact of DG strongly depends on DG penetration level, these values
should be determined case by case for each country’s regulatory framework [33].

(3) Rt = Rt−1 · (1 + CPI −X) + y% · IDG
t + F ·MWhDG takes into account DG

impact on both OPEX and CAPEX. Only the product F ·MWhDG is a direct
revenue driver for integrating more energy production from DG (MWhDG).
From the analysis carried out in [9], the values of 50% and 2 e/MWh are
proposed for y% and F respectively.

In line with the described regulatory formulas, the following recommendations
of alternative regulation of DSOs taking DG in better account are proposed in [43]:

• Allowance for DG in the regulated asset base and allowable OPEX,
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• allowance for DG by way of a new component in quality of service performance
regulation,

• allowance through including DG penetration as a factor in the productivity
benchmark analysis,

• allowance outside the benchmarking procedure, through z-factor, and

• allowance for DG by way of direct revenue driver.

Additionally, innovative proposals can be found in [39] for DG inclusion as a cost
driver in benchmarking procedures.

Note that, all the reviewed formulas refer to revenue cap regulations. In fact,
DG-driven potential additional costs do not represent an issue when ROR regula-
tion is applied instead, since including additional costs in the remuneration formula
is more straightforward under a ROR regulation than under incentive-based and
yardstick regulations.

2.4 Modeling the impact of regulation on DG integration

Assessing the impact of economic grid regulation on different aspects related to DG
integration is needed among Regulators. This calls for methods that can be used to
model this regulatory impact on different actors in the distribution business in order
to be able to predict the consequences of a regulatory regime prior to enforcing it.
Different modeling approaches from the literature are reviewed in this section.

Several works propose conceptual analyses of regulatory approaches to distribu-
tion economic regulation, with a focus on their impact on DG integration. Among
them, in [44] the interactions between both policy dimensions of support schemes
and network regulations, and DG integration are investigated. In [10], analyses
of how traditional DSOs’ regulation has to be improved to accommodate higher
levels of DG are proposed, centered on schemes for DSOs’ revenue compensation
to consider incremental network costs due to DG, distribution network planning
integrating DG, DSOs’ incentives for improving network performance with active
integration of DG, as well as design aspects of DG connection and Use-of-System
charges. In [45] and [46], background studies on several network regulations are
presented from the perspective of their interactions with DG. In [47], interactions
between energy policy and distribution regulation are analyzed with a focus on
lower-carbon objectives in UK:

However, no modeling approach for quantitatively assessing the regulatory im-
pact on DG integration is proposed in the mentioned studies.

A game theoretic approach has been applied to network regulation in [21], where
an integrated yardstick, price-cap and quality regulations scheme is considered, and
the interactions between the Regulator and some DSOs are performed as a Nash
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Game. The aim of the game is to analyze how DSOs would react to the application
of a specific regulation. The following characteristics define this model:

• Agents of the game: the Regulator, and n different DSOs,

• Differences in the roles of regulator and DSOs: the Regulator has a pas-
sive role, consisting on applying a regulatory benchmarking rule, while the
DSOs have an active role in deciding their own investments in new efficiency-
enhancing technologies,

• Pay-off functions for the actors: the regulator aims at the maximum benefit
for the society, while DSOs want to maximize their utility functions by setting
a certain level of investment,

• Nash equilibrium: it is “reached when none of the DSOs can do any additional
changes in the cost reduction target to increase its profit if others do not
change theirs. The existence of Nash equilibrium is assumed and verified
ex-post”, and

• Potential elements of uncertainty or partial knowledge:

– Information available to the regulator on current efficiency/cost levels of
the DSOs, and

– Information available to each DSO on the efficiency level of competitors.

A five DSO-game is presented during three price reviews of two regulatory peri-
ods, the first of which represents a transition period and the second is the downright
yardstick competition period. Finally, several indicators are used for analyzing the
regulatory scheme, such as reliability improvement, price reduction, cost reduction
change of DSOs’ surplus and total social surplus. However, the DG presence has
not been considered.

A second relevant modeling approach is presented in [9], where a combination of
two different models is deployed. The first model represents DSO’s financial position
and is integrated into a load flow-based generic distribution network model, as
shown in Fig.2.2. The generic distribution network model is based on an “average”
UK distribution network topology and design, consisting of cascading low voltage
networks with substations and transformers between each other.

As for the DSO’s financial model, it is assumed to have three main characteris-
tics:

• The model is incremental, as it neglects “business as usual” costs and revenues,
but it only focuses on the incremental costs and revenues caused by a DG
increase in the network,

• The model is dynamic, as it involves different regulatory periods, and

• A revenue cap regulation is applied.



28
CHAPTER 2. DSOS’ ECONOMIC REGULATION AND DG: RESEARCH

BACKGROUND

The following case parameters are then used to test the impact of increasing
DG penetration on DSOs’ financial position: different levels of DG in the network,
different concentration levels for DG units, different levels of less controllable types
of DG, different network topologies and different types of network management.

Figure 2.2: Combination of a network model and DSO’s financial model.

However, the DSO’s business model does not provide enough details on how the
different calculations are carried out. This model, in fact, has not been designed for
comparative purposes. Moreover, it considers the different regulatory schemes as
regulatory categories, such as revenue-cap or price-cap regulations, without focus-
ing on their application at a national level, which would translate e.g. into different
calculation methodologies that need to be taken into account in a quantitative anal-
ysis. Finally, it does not provide a structured analysis of network losses treatment.
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2.5 Research gap and conclusions

This chapter has first explained the context for distribution economic regulation, the
motivation for regulating the distribution sector and a general business model for
distribution companies, valid for all different types of network regulations. How-
ever, regulations vary from country to country, depending on network and load
characteristics, available expertise within regulatory bodies and regulatory tradi-
tions. This translates into a variety of different approaches to DSOs’ economic
regulation, the most important being: rate-of-return, incentive-based and yardstick
regulations.

Distribution grids have been traditionally planned and operated to serve loads,
i.e. not including any generation at distribution level; likewise, the economic regu-
lation of the distribution sector has been traditionally designed without any form
of distributed generation in mind. However, DG is increasingly present in dis-
tribution networks, and is affecting distribution planning and operation, this way
potentially causing increased or reduced costs than in a traditional passive network
scenario. DSOs’ economic regulation needs to acknowledge and adequately include
these costs in the respective remuneration schemes. These are the main conditions
for achieving an efficient DG integration (according to Def.1.1).

In order for changes in the currently adopted regulations to be implemented,
however, Regulators need models for testing the economic impact of regulation itself
on DSOs under different scenarios of DG penetration. A review of the models cur-
rently available in the literature, carried out in Section 2.4, has identified a research
gap in the lack of generally applicable models, able to translate into quantitative
analyses the conceptual frameworks produced to date.

The following Chapter of this thesis proposes an innovative methodology to
quantitatively assessing the impact of regulation on DSOs’ economic incentive to
integrate DG in their grids.





Chapter 3

Assessing DG impact on DSOs’
business

This chapter attempts to address research question Q1 by proposing a novel method-
ology for analyzing the impact of distribution economic regulation on the economic
incentive for DSOs to integrate DG. This method contributes to fill the research gap
identified in Chapter 2. The definitions and assumptions the method is based on
are explained, as well as their impact on the method’s characteristics. Some case
studies and simulation results are presented. Discussion and policy implications of
the obtained findings conclude the chapter. Connections D, H and P in Fig. 1.1
from Chapter 1 are investigated. Contributions from publications II and IV are
presented in this chapter.

3.1 Proposed methodology

The proposed methodology calculates how DSOs’ economic incentive to integrate
DG varies with different scenarios of DG penetration and distribution economic
regulations. Such economic incentive is computed as difference in DSOs’ profit
between each DG scenario and a base case scenario where no DG is connected to
the grid.

The main contribution of the method is the combination of DSOs’ economic
regulation with distribution grids’ technical performances. Specific attention is
given to the treatment of network losses, in order to allow for different regulatory
approaches from EU countries and consider several issues connected to losses defi-
nition and calculation. The method focuses on DSOs’ operational costs.

31
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3.1.1 Definitions, assumptions and characteristics

The definitions and assumptions the method lies upon are enumerated and ex-
plained in this section, together with their impact on the method’s characteristics.

3.1.1.1 Definitions

Three definitions adopted in this chapter are hereby presented:

Definition 3. The regulatory period is a pre-defined period of time for which
DSOs’ remuneration is set by the Regulator. Such remuneration is set based on
the DSO’s initial allowed revenues, in turn set ex-ante at the beginning of this
period [48].

The length of the regulatory period varies from country to country, ranging from
one year e.g. in Denmark [49] up to eight years e.g. in Great Britain [50].

Definition 4. DG penetration level is the ratio of DG mean power to the de-
mand peak power [30], according to Eq. 3.1:

DG penetration =
DG capacity factor ·DG installed capacity

demand peak power
(3.1)

DG capacity factor in Eq. 3.1 is the ratio of DG energy produced to the energy
that would have been produced if the DG unit had operated at continuous full
power during the same time interval.

Definition 5. The regulatory lag is the time interval between the beginning of
the regulatory period and a mid-term tariff adjustment. Such adjustment is meant
to modify the enforced tariffs when the actual demand is lower or higher than the
one forecasted at the beginning of the regulatory period [12].

Not all regulations include a regulatory lag. Moreover, the year of the reg-
ulatory period in which the regulatory lag takes place differs from regulation to
regulation [12].

3.1.1.2 Assumptions

The main assumptions behind the method are clarified:

• A1: The approach adopted in the method is incremental, i.e. calculations
aim at showing the differences in DSOs’ business between each scenario of
DG penetration and the base case scenario (with no DG connected to the
grid). Therefore, only cost elements that DG might have an impact on are
considered.
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• A2: No network upgrade or reinforcement is needed to accommodate DG, or
alternatively deep connection charges are applied to DG units’ connections.
From this method’s perspective, these two assumptions are equivalent as they
lead to the same modeling characteristics.

• A3: DSOs have no possibility to control DG production in the grid, i.e. DG
production is taken as given and no active management action is performed
with this respect by DSOs.

• A4: DSOs are network operators only, i.e. they are totally unbundled from
retailers. This is in line with the EU Directive 2009/72/EC [51].

• A5: Subsidies to DG, such as feed-in tariffs, have no impact on DSOs’ business
(intended as grid business only).

• A6: Distribution Use of System (DUoS) and Transmission Use of System
(TUoS) charges are composed of the following elements: an energy tariff
(charged based on kWh of consumed energy) and a capacity tariff (collected
on the maximum peak consumption measured during a predetermined typical
peak period) [8].

• A7: DG is not subject to DUoS charges. This is the case in most of EU
countries [14].

• A8: Measurement or correct estimation of network losses are available, i.e.
losses calculation is assumed to be a direct result of load flow analyses. In
reality, on the contrary, in most of the cases losses cannot be measured, es-
pecially in distribution networks where usually no continuous metering of
consumption and generation is available [52].

• A9: Only one regulatory period is analyzed and the possible connections with
the next one are not considered.

3.1.1.3 Characteristics

DSOs’ revenues and expenditures are related to capital and operational aspects of
their business, as explained in Chapter2. Fig. 3.1 is a summarized version of Fig.
2.1 in Chapter 2: it contains a selection of the cost/revenue elements directly taken
into account in the proposed methodology or neglected based on the assumptions.

Fig. 3.2 illustrates the links between the assumptions made and the method’s
characteristics; the latter are listed in the following:

• C1: Connection charges for DG units are not considered. This stems from the
combination of assumptions A1 and A2. In fact, no network reinforcement or
upgrades are assumed to be needed to connect DG units, or deep connection
charges applied to DG (assumption A2). This translates into no economic
impact from DG connections on any actor in the first case, and economic
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DSO

CAPITAL ASPECTS:

OPERATIONAL ASPECTS:

Revenues:
Connection charges 
(from consumers and 
DG)
DUoS charges (from 
consumers and DG)

Costs:

Grid extension/upgrades

Revenues:
DUoS charges (from 
consumers and DG)
Network losses 

Costs:
TUoS charges (to the 
TSO)
Network losses 
O&M 

Figure 3.1: Overview of DSOs’ revenues and costs potentially affected by DG inte-
gration and taken into account in the method

impact on DG units only in the second case, which means that there would be
no impact from connection charges-related revenues on the DSO. Therefore,
as the method is incremental (assumption A1), connection charges do not
represent a relevant factor for DSOs’ business.

• C2: Extension and reinforcement costs are neglected as a consequence of A1
and A2, according to the same rationale explained for C1.

• C3: Business-as-usual costs are neglected. Such expression refers to the costs
and revenues that characterize DSOs’ business in a scenario without DG.
Neglecting them in the analyses stems from assumption A1 of only considering
the incremental effects of DG on DSOs’ business.

• C4: Non-technical losses are not included. Non-technical losses are usu-
ally due to theft or non-metered consumption, and they differ from technical
losses, occurring in lines and transformers [52]. According to assumption A1,
they are therefore neglected as DG only has an impact on technical losses.
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Connection charges Extension/
reinforcement costs

Business as usual 
costs Non-technical losses 

CHARACTERISTICS 
(neglected aspects)

Incremental approach
(A1)

No need for grid reinforcement 
due to DG, or deep connection 

charges applied
(A2)

ASSUMPTIONS

Figure 3.2: Model assumptions and its effect on model characteristics.

From the listed characteristics it emerges that only the operational aspects of
DSOs’ business are considered in the method. Assumptions A3 to A9 are directly
implemented in the method’s steps.

3.1.2 Model description

The proposed method is composed of a network model and a regulatory model, as
the flowchart in Fig. 3.3 illustrates. The method consists of six steps, indicated as
A to F and explained in the following. The method is designed to be as general as
possible, i.e. applicable to test any regulatory framework. The network regulation
considered translates into different parameters for the calculations.

(A) Scenarios definition: DG scenarios are based on Def. 4. S0 corresponds to the
base case, with no DG connected to the grid; the other scenarios Si correspond
to different DG penetration levels.

(B) Inputs: The inputs to the network model are:

• Network data: network structure and components.
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• Load data: hourly representative active and reactive power load profiles
at each node.

• DG production data: hourly representative active and reactive power
production data at each node.

The inputs to the regulatory model are:

• Losses definition, i.e. whether losses are calculated as a percentage of the
input energy (at the substation) or output energy (at the load points).

• Metering system, i.e. whether net metering and net accounting are applied
or not.

• Payment from the DSO to the TSO (Transmission System Operator) for
the energy exchanged with the feeding grid, i.e. whether such a payment
is a pass-through cost from the DSO to consumers or not.

• Structure of network tariffs to be paid by consumers.

• DSO’s O&M costs as a function of DG penetration (if available).

• Information on the possibility for the DSO to adjust the tariffs during the
regulatory period.

• Type of regulatory incentive to reduce network losses. The main ap-
proaches with this respect are summarized in [52]:

(i) No incentive for losses reduction,
(ii) Penalty/reward mechanism for the DSO, for actual losses higher or

lower than reference values,
(iii) Allowed rate of losses included in customers’ tariffs up to a certain

percent, and
(iv) Yardstick regulation, in which losses are included as a variable in

the regulatory benchmarking analyses. However, note that the ap-
plication of a yardstick regulation does not preclude Regulators from
implementing additional incentives for losses reduction, such as the
ones mentioned in ii and iii; both these elements are present for
instance in the Norwegian distribution regulation [52].

(C) Network model : It represents the distribution network. Load flow analyses are
performed and their results used as inputs to the regulatory model.

(D) Regulatory model : It feeds the network model with the methodology for losses
computation during load flow analyses. In fact, different definitions are adopted
for network losses by different regulations [52]. The main objective of the
methodology is to compute the difference in DSOs’ profit between each sce-
nario of DG penetration and the base-case scenario.

This difference is defined in terms of the incentive for DSOs to integrate DG,
∆I, and computed according to Eq. 3.2:
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∆I = ∆IDUoScharge + ∆ITUoScharge + ∆Ilosses + ∆IO&M (3.2)

The four components of ∆I are associated to DUoS charges, TUoS charges,
network losses and O&M costs, respectively. The connections between inputs
and outputs of the regulatory model are explained:

• If net metering/net accounting is applied at each load point, a poten-
tial decrease in the net demand can occur due to DG production. This
would have an impact on ∆IDUoScharge. ∆IDUoScharge is computed as
the difference between the income from DUoS charges for scenario i and
the one for the base case scenario. The calculation of the two incomes is
based on the adopted tariff structure. If net metering/net accounting is
not applied, DG would have no impact on the component of the DSO’s
income connected to the network users’ tariffs, i.e. ∆IDUoScharge = 0.

• If the DSO is charged for the usage of the feeding grid, ∆ITUoScharge

would represent a cost for the DSO. DGmight have an impact on such cost
since it affects the amount of energy exchanged between the distribution
and transmission grids [53]. This impact might be represented for example
by an additional fee the DSO has to pay to the feeding grid owners if the
amount of exchanged energy is higher than the contracted one, or simply
by a variation in the component of the TUoS charge related to the amount
of energy exchanged with the transmission network.

• If TUoS charges are a pass-through cost from the DSO to consumers, DG
potential effects on the amount of energy exchanged with the transmission
grid would be directly transferred to consumers and included in the DUoS
charges.

• The relation between network losses treatment and the regulatory model
is explained for different cases:
– If no incentive for losses reduction is provided by regulation, then

∆Ilosses = 0;
– If a penalty-reward mechanism is enforced, ∆Ilosses represents a cost

or revenue for the DSO, depending on wether actual losses are higher
or lower than their reference value; ∆Ilosses = 0 if actual losses fall
in the so-called dead band or touch cap or floor values.

– If an allowed rate of losses is included in customers’ tariffs up to a
certain percent, ∆Ilosses represents a cost for the DSO or is equal to
0, depending on losses being higher or lower than the allowed rate.

– If losses are included as a variable in regulatory benchmarking anal-
yses within a yardstick regulatory framework and no other incentive
for losses reduction is implemented, ∆Ilosses = 0. However, losses
might have an impact on the DSO’s efficiency factor, the so-called X
factor, in the next regulatory period.
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• Data provided by DSOs (if available) are used to model ∆IO&M as a
function of DG penetration level.

• The information on the possibility to adjust tariffs after the regulatory
lag is used in the model for the income calculation in the year when the
regulatory lag applies. This adjustment can be provided for in order
to compensate for the difference between the load forecasted before the
regulatory period (based on which, tariffs are usually set) and the actual
demand. The adjustment is usually allowed by revenue-cap regulation,
but not by price-cap regulation [8]. The tariff adjustment in this analysis
is modeled in a simplified way as in Eq. 3.3:

Adj Tariff = 1 +
Exp Revenue−Act Revenue

R− (rl − 1) · n
· Init Tariff (3.3)

where Adj Tariff and Init Tariff represent the DUoS charge applied after
the year of the regulatory lag and before it, respectively. Exp Revenue
and Act Revenue represent respectively the expected and actual revenues
from DUoS charges during the first years of the regulatory period up to
the year corresponding to the regulatory lag. R is the regulatory period
length, and rl the year the regulatory lag takes place in. Finally, n is
the total number of end consumers in the grid. The tariff adjustment is
designed in such a way that the difference between DSO’s expected and
actual income from DUoS charges during the first years of the regulatory
period (due to a change in the demand, compared to the one forecasted
at the beginning of the period) is compensated for in the remaining years
of the regulatory period and split among all the customers. It is assumed
that the tariff adjustment is not going to compensate for any further
change in the demand in the years after rl. In fact, it is reasonable to
expect that such compensation is taken care during the next regulatory
period.

(E) Estimate of the yearly incentive: The model in Fig. 3.3 is implemented in
Matlab. After running the network and the regulatory models, a calculation of
the DSO’s income changes is performed for every year j and for every scenario
i compared to the base case is carried out. Such change is interpreted as the
incentive for the DSO to integrate more DG into its own grid. A negative
incentive can correspond either to additional costs or to reduced revenues for
the DSO.

(F) Calculation of the incentive over one regulatory period : The results from the
different years of a regulatory period are summed up in order to obtain, for
every scenario i, the total incentive for the DSO to connect the DG power
plants, as well as a trend of how the dynamically changes in the different years
of one regulatory period.
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Figure 3.3: Flowchart describing the proposed method.
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3.2 Case studies

Portuguese, Danish and Swedish regulations are tested by using the proposed
method. The network regulations considered refer to the years 2012-2014 for Por-
tugal, 2012 for Denmark and 2012-2015 for Sweden. The scenarios and the inputs
to the case studies are presented in this section.

(A) Scenarios definition PV power plants represent DG. The three initial levels of
PV penetration assumed for the analyses, according to Def. 4, are:

• Scenario 0 (base case): no PV in the grid.

• Scenario 1: low PV penetration, equal to 10%.

• Scenario 2: high PV penetration, equal to 20%.

Two case studies are performed:

(1) The PV penetration level is assumed for the three scenarios to be constant
over the analyses, and equal to the initial penetration level, and

(2) The penetration level is assumed to linearly increase every year for Sce-
narios 2 and 3, up to 120% of the initial value at the end of the regulatory
period.

(B) Inputs

• Network data: The IEEE 34-node Test Feeder is used [54]. The network
model corresponds to an actual feeder in Arizona, operated at 24.9 kV
and whose substation is rated at 2500 kVA [55].

• Load data: 144 hourly profiles are adopted to approximate one-year load
profiles. Household profiles from [56] are used as representative profiles
for 24 hour loads during winter, spring (or autumn) and summer seasons,
for a typical weekday and weekend for each of the seasons, respectively.
All the profiles correspond to domestic customers with a contracted power
of 3 kW each.

• DG production data: PV power plants are considered. The hourly pro-
duction data correspond to the same 144 scenarios used for the loads over
one year.

The input parameters to the regulatory model for the three regulations are
displayed in Table 3.1:

The regulatory details for the case studies are specified in Paper IV.
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Portugal Denmark Sweden

R (years) 3 1 4

rl (years) 2 - -

Net metering No Yes Yes

TUoS charges Pass-through Pass-through Pass-through

Losses definition % of output % of input % of input

Losses treatment Reward-penalty Market price No incentive

O&M costs Not Available Not Available Not Available

Table 3.1: Overview of regulatory parameters.

3.3 Results and discussion

Numerical results from the case studies are proposed in Table 3.2 in terms of incre-
mental incentive for DSOs over one regulatory period to integrate PV in the two
PV penetration scenarios, and for constant and linearly increasing PV penetration
compared with the base case.

Qualitative results are presented in Table 3.3 for low and high PV scenarios, i.e.
with no distinction between constant and linearly increasing penetration. In fact,
qualitative trends for the different variables do not vary between these two cases.

Tables 3.2 and 3.3 illustrate the following results:

• DG has no impact on DSOs’ business with respect to TUoS charges, since
these charges are a pass-through cost to consumers for the three regulations, as
well as for most of national regulations worldwide [57]. This aspect of current
regulations can be explained by the fact that the amount of energy exchanged
between distribution and transmission grids represents a non-controllable cost
for DSOs. However, some leeway is still available to DSOs in terms of maxi-
mum power contracted with the TSO, typically corresponding to the capac-
ity component of TUoS charges. The decision on what maximum power to
contract involves some risk management issues and can become increasingly
crucial if higher levels of DG penetration are reached.

• DG impact on ∆IDUoScharge is non-zero when net metering is adopted, e.g.
in Denmark and Sweden, and equal to zero in Portugal where the amounts of
energy consumed and injected at each load point are metered and accounted
separately from each other. Problems arise due to a reduction in utilities’
income from network tariffs when a large amount of self-production units is
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∆I
component

PV
scenario

Portugal Denmark Sweden

Constant PV

DUoS
charge

S1 0 -120 −5.2 · 103

TUoS
charge

S1 0 0 0

Losses S1 6.6 · 106 1.99 · 103 0

DUoS
charge

S2 0 -168 −6.58 · 103

TUoS
charge

S2 0 0 0

Losses S2 −5.4 · 106 −1.9 · 103 0

Total S1 6.6 · 106 1.9 · 103 −5.2 · 103

Total S2 −5.4 · 106 −2.1 · 103 −6.5 · 103

Linearly
increasing PV

DUoS
charge

S1 0 - −5.2 · 103

TUoS
charge

S1 0 - 0

Losses S1 6.6 · 106 - 0

DUoS
charge

S2 0 - −6.5 · 103

TUoS
charge

S2 0 - 0

Losses S2 −2.9 · 106 - 0

Total S1 6.6 · 106 - −5.2 · 103

Total S2 −2.9 · 106 - −6.5 · 103

Table 3.2: Numerical results. Components of ∆I expressed in e.

connected to the grids and a combination of net metering with volumetric
DUoS charges adopted. This risk is connected to the fact that network costs
are mainly capacity-driven, and this kind of charges is not able to reflect
network costs adequately. Regulatory measures towards more cost reflective
tariffs are therefore needed. This aspect is analyzed in Chapters 4 and 5.
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Portugal Denmark Sweden

Low PV

Losses value Decrease Decrease Decrease

Losses economics Reward Reward No impact

Net consumption No change Decrease Decrease

Net consumption
economics

No impact Penalty Penalty

High PV

Losses value Increase Increase Increase

Losses economics Penalty Penalty No impact

Net consumption No change Decrease Decrease

Net consumption
economics

No impact Penalty Penalty

Table 3.3: Qualitative results

• DG has no impact on ∆Ilosses in the Swedish case, since no incentive for
losses reduction is provided by regulation, whereas for Portuguese and Danish
cases ∆Ilosses is positive in Scenario 1 and negative in Scenario 2. This
result depends on that losses are lower in Scenario 1 and higher in Scenario 2
compared to Scenario 0. This result is consistent with the U-shaped trajectory
of network losses as a function of DG penetration [31]. Results from Portugal
strongly depend on that losses values in the specific case study fall above the
reward-penalty mechanism cap for different scenarios.

From a policy perspective, the existence of regulatory mechanisms targeting
losses reduction objectives is expected to trigger a reaction from DSOs in terms
of different network design strategies: losses reduction can be mainly achieved by
means of a higher network spare capacity which in turn is most likely a consequence
of a network planning approach that places a higher weight on losses reduction
objectives. However, in order for this to occur, losses reduction mechanisms need
to be designed such that it is more economically and technically convenient for DSOs
to meet the new targets than being charged (or not rewarded) for not achieving
such objectives.

Sensitivity analyses are performed by using predominantly industrial load pro-
files, in order to compare the results with the ones obtained with predominantly
residential loads. Results considerably change when a different load profile type is
utilized, as industrial load profiles better match PV production profiles. This has
consequences on the total net consumption, which turns out to be reduced com-
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pared to the domestic load case. Consequent income reduction for the DSO from
DUoS charges, on the one hand, and a reduction of the losses values translating
into a positive economic impact on the DSO when regulation allows to reap the
benefit of such a reduction, on the other hand, can be observed.

The results produced by this method are mainly affected by the duality of con-
trollable/non controllable costs. Only those costs regarded as controllable can be
subject to incentive mechanisms for cost reduction or efficiency improvement. As
shown in the case studies, some regulations treat as controllable the same costs that
other regulations consider uncontrollable; moreover, the incentives, when in place,
can be of different types for different regulations. Regarding some costs as non
controllable or subject to incentive depends on the policy objectives and regulatory
priorities, and regulatory schemes represent the instruments that make such objec-
tives and priorities applicable. Similar connections will be identified in Chapter 4
with respect to policy objectives and tariff methodologies.

3.4 Conclusion

The results from the case studies confirm the discrepancy of interests that may arise
under standard regulatory frameworks and may generate issues in the interactions
between DG and DSOs [39]. In order to prevent these issues, the additional costs
DSOs face due to DG need to be systematically taken into account, and negative
incentives resulting from a self generation-driven volume reduction neutralized [39].

Not including DSOs’ capital aspects in the analyses might have implications on
the type of policies that can be assessed by using the proposed methodology, as
well as on the time-frame in which analyses present validity. On one hand, opera-
tional and capital expenditures are usually regulated independently of each other,
sometimes even by adopting different regulatory schemes; therefore, the fact of only
considering operational aspects does not make the methodology less applicable to
most of existing regulations. On the other hand, network operation and invest-
ments are in reality often interconnected: this is the case, among others, of DG
impact on network losses, that can be either assessed from an operational point of
view only, leading to some results in terms of DG impact on DSOs’ business (losses
increase/decrease), or by including capital aspects as well, with potential different
results if e.g. a DG-driven investment in a new line is included in the analyses.
However, since a new investment may not only potentially reduce network losses,
but also have an impact on other areas of distribution business, for example by rep-
resenting an extra-value to the DSO from assets’ point of view, an analysis which
is limited to the operational aspects is very well applicable in a short-term perspec-
tive, while in a longer-term view the capital aspects would need to be taken into
account in order to reach a univocal conclusion on DG being beneficial or costly to
the DSO.
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Finally, neglecting customer costs and, thus, limiting the methodology to as-
sessing DG integration impact on utilities makes the model well applicable in an
earlier stage of DG integration, when policy priorities are likely to focus on remov-
ing possible factors that prevent such integration, i.e. mainly on utilities’ side. At
a later stage, however, the methodology might need to be integrated by an assess-
ment of DG impact on customers; the size of such impact depend on the level of
socialization of the incremental DG-related costs in each regulation.
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Chapter 4

Distribution tariffs and DG

DG integration affects distribution network costs in a positive or negative way, de-
pending on several factors. The additional DG-driven costs or benefits are allocated
to DG owners or re-distributed to network users through network tariffs. New cost-
allocation methodologies are therefore required in order to adapt traditional network
tariff structures to the new challenged posed by DG. This chapter addresses several
issues arising within network tariff design due to DG integration. Network tar-
iffs’ general objectives, foundational principles and traditional approaches are first
reviewed. The new challenges DG imposes on distribution tariff design are then
identified, and innovative proposals from the literature to include DG into tariffs
are presented. Finally, a research gap is identified in the lack of methodologies for
quantitatively assessing the consequences of applying traditional tariff design ap-
proaches to the new DG paradigm against a cost-causality principle. Connections
E, F, G, N and O in Fig. 1.1 from Chapter 1 are investigated. Contributions from
publications V and VI are presented in this chapter.

4.1 Tariffs: objectives, principles and traditional
approaches

Commonly adopted electricity tariffs are technically known as access or compre-
hensive tariffs. They include energy costs, the ones for renewable support schemes
(if any in place), so-called retailing costs and other fees. Distribution tariffs are the
grid-related component of access tariffs; they are also known as Distribution Use of
System (DUoS) charges and are computed independently of other components of
the access tariff [58]. According to [59], the share of the access tariffs corresponding
to DUoS charges varies between 10% and 30% in European Member States.

Moreover, DUoS charges need to be distinguished from another type of grid-
related charges, known as connection charges: while DUoS charges are meant to
cover recurrent operating and capital costs for network maintenance and expansion
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[60] and is paid by network users periodically, connection charges are meant to
partially or totally cover the initial non-recurrent cost of the connection and are
paid by the network users only when they connect to the grid [36]. Depending on
the charging approach, connection charges can account only for the direct costs of
the connection (shallow charges), or include the costs of the network reinforcement
necessary for the connection itself (deep charges). The connection between DUoS
charges and connection charges is in that their sum has to amount to each DSO’s
total allowed annual revenue. Consequently, the connection charging approach
determines the shares of connection cost covered by the customers connecting to
the grid and the shares socialized among network users via DUoS charges [14].

Traditionally, tariff design (also known as rate design) is composed of two con-
sequent stages, consisting of [58]:

(i) determining the total allowed revenue for distribution companies, and

(ii) allocating it to the users of the distribution network, i.e. in deciding tariff
structures.

The two stages correspond to the two areas of interest identified in Chapter 1.
This Chapter, as well as Chapter 5, focuses on stage (ii).

Fig. 4.1 illustrates the tariff design procedure by highlighting the conceptual
relations between tariffs’ objectives, principles, methodologies and structures.

Vast consensus exists in the literature on that rate design should have the dual
objective of promoting optimal short-term grid usage and efficient long-term grid
development [13], [58], [61] (box A in Fig. 4.1). These objectives coincide with the
two main goals of network regulation according to [43]

In order to achieve practical applicability, tariffs’ objectives are translated into
principles (box B in Fig. 4.1). However, these principles often conflict with one
another when applied in reality. Therefore, a choice of which principles to prioritize
is usually needed, which produces different sub-sets of principles (box D in Fig. 4.1),
depending on regulatory context and priorities (box G in Fig. 4.1).

In turn, tariffs’ principles are observed by differentmethodologies adopted within
rate design (box C in Fig. 4.1); each methodology assigns different weights to each
principle (box E in Fig. 4.1).

Thus, a large variety of tariff structures (box F in Fig. 4.1), defined by different
elements and characteristics, emerges among different countries, and sometimes
within the same country and under the same regulation as well.

One categorization of the fundamental principles rate design theory lies upon is
the following [60] :

• System sustainability principles:

(P1) Universal access to electricity to be guaranteed to all network users,

(P2) complete cost recovery of the accredited costs for the distribution com-
panies, and
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Figure 4.1: Tariff design procedure.

(P3) additivity of components, the sum of which has to add up to the total
revenue requirement.

• Economic efficiency principles:

(P4) Productive efficiency, i.e. network services being provided to the network
users at the lowest cost possible,

(P5) allocative efficiency, i.e. customers being charged according to how much
they value the service they receive,

(P6) cost causality, i.e. tariffs accurately reflecting each network user’s con-
tribution to network costs, and

(P7) equity, i.e. charging, through tariffs, each consumer the same amount
for using the same good or service, independently of electricity usage
and customer’s characteristics.

• Consumer protection principles:

(P8) Transparency, i.e. the adopted methodology and the results of the tariff
allocation being available to all network users,
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(P9) simplicity, i.e. the adopted methodology and the results of the tariff
allocation being as easy as possible to understand, and

(P10) stability, i.e. tariffs being stable in the short-term and gradually chang-
ing in the long-term, so to reduce regulatory uncertainty.

Similar principles are proposed in [62], where the foundations of public utilities’
rates are laid; the term attributes of good tariffs is thereby used instead of principles.

In [63], a thorough overview of optimal pricing methodologies for electricity
grids is presented; the overview focuses on the distribution sector: pros and cons
of so-called accounting method, followed by Long Term Marginal Cost (LTMC)
and Short Term Marginal Cost (STMC) methodologies are explained in details.
However, recently a shift from these methodologies to more cost causality-based
approaches is occurring: [63] illustrates the main reasons behind this shift.

The variety in adopted rate design methodologies explains the high diversity
that characterizes tariff structures, for example in terms of the actors in charge of
rate design, main tariff components and additional tariff options.

In particular, with respect to the actors in charge of setting the tariffs, two main
approaches can be identified [14]: it is the Regulator to set level and structure of
individual tariffs for a certain period in some countries, such as in Italy, Portugal
and Spain (as indicated by connection E in Fig. 1.1 from Chapter 1) ; in other coun-
tries, such as the Netherlands, Germany, Sweden, Norway and UK, the Regulator
sets the allowed revenue for one regulatory period and only some tariff guidelines
or methodologies(as indicated by connection F in Fig. 1.1 from Chapter 1) and it
is, then, up to DSOs to determine the network charges accordingly (as indicated
by connection G in Fig. 1.1 from Chapter 1).

The typical structural elements of an electricity tariff are [14]:

• A fixed charge (e/period): invariant fee, meant to cover the infrastructure
supply and delivery costs regardless of the customer’s consumption,

• A volumetric charge (e/kWh/period): proportional to the energy consumed
by each customer, and meant to cover the variable network costs connected to
the energy transport; it may fluctuate by time of the day within the considered
period, and

• A capacity charge (e/kW/period): collected on the maximum power used
during a specific time range, regardless of the duration or frequency of that
consumption level. It is meant to cover the fixed costs of the infrastructure
shared with other customers, in proportion to the capacity that each of them
requires. With respect to the design of capacity charges, several different
options are available. Different options can be identified within a capacity
charge-based approach, in terms of charge structure:

– A flat charge, consisting of a fixed price for a pre-defined capacity,
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– A variable charge, with different prices for each defined capacity level,
and

– A ToU (Time of Use) charge, characterized by a price per kW depending
on the time of consumption.

Not all the three components need to be present in an electricity tariff, though.
Distribution tariff design is characterized by a general complexity: this is due to

the characteristics of electrical grids, where usage is shared by several users and the
cost for providing a service to one user depends on the services provided to other
users, as well as on how the system is employed [60]. Moreover, as a result of the long
life span of most of network assets, the Regulator has to take decisions on behalf of
network users that will have an impact on them in the future. Furthermore, besides
the difficulty of assigning cost responsibilities to each user category, there might be
a need to create different incentives for the different network users through tariffs
themselves [64].

4.2 New challenges within tariff design from DG
integration

DG integration is posing additional challenges within distribution tariff design, due
to the complexity of identifying DG-driven network costs/benefits and allocating
them to different users’ categories [65]. In general, in fact, network tariffs’ structure
determines how network costs are distributed among the different network users and
how the potential additional costs and benefits due to a high presence of DG in the
grid are re-distributed among those users.

The main challenges tariff design is currently facing can be identified in:

• DG exemption from distribution tariffs: despite DG potential impact on net-
work costs [7], in most of the countries still only consumers are charged DUoS
charges. This is, in some cases, the result of a policy attempt to acknowledge
the potential benefits for the system generated by DG, e.g. network usage and
losses reduction.

• Tariff schemes designed for only-load grids (referred to in the following as load-
tailored schemes) applied to DG. This last case finds one of its most contro-
versial applications in the combination of volumetric tariffs with net metering,
adopted in several US States [66]. Electricity grids are, in fact, characterized
by high fixed costs and low variable costs [67]. Therefore, energy-based (or
volumetric) tariffs inherently entail a risk for non-recovery of the costs arising
from consumption at peak times [65]. When net metering is adopted and a
high DG integration achieved, such a risk increases due to a potential contrac-
tion in the net energy absorbed by the customers [65]. This risk is especially
high when old meters (providing the total net consumption over a long period
of time, usually one or two months [13]) are used. In this way, the energy



54 CHAPTER 4. DISTRIBUTION TARIFFS AND DG

withdrawn by consumers, commonly during morning and evening peaks, and
the one fed into the grid during mid-day hours are likely to offset each other
and, therefore, not be subject to network charges. This is for example the
case of rooftop solar PV [13], [68].

Two types of problems may arise as a consequence of tariff structures that fail
to reflect network costs:

(I) Utilities must absorb the unpaid network costs (a situation commonly re-
ferred to as revenue erosion), or

(II) II. Utilities must raise tariffs to meet their revenue requirements. In prac-
tice, users without self-generation will have more exposure to rate increases,
which can be seen as a cross-subsidy towards users with self-production (or
“prosumers" that both consume and produce) [5], since one customer cate-
gory ends up paying less for its use of the network than others relative to the
costs they impose on the system [13].

Revenue erosion (option I) is likely to happen when the enforced regulatory
arrangements do not allow utilities to adjust tariffs because, for example, their
prices are capped. This scenario has been largely advanced in the literature, among
others by [69] and [70]. However, because profit reduction seems to be more closely
related to lost sales, it is more a retailer’s issue rather than a network operator’s
issue [71].

This thesis focuses on then second problem. A general definition of cross-
subsidies implies that some customers’ categories pay less for network tariffs than
others if compared to the costs they cause to the system [60]. Two potential sources
of cross-subsidies are identified in [72]: the existence of costs which are common to
more than one output, and the existence of a monopoly. Both factors characterize
the electric distribution network business.

4.3 DG tariffs in the literature: proposed methodologies

Some methodologies have been proposed in the literature for taking DG into account
in network tariff design. Their common characteristic is their focus on cost-causality
principle.

A review of the most significant approaches is carried out in this section.
In [73], the effects of a transition from an average cost distribution tariff to a

cost causation-based tariff are investigated. The cost causality-based methodology
utilizes nodal prices to recover losses-related costs and a so-called “extent-of-use”
method to recover fixed network costs. The tariff transition and its decomposition
into different components are applied to the same network, with and without DG,
in order to isolate the effects of the transition itself.

In [74], the unused capacity of an existing network is used to reflect the cost of
advancing or deferring future investments as a consequence of adding generation or
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load at each node of a distribution network. The main element of novelty with this
approach consists in the characteristic of the charges to be “forward-looking”, i.e.
able to reflect both the extent of network needed to serve generation or load and
the degree of utilization of the network.

The methodologies in [73] and [74] represent two novel approaches towards DG
inclusion in distribution tariff design. However, these methodologies are focused on
HV (High Voltage) networks. Their application to MV (Medium Voltage) and LV
(Low Voltage) grids can be complex, if not unfeasible, as long as no clustering or
categorization for the different network users is proposed, i.e. a consistent availabil-
ity of data might be needed, in this way conflicting with the simplicity principle
P9.

In [61], a reference network is built and demand and generation magnitudes
and profiles over several years established. Network flows are, thus, computed for
combinations of demand and generation in different representative periods. This
operation leads to define the annuitized forward-looking circuit investment cost
of the reference network to be allocated to the grid users, by using the marginal
cost pricing principles. Depending on maximum demand-minimum generation or
minimum demand-maximum generation being the critical conditions for its design,
each supply point can be classified as demand- or generator-dominated, respec-
tively. Additionally, a supply point can be considered balanced if none of the two
conditions can be clearly identified as the most critical one for the network de-
sign. Demand and generators will be charged or rewarded accordingly, i.e. DUoS
charges will be set depending on the demand- or generator-dominated character of
their upstream assets. A revenue reconciliation process can take place afterwards,
if needed, and it should be carried out for each voltage level, in order to prevent
cross-subsidization between different voltage levels. Finally, the computation of
so-called generic charges is meant to address the issues related to the practical
implementation of the obtained customized charges, by reducing the number of
charges to a practical level, and it is considered as part of the revenue reconcilia-
tion problem itself. This computation of generic charges is done by classifying the
MV and LV networks into a finite set of network modules, i.e. distinguishing feeders
and transformers into rural, urban and mixed ones, and then classifying them into
demand-dominated, generator-dominated and balanced ones.

Another novel methodology for setting distribution tariffs is the one proposed
in [58], based on a cost-causality function used to efficiently allocate network costs.
The cost-causality function is derived from the analysis of a network planning func-
tion, i.e. by taking into account customers’ number and location, load profiles, DG
number, location and generation profile, as well as quality of service and geographi-
cal constraints. A network is designed using all these data and minimizing the total
costs. The optimization problem obtained represents the cost-causality function it-
self, since the criteria to plan the distribution network are the ones that set the cost
drivers. The optimization problem is solved by using Reference Network Models
(RNMs) [75]. The cost drivers behind network investment are then derived from
the cost-causality function, and selected according to the following criteria: they
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should have a great impact on network cost, be easy to measure and be related to
consumers’ decisions on where, when and how to consume, so that consumers can
be charged for those decisions.

The novelty with the approach in [58] is represented by the thorough and sys-
tematic analysis of the cost-causality function, as well as by the inclusion of the
energy consumption and geographical position of each customer, in contrast with
the traditional approach considering peak demand as the only driver. The method-
ology proposed in [58], however, does not address the effect of DG in the tariff
design process, i.e. it does not allocate through the tariffs any share of the grid
costs to DG. As a matter of fact, DG represents together with loads only an in-
put to the network planning optimization problem. However, as stated in [58], the
proposed conceptual methodology could be extended to include DG, not without
affording any challenges though.

Additional analyses deal more specifically with the effects of widespread PV
systems on customers’ charges.

In [76], PV impact on network charges is investigated for different scenarios of
market structures, electricity rate structures and net metering/PV compensation
schemes; the focus of [76] is on retail tariffs rather than on network charges, though.

The study [77] presents the effects of different options of net metering and tariff
designs on cross subsidies, cost recovery and policy objectives; the analyses proposed
show that the combination of net metering and pure volumetric tariffs has the most
detrimental effects in terms of cross-subsidies if compared to the other alternatives
analyzed.

[78] focuses on the cost reflectivity of different tariff structures for residential
users with respect to their capability to ensure utilities’ cost recovery.

Table 4.1 summarizes the reviewed studies by categories.

Category Relevent studies
Foundational principles and traditional methodolo-
gies for utility pricing

[60]; [58]; [14]; [62]; [63]

Innovative approaches to network and utility pricing [73]; [74]; [61]
Impacts of tariff-based cross-subsidies associated
with DG

[13]; [76]; [77]; [78]

Table 4.1: State of art review on network tariffs and DG: relevant studies classified
by categories.

4.4 Research gap and conclusions

In this chapter, the theoretical foundations of rate design were briefly proposed, and
the connections between tariffs’ objectives, principles and methodologies explained.

While tariff objectives do not change with DG integration, different combina-
tions of the tariff foundational principles might be prioritized in order to better
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reflect DG costs and benefits in the tariffs; this leads to a need for new tariff design
methodologies.

In particular, the general challenges rate design encounters in the context of
electricity grid tariffs were reviewed. New challenges are to be faced with an in-
creasing amount of DG units connected to distribution grids, though. However,
a comprehensive review of DG-driven issues within tariff design and of tariff de-
sign methodologies including DG was still missing. This chapter contributed to fill
such gap by providing qualitative analyses of the detrimental consequences of DG
exemption from network tariffs and application of net metering and volumetric tar-
iffs to grids with high DG penetration. The main consequences are identified in a
revenue erosion scenario for utilities, on the one hand, and cross-subsidies between
customer categories, on the other hand.

In particular, the risk of creating cross-subsidies among customer categories due
to ill-designed tariffs is of growing importance. However, not many studies have
been developed for quantifying such risk on the grounds of comparing network tariffs
paid by customers and estimated network costs driven by the same customers.

Next chapter attempts to contribute filling this research gap by proposing two
methodologies for a quantitative estimation of cross-subsidies. Cross-subsidies are
estimated in the case of combination of net metering and volumetric tariffs, and in
the case of DG partial exemption from network tariffs.





Chapter 5

Estimating cross subsidies between
network users

This chapter presents the analyses on two cases of cross-subsidies arising among
customer categories from distribution network charges when DG is connected to
distribution grids. The two cases are: the combination of net metering and pure
volumetric tariffs, and DG partial exemption from grid tariffs. The two cases cor-
respond to the two challenges identified in Chapter 4 within tariff design due to
DG. Two different methodologies are applied to each of the two cases. Concluding
remarks are presented at the end of the chapter. Connections E, F, G, N and O in
Fig. 1.1 from Chapter 1 are investigated. Contributions from publications III and
VI are presented in this chapter.

5.1 Case I: net metering and volumetric tariffs.
Cross-subsidies estimation

5.1.1 Context and methodology objectives

A combination of pure volumetric tariffs and net metering is currently adopted in
several U.S. States [66], [68]. As explained in Chapter 4, when a large amount of
DG units is connected to the grids, such scheme entails a risk of non-recovery of
utilities’ costs and a risk of cross-subsidies between customer categories. The two
risks can co-exist. However, the former is considered to be more a retailer’s issue,
since revenue erosion is usually connected to lower electricity sales in a context
in which utilities are retailers as well [71]. Therefore, this method focuses on the
cross-subsidization risk.

The objective of the methodology is to quantify the impact of pure volumetric
tariffs combined with yearly net metering (referred to as “volumetric tariff + net
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metering combination” in the chapter) on the creation of cross-subsidies between
customer categories.

5.1.2 Methodology

The methodology quantifies cross-subsidies by comparing the network costs driven
by each customer with the payment in terms of distribution tariffs by the same
customer under a certain tariff structure; in this case, “volumetric tariff + net
metering” combination is considered.

The impact of this tariff structure is analysed by comparison with a reference
case. The reference case is set up such that cost causality is adopted as the bench-
mark principle for cost allocation.

In order to comply with cost-causality principle, a tariff structure needs to be
set so that each customer’s payment reflects as much as possible the costs imposed
to the system. Both capital and operational expenditures are taken into account.
However, given the volume of information needed to ensure that this objective is
achieved, customers may be divided into uniform categories and cost-causality prin-
ciple applied to these groups rather than to individual customers; this is usually the
case in reality. In this chapter, cost-causality principle is applied with respect to the
two customer groups: DG- and non DG-owners. Therefore, the following network
user categories are considered, defined by their net consumption or production of
active power as represented by P:

• Consumers, if P is always positive or equal to zero,

• producers, if P is always negative or equal to zero, and

• prosumers, if P is sometimes positive and sometimes negative.

The methodology is composed of three steps:

(1) Network cost calculation: calculation of network costs for different PV scenar-
ios, in order to identify load-driven and PV-driven costs,

(2) tariff calculation: calculation of network tariffs, and

(3) tariff assessment: assessment of the tariff approach in terms of cross-subsidies
between customers.

The following subsections briefly explain each step of the method. More details
about the method can be found in Publication VI.

5.1.2.1 Network cost calculation

Network costs are computed yearly, for an initial network scenario and a future
network scenario. The initial network scenario considers a base network, while the
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future network scenario considers load and PV penetration increases compared to
the initial scenario. Fig. 5.1 illustrates the network-cost calculation steps performed
by the method.
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Figure 5.1: Network costs calculation for the greenfield and brownfield models.

Load characteristics, PV scenarios and test networks are defined in order to
compute network costs.

Consumers are defined at each network location by their contracted power and
typical daily active and reactive power profiles (24-hour load profile). This step
corresponds to box A in Fig. 5.1.

PV scenarios are characterized in terms of PV energy share and PV penetration
(corresponding to box E in Fig. 5.1) according to the following definitions:

Definition 6. PV penetration is the maximum instantaneous value for the ratio of
aggregate PV production to aggregate total load

Definition 7. PV energy share is the ratio of total annual aggregate energy pro-
duced by PV units to the total annual aggregate energy absorbed by loads.

A Reference Network Model (RNM) is adopted to design distribution grids [75].
The model designs minimum-cost grids, while using minimum requirements on
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power quality as constraints of the optimization problem; moreover, the neces-
sary maintenance actions for achieving the given reliability indexes are taken into
account.

Two types of network planning can be run by the RNM: (i) a greenfield model,
that uses the rated power of each connection together with simultaneity factors to
create the base network and (ii) a brownfield model, used to determine the network
upgrades required to keep a certain quality of service and cope with load/generation
changes.

The base networks for the analyses are created by applying the greenfield model
to the load sets (corresponding to box B in Fig. 5.1). Initial network and future
network scenarios are studied by applying greenfield and brownfield models in se-
quence for each PV scenario (corresponding to boxes B and F in Fig. 5.1).

Cost information on network investment, preventive and corrective maintenance,
investments in protection devices and energy losses are obtained as outputs of the
RNM. Since energy losses are generally considered an energy-only cost and only
grid costs are of interest from a tariff standpoint [58], losses are not included in this
analysis.

Fig. 5.2 presents a three-fold classification of network costs: the technical na-
ture of costs is firstly considered; secondly, costs are classified by their driving
agents; thirdly, cost shares are related to customer categories from a tariff stand-
point. While the technical categorization of network costs comes with cost calcula-
tion, their attribution to their driving agents and allocation to customer categories
through tariffs is part of the tariff assessment step of the methodology, thus de-
scribed in Section 5.1.2.3. Energy-losses costs are indicated differently in the figure
to remark the fact that, even though computed by the RNMs, they are not included
in these analyses.

5.1.2.2 Tariff calculation

Meters are a determining element for the tariff structure as metering capabilities
affect the information available with regard to user consumption profiles.

Two metering approaches are considered: (i) net metering, which gives the
yearly netting of consumed and produced energy, and (ii) two separate meters,
which separately measure produced and consumed energy. The latter is adopted
as reference, cost-reflective case; such cost-causality based tariff is then compared
to a pure volumetric tariff combined with annual net metering in order to reveal
cross-subsidies from consumers to prosumers under the latter tariff arrangement.

An annual volumetric tariff is computed by dividing the total network costs
obtained from the greenfield and brownfield models by the total net energy.

For the reference case, using two separate meters for consumed and produced
energy allows separate charging of consumption and production. Two different tar-
iffs are, thus, computed under the assumption that both producers and consumers
are subject to the application of distribution network charges. The charges are
designed to be reflective of load-driven and PV-driven costs. Therefore, a load
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Figure 5.2: Classification of network costs into categories

volumetric tariff is calculated for each scenario as load-driven cost divided by ag-
gregate energy absorbed by loads over one year. Similarly, a PV volumetric tariff is
computed for each scenario as PVâĂŞdriven cost divided by the aggregate energy
injected by PV units over one year.

5.1.2.3 Tariff assessment

Assessing the validity of network tariffs is complex, since different evaluation criteria
might be chosen and different weights assigned to each of them based on regulatory
priorities [74]. Moreover, the criteria often conflict [58]. This methodology adopts
cost reflectivity (or cost causality) as the main criterion for assessing the validity of
distribution network tariffs.

In order to define a rate of cross subsidization between consumers and pro-
sumers, their respective annual payments are computed by multiplying the annual
volumetric tariff times the aggregate net energy absorbed by consumers and by
prosumers over one year, respectively.

As the number of prosumers increases with the number of PV units connected
to the grid and the number of consumers decreases accordingly, consumers’ and
prosumers’ payments need to be normalized. Normalized payments are thus ob-
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tained by dividing the payments by their respective network cost shares. In turn,
load cost share is computed for each scenario as a result of running the greenfield
model (corresponding to boxes C and D in Fig. 5.1), while PV cost share as the
difference between the total network cost obtained by running a brownfield model
minus the load cost share (corresponding to boxes G, H and in in Fig. 5.1).

Finally, a rate of cross-subsidization is computed for each scenario as the dif-
ference between the normalized annual payment of consumers and the one of pro-
sumers. Cross-subsidies are, in this way, obtained by summing up the consumer con-
tribution (i.e. the ratio between consumer payment and consumer-driven costs) and
the prosumer contribution (i.e. the ratio between prosumer payment and prosumer-
driven costs).

For the reference case, likewise for the net metering case, annual payments by
consumers and prosumers are calculated in the case of two different meters and
then normalized by the corresponding shares of network costs driven by loads and
prosumers. The rate of cross-subsidization for the reference case is computed in
the same way as for the net metering case. However, being tariffs in the reference
case inherently cost reflective, the rate of cross-subsidization is equal to 0 for the
reference case.

5.1.3 Case studies and results

The described methodology is applied to several case studies. The different cases
vary in terms of the following parameters:

(1) Network types: 12 realistic-size networks, from 6 US States are used. For each
State, a high and a low density network are selected for the analysis.

(2) PV penetration and energy share: the simulations on each network are per-
formed for different PV scenarios, based on PV penetration or energy share
according to the Def. 6 and Def. 7.

(3) Dominant load profile: predominantly residential load profiles are adopted; in
particular, they present 80% residential, 15% commercial and 5% industrial
component for each voltage level.

Further details about the 12 networks and PV penetration scenarios are provided
in Publication VI.

Some results from Eaton network (Colorado) are presented for penetration level
between 0.0023 and 0.9089 and correspondent PV energy share ranges from 0.0006
to 0.2550, over 8 different scenarios.

Results are presented in terms of annual network costs, volumetric tariff, nor-
malized payments by consumers and prosumers and rate of cross-subsidization for
the “volumetric tariff + net metering combination” case and for 8 PV scenarios.
The volumetric tariffs for consumers and prosumers obtained for the reference case
are shown as well.
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Figure 5.3: Annual network costs for scenarios of increasing PV penetration.

The annual total network costs are shown in Fig. 5.3; the shares of the total
costs associated to loads and PV units are also represented. As expected, network
costs increase with PV penetration due to the grid investments for accommodating
the new generation units. The increase is around 30% between scenario 2 and
scenario 8.

Fig. 5.4 shows the unit volumetric tariff for the different PV scenarios. Expect-
edly, the tariff increases due to increased total network costs as well as to decreased
total aggregate net energy. The tariff increase amounts to almost 55% between the
PV scenarios 1 and 8 for Eaton grid.
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Figure 5.4: Unit volumetric tariff for scenarios of increasing PV penetration.

However, the tariff rate alone is not sufficient for understanding the relationship
between network charges and the share of costs driven by the two types of customers.
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Normalized annual payments by consumers and prosumers are shown in Fig. 5.5.
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Figure 5.5: Normalized annual payments by consumers and prosumers for scenarios
of increasing PV penetration.

Fig. 5.5 displays that the payments by pure loads normalized by the load-driven
costs increase with PV penetration: normalized payments equal to 1 would mean
that the corresponding customer group is paying as much as the costs it imposed on
the system. Moreover, the steepest decrease in prosumer payments occurs between
scenario 1 and scenario 3: this can be explained by the presence of large economies of
scales for electricity networks, due to which it might be more expensive to upgrade
a grid for accommodating a lower amount of DG than a higher one. This result,
however, may be case-dependent and not generalizable.

Cross subsidization rate results, presented in Fig. 5.6, confirms the previous
results: the ideal rate, i.e. for a perfect cost causality-based allocation methodology,
would be 0 in each scenario, whereas the real one increases between scenarios 1 and
8, from around 0.32 up to 0.95 for Eaton network.

As expected, Fig. 5.7 shows that load tariff is constant over the PV scenarios,
this way reflecting the load-driven cost trend, while PV tariff increases.

Results for the rate of cross-subsidization for the 12 networks are summarized
in Table 5.1.

The meaning of the rate of cross-subsidization can be explained as follows:
the two contributions from normalized payments by prosumers and consumers are
summed up so to obtain the total cross-subsidization; in other words, the total is
the sum of what one customer category pays in excess of cost caused and what the
other category avoids paying despite costs caused.

Significant differences can be noticed among the different networks and sce-
narios with respect to cross-subsidization. These differences can be explained by
differences in grid configurations, geographic and weather conditions, and customer
profiles (especially in terms of the timing of load and PV generation). In partic-
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Figure 5.6: Cross subsidization rate for scenarios of increasing PV penetration.
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Figure 5.7: Unit volumetric tariffs for loads and PV for scenarios of increasing PV
penetration, reference case.

ular, cross-subsidies for high-density networks are about half those corresponding
to low-density grids. This result can be explained by lower integration costs for
high-density (urban) grids than for low-density (rural) grids.

Despite the potential for DG potentially to have a twofold effect on grid costs,
the obtained results show only a negative impact. This finding may depend on the
specific grids and DG scenarios chosen and the exclusion of network losses from the
analysis. Moreover, given PV production variability by time of day and season of
the year, different results might be expected for different grid locations.
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Simulation
grids

PV1 PV2 PV3 PV4 PV5 PV6 PV7 PV8

Lancaster 0.865 0.884 0.939 0.978 1.011 1.044 - -
Los Angeles 0.333 0.421 0.581 0.647 0.629 0.602 - -

Eaton 0.319 0.813 0.901 0.885 0.898 0.916 0.922 0.951
Boulder 0.386 0.433 0.533 0.621 0.635 0.635 0.632 0.627

Torrington 0.556 0.898 0.906 0.919 0.914 0.919 0.919 0.940
Hartford 0.257 0.424 0.512 0.572 0.548 0.493 0.466 0.447
Altoona 0.740 0.955 0.963 0.983 0.989 1.021 - -

Des Moines 0.308 0.512 0.536 0.605 0.591 0.566 - -
San Marcos 0.780 0.939 0.941 0.932 0.948 0.970 1.001 1.023

Austin 0.291 0.620 0.657 0.730 0.749 0.735 0.732 0.721
Covington 0.637 0.914 0.917 0.953 - - - -
Seattle 0.218 0.429 0.491 0.572 - - - -

Table 5.1: Cross subsidization rate for the twelve networks and different PV sce-
narios.

5.2 Case II: DG partial exemption from network tariffs.
Cross-subsidies estimation

5.2.1 Context and methodology objectives

DG units are exempt from distribution tariffs in most of EU countries [14]. This
is often the result of a policy attempt to reward DG for the potential benefits it
causes, such as network usage and network losses reduction.

In Sweden, as well as in few other European countries, such as Germany, Norway
and UK, distribution tariffs are set by DSOs under the regulator’s supervision
[14]. The Swedish Electricity Act simply prescribes tariffs to be objective (or cost
reflective) and non-discriminatory, meaning that that the tariffs must be the same
for the customers within a tariff group (in terms of power and voltage level) inside
the distribution area, thus no distance element is permitted for DSOs’ tariffs [79].

A consequence of this relatively high freedom within the tariff design process is
a variety of different approaches to DG tariffs among Swedish DSOs. Such variety
is present in terms of:

• Tariff components present in the network fees (fixed, energy and capacity
component, or any combination of them);

• total monetary amount that similar DG power plants are charged depending
on the distribution grid they are connected to;
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• variables adopted to calculate the charges: for instance, the capacity compo-
nent of the tariff, where present, which can be levied either on the maximum
or the average power measured over a pre-defined time period (which can be,
in turn, diversified between peak and off-peak time intervals), or simply on
the DG installed capacity;

• so-called balance point used to calculate the tariffs: it refers to the real, or
virtual, bus of the grid till which the power injected by the DG power plant
flows, and it may be chosen to correspond to the connection point between
the distribution and regional grids, or just to the one between the considered
voltage level and the higher one in the same distribution grid. For some
distribution companies, the balance point corresponds to a point where the
injected power is lower than the consumption. The choice of such point is
relevant for tariff design, since it affects till what higher voltage level DG will
have to share network costs through gird fees.

As highlighted in [14], Sweden still represents one of the few countries in Europe
where DG power plants are charged DUoS charges. However, differentiated net-
work tariffs are applied, depending on DG size. In particular, regulation prescribes
network fees exemption for DG power plants whose installed capacity lies below the
threshold of 1500 kW , with the exception of an administrative fee corresponding to
the cost of “measuring, calculating and reporting” [79]. This exemption is referred
to in this chapter as “1500-kW rule”.

The aim of the developed methodology is to quantitatively estimate the impact
of the “1500-kW rule” in terms of cross-subsidies among customer categories for
some selected Swedish DSOs.

5.2.2 Methodology

The designed methodology estimates the cross subsidies that “small power produc-
ers” in Sweden potentially receive from “big power producers” in terms of difference
between current network charge payments by “small power producers” and network
charges they would be paying for if the “1500-kW rule” was not in place.

A precise estimation of cross-subsidies would presume an exact knowledge of
the grid costs and of relations between these costs and the cost responsible actors.
However, this kind of data represents a confidential information only available to
DSOs and, therefore, this method estimates cross-subsidies in a simplified manners
without cost information available.

The input data required by the method and method’s assumptions are summa-
rized in the following. More details about the methodology and its application to
case studies can be found in Publication III.
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5.2.2.1 Input data

The information this method relies on are:

• Distribution network tariffs for power producers with installed capacity below
and above 1500 kW, available on each DSO’s webpage;

• information on the number of “small producer” units connected to high voltage
(HV) and low voltage (LV) grids, respectively, and on the aggregate total
energy yearly injected by them into the gird, available on the Energy Market
Inspectorate webpage [80], for the years 2008- 2013;

• “small producer” aggregate installed capacity for some of the DSOs chosen for
the analysis; and

• total annual income from network tariffs for each DSO [80].

5.2.2.2 Assumptions

Thus, the following assumptions are made:

• It is reasonable, from a cost-reflectivity perspective, to apply to “small pro-
ducers” the same capacity and energy fees that are applied to “big producers”;

• the network fees applied to “big producers” by each DSO may be considered
to be cost-reflective themselves;

• the installed capacity for “small producers”, where not available, was estimated
from the aggregate injected energy, by applying a load factor for wind power
plants equal to 0.25 [81]. Note that the underlying assumption behind this is
that “small producers” only correspond to wind power plants, i.e. other kind
of technologies such as hydro or solar power plants were not considered;

• so-called network compensation is neglected. It is a sort of negative network
charge, remunerating power producers on the grounds of their energy pro-
duction or their installed capacity, for their potential positive contribution
to network losses reduction, avoided costs for the usage of the overlying (or
regional) grid. Such compensation is not part of the network tariffs itself and,
therefore, has not been considered of interest when comparing potential cross
subsidies arising from network fees, but it may represent a consistent mone-
tary amount that producers receive and be even bigger than the network fees
they pay [82]. Note that this compensation is often set very similar, for each
DSO, for all generators, for instance for small and big producers, such that it
does not seem to reflect the impact of each customer on cost reduction; this
element can be explained by the fact that both the costs for losses and for
the overlying grid currently represent non-controllable costs for DSOs and,
therefore, they might not have enough incentive from regulation to decrease
them by sending to producers the right compensation signals;
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• the fixed component of network fees is neglected. Such component is meant
to cover administrative burden, has not been included in the analysis: in
fact, even though representing a substantial part of the fee itself, DSOs are
allowed to have this component in their tariffs and it may be different from
one another, so that it is reasonable to consider it cost reflective and, thus,
not a source of cross-subsidies;

• connection charges are not included in the analysis.

5.2.3 Case studies and results

The choice of the DSOs whose tariffs to be analysed follows these criteria:

• Swedish major DSOs, in terms of number of customers and yearly turnover,
were considered: for this purpose, E.ON, Vattenfall and Fortum have been
selected; given that for some of them, e.g. Vattenfall and Fortum, different dis-
tribution areas present differentiated tariffs, the areas with higher integration
of “small producers” were, in turn, singled out for the analysis.

• GEAB AB, a DSO with distribution networks on the Swedish island Gotland,
was included in the analysis, due to the high wind power penetration (25%
of total electricity consumption in Gotland from wind power as of 2011 [83]).

• Vetlanda Enegi was included in the analysis as an example of DSO with a
capacity component for “small producers” network fee, in spite of the “1500
kW-rule” prescriptions.

Publication III contains the details of the input data used in the case studies.
Results are shown in Table 5.2 in terms of estimation of: monetary amount

currently paid by small DG units through tariffs, monetary amount they would pay
if the capacity and energy components of the fees for big units were applied to them
(the fixed component of the fee is kept invariant in the two scenarios), the ratio
between these two quantities and cross subsidies as a percent of the total annual
income of each DSO from network fees.

As Table 5.2 shows, DG power plants whose installed capacity is included in the
range 43.5-1500 kW currently pay 2% to 5% of the charge they would be paying if
the same energy and capacity charges as for bigger power plants were applied.

These cross subsidies represent less than 1% of the yearly total income for
Vattenfall, between 2% and almost 4% for Fortum, reaching up to almost 5% for
GEAB. These figures are slightly lower for Vetlanda Energi, which applies a capacity
fee to small producers.

5.3 Conclusions

In this chapter, two cases of potential cross-subsidies arising from tariff design
when DG is integrated in distribution grids were analyzed. The two cases were: the
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DSO Current
payment by
small units
[kSEK/year]

Cost-
reflective
estimated
payment by
small units
[kSEK/year]

Ratio (cur-
rent to cost-
reflective
payments)

Cross sub-
sidies as %
of DSO’s an-
nual income

GEAB 55 11542 0.048 4.75
Vattenfal Norr 110 5724 0.019 0.76
Vattenfall Söder 914 11676 0.08 0.25
E.ON (Kungsbacka
& Västbo)

1459 16420 0.089 0.3

Fortum (V.
Svealand)

436 25742 0.017 2.51

Fortum
(Dalarna,Norrland)

144 21500 0.007 3.7

Fortum
(VÃďstkusten)

335 15975 0.021 1.98

Vetlanda Energi 21 434 0.048 0.88

Table 5.2: Cross subsidies results.

combination of net metering and pure volumetric tariffs, and DG partial exemption
from grid tariffs.

For the first case, the combination of net metering and pure volumetric tariffs
was analyzed, and tariff impacts were assessed relative to the cost-causality prin-
ciple. The methodology was composed of three steps: the calculation of network
costs for different PV scenarios through Reference Network Models in order to dif-
ferentiate between load-driven and PV-driven costs; the design of network tariffs
based on the network-cost calculation; and the assessment of the tariffs in terms of
potential cross-subsidies between customer groups. A reference case was built in
order to compare results obtained under different scenarios with results under an
ideal, cost-reflective tariff. Cost-reflective tariffs were achieved through volumetric
charges separately applied to the energy consumed and produced at each customer
point. Results show that cross-subsidies arise when net metering combined with
pure volumetric tariffs is applied, as this approach to pricing electricity is not ad-
equate to properly reflect of load-driven and PV-driven costs. Based on various
scenarios, the rate of cross-subsidization varies with the amount of DG connected
to the grid and network characteristics and is higher in low-density networks. New
cost-allocation and tariff-design methodologies are needed in order for electricity
prices to better reflect costs based on grid usage. In order for tariffs to be practical,
it may be necessary to refine customer groups according to key cost drivers.

For the second case, an estimate of the cross-subsidies currently received by DG
units with installed capacity between 43.5 kW and 1500 kW from power plants with
installed capacity above 1500 kW in Sweden was carried out. The cross-subsidies
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turn out to be a small but non-negligible share of the DSOs’ annual incomes. This
output suggests the non-cost reflectivity of currently adopted distribution network
fees in Sweden.

The input data and information required to apply the two methods differ: while
the second method represents a simplified way of computing cross-subsidies and,
therefore, relies on publicly available information only, the first one requires the
adoption of a RNM for estimating network costs. Setting up RNMs requires a large
amount of technical and economic information regarding distribution grids.

As an alternative to this cost information, the second methodology uses DG
tariffs for “big power producers” as reference values for the tariffs for “small power
producers”. This choice has two main implications. First, the method’s applicability
is limited to the Swedish case, where different tariffs are adopted for “big power
producers” and “small power producers” or, alternatively, a different reference has
to be found; on the contrary, the first method is more generally applicable. Second,
the assumptions of similar cost responsibility for “big power producers” and “small
power producers” and of cost-reflective tariffs for “big power producers” are adopted.

This last aspect has consequences on the robustness of obtained results: more
solid results are produced through the first method, based on a direct comparison
of costs and tariffs, than through the second method, based on a sort of indirect
cost estimation.





Chapter 6

Conclusions

This chapter summarizes the main findings in the thesis, draws conclusions and
identifies future research directions.

6.1 Concluding remarks

In this thesis, an analysis of the economic impact of distributed generation (DG)
on the distribution sector was carried out. A regulatory standpoint was adopted.

In general, the main objectives of an efficient distribution economic regulation
consist of ensuring:

(1) distribution companies’ financial viability, by means of efficient cost coverage
and an adequate rate of return on the investments,

(2) network customers’ protection from potentially too high network charges, and

(3) acceptable levels of quality of supply and an efficient usage of the grid.

The economic regulation of the distribution sector is traditionally designed with-
out DG in mind. However, the regulatory objectives do not change when DG units
are integrated in distribution grids along with consumers. Therefore, regulation
needs to be adapted in order to ensure that Objectives 1-3 are achieved in the new
DG-driven context.

This thesis focuses on Objectives 1 and 2. Objective 1 is analyzed with respect
to DG impact on distribution companies and Objective 2 with respect to DG impact
on network customers, i.e. consumers and DG units.

The international context that motivates this thesis is characterized by an in-
creasing amount of DG connected to distribution grids in the last years due to
technological and policy drivers. Within such a context, the research gaps that
motivate this thesis work are:
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• lack of generally applicable models for testing the economic impact of regu-
lation on distribution companies for different scenarios of DG penetration,

• lack of a comprehensive and methodical review of the new challenges posed
by an increasing level of DG penetration within the distribution tariff design
process, and

• lack of methodologies for analytically defining and quantifying the impact of
ill-designed network tariffs on cost re-distribution issues.

This thesis contributes to fill the identified research gaps by providing answers
to the following research questions:

• Q1: What is the economic impact of DG on DSOs’ business under different
national regulations and different scenarios of DG penetration?

• Q2: What kind of challenges may arise within distribution tariff design due
to DG integration?

• Q3: How can DSOs’ economic regulation promote a more efficient integration
of DG in distribution grids? How should tariff design change to tackle the
identified challenges?

Therefore, this thesis develops:

(A) State-of-art review of distribution regulatory frameworks and meth-
ods to model the impact of regulation on DG integration
A state of the art review is carried out on regulatory frameworks for dis-
tribution companies’ remuneration, with a focus on DG integration and its
technical and economic impact on the distribution sector. Some changes to
the traditional regulatory frameworks proposed in the literature to take DG
into account are reviewed as well. Methods from the literature to model the
regulatory impact on DG integration are presented. A research gap is identi-
fied in the lack of a generally applicable methodology for testing the impact of
regulation on DSOs’ business when DG is connected to distribution grids.

(B) Novel methodology for calculating how DSOs’ economic incentive to
integrate DG varies with different scenarios of DG penetration and
under different network regulations
The methodology calculates how DSOs’ incentive to integrate DG varies with
different scenarios of DG penetration and different distribution economic reg-
ulations. The method combines DSOs’ economic regulation with distribution
grids’ technical performances by jointly adopting a regulatory model and a net-
work model. The method focuses on DSOs’ operational costs. The following
aspects of distribution business are taken into account: Transmission Use of
System charges, Distribution Use of System charges, O&M costs and network
losses.
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(C) Review of the new challenges posed by an increasing level of DG
penetration within distribution tariff design

Network tariffs’ general objectives, foundational principles and traditional ap-
proaches are reviewed, along with the conceptual connections between them.
The new challenges DG imposes on distribution tariff design are identified and
innovative tariff proposals to include DG into tariff design from both coun-
try cases and literature are presented. A critical review of the methodologies
proposed in the literature to tackle those issues is proposed.

(D) Novel methodology for analytically defining and quantifying the im-
pact of adopting a pure volumetric tariff along with annual net me-
tering on cross-subsidies from consumers to prosumers

The methodology defines and quantifies cross-subsidies between consumers
and prosumers for different scenarios of DG penetration and different net-
works. The combination of net metering and volumetric tariffs is analyzed.
The method quantifies cross-subsidies by comparing the estimated aggregate
network costs driven by consumers and prosumers to their respective tariff
payments. A rate of cross-subsidization is computed by comparison with a
reference case. For the reference case, volumetric tariffs are designed in line
with a cost causality principle through the adoption of two separate meters for
production and consumption. Network costs are computed by using Reference
Network Models (RNMs).

(E) Simplified methodology for quantifying the impact of DG partial
exemption from distribution tariffs on the cross-subsidies between
customer categories

The methodology estimates the cross subsidies received by DG power plants
with installed capacity below 1500 kW in Sweden due to their exemption from
distribution charges. The cross-subsidy estimation is done by comparison with
the charges applied to DG power plants with installed capacity above 1500
kW. Tariffs applied by different Swedish DSOs are analyzed.

The main conclusions drawn from the case studies are summarized below.

(1) DG overall impact on DSOs’ business varies considerably depending
on the considered regulation and DG penetration.

In some of the analyzed cases, DG impact on DSOs’ business turns out to be
negative and positive under the same regulation but for different DG scenarios.
The element that is most influential on the obtained results is represented by
network losses. This is for example the case for Portuguese regulation, where a
positive DG impact on network losses is seen foe low DG penetration scenario
and a negative one, comparable in size with the positive one, for the high DG
penetration scenario.
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(2) DG might have a substantial impact on DSOs’ business with respect
to network losses when a regulatory mechanism for losses reduction
is in place. Such impact is strongly dependent on DG penetration
and on the specific parameters of the incentive mechanism.
DG impact on DSOs’ business with respect to network losses follows the U-
shaped trajectory generally recognized for grid losses with respect to DG pen-
etration. When a reward-penalty scheme for losses reduction is enforced, the
reference values for reward and penalty, the caps on incentive and penalty values
and the existence of a dead band considerably affect DSOs’ economic output.
This is the case for Portugal, where both the maximum reward and maximum
penalty the DSO is subject are achieved for two values of losses considerably
higher and lower than the ones achieved in the simulations, respectively.

(3) Substantial cross-subsidies from consumers towards prosumers arise
when annual net metering and pure volumetric tariffs are jointly
applied. The cross-subsidies vary for the different DG penetration
scenarios.
A rate of cross-subsidization is defined and calculated according to the proposed
methodology by summing the share of consumer tariffs which exceeds consumer-
driven costs and the missing share of DG tariff corresponding to DG-driven
costs. This rate increases by around three times between the lowest and the
highest PV penetration scenarios considered. As an example, its values vary
between 0.391 and 0.951 for Eaton grid (Colorado).

(4) Total network costs increase with the PV penetration level and so
do tariffs for consumers when a combination of net metering and
volumetric tariffs is applied.
The combination of net metering and volumetric tariffs causes a tariff increase
for consumers of around 55% between PV scenario 1 and scenario 8. Such tariff
increase corresponds to an increase in total network costs by around 30%.

(5) Significant differences characterize the cross-subsidization figures for
different locations.
Cross-subsidies for high density networks are about half those corresponding
to low-density grids. This is due to the more beneficial effect of household PV
power plants in terms of network flows reduction in high-density grids than in
low-density ones.

(6) Cost reflectivity cannot be achieved through net metering and volu-
metric tariffs. Alternative tariff arrangements are therefore needed.
A pure volumetric approach can be in line with the cost causality principle as
long as the energy injected into and withdrawn from the grids are separately
considered from a tariff standpoint. As an alternative to this, if e.g. only net
meters are available, a capacity component needs to be added to the tariffs.
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6.2 Future work

Suggestions for improving and further developing the methods proposed in this
thesis are proposed:

Methodology at point B in Section 6.1

• Inclusion of capital aspects of DSOs’ business. Network operation and in-
vestments are, in fact, in reality often interconnected. This is the case for
example of DG impact on network losses: this impact can be either assessed
from an operational point of view only, as done in this thesis work, or by
including capital aspects as well. The two cases are expected to produce
different results since a new investment may not only potentially reduce net-
work losses, but also have an impact on other areas of distribution business,
for example representing an extra-value to the DSO from the assets point of
view. Therefore, including capital aspects in the methodology can make the
analyses more valuable in a longer-term perspective.

• Inclusion of customer costs might be useful to extend the methodology and
make it more generally applicable. In fact, limiting the methodology to as-
sessing DG integration impact on utilities makes the model well applicable
in an earlier stage of DG integration, when policy priorities are likely to fo-
cus on removing possible factors that prevent such integration, i.e. mainly on
utilities’ side. At a later stage, however, the methodology might need to be
integrated by an assessment of DG impact on customers.

• Analysis of the connections between the different aspects of DSOs’ business.
This is especially the case of DUoS charges, considered in the methodology
as an income element in itself. The methodology can be improved by investi-
gating under which regulatory frameworks such independence holds.

Methodology at point D in Section 6.1

• Analysis of the impact of time horizons other than one year for energy netting
within the meters.

• Analysis of the possibility of adopting negative charges for prosumers when
their total aggregate energy is negative (instead of the zero-tariff utilized),
i.e. of including the compensation option for DG potentially reducing network
costs.

• Inclusion of connection charges in order to get a more complete picture of the
share of network costs actually socialized among grid users.

• Inclusion of network losses both within network costs assessment and tariff
design. In fact, not including network losses in the distribution tariffs repre-
sents a realistic assumption as losses are currently treated as a retailer cost.
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However, if higher scenarios of DG penetration are to be expected, losses
might need to be treated as a network cost as well. Moreover, even though
network losses do not constitute a component of network tariffs, they might
have an impact on investment costs, and DG might have an impact on losses
reduction or increase. The combined effect of these two factors should be
investigated as future work.

• Definition of network users’ clusters based on relevant cost drivers. This
element is necessary for ex-ante designing tariffs and make them applicable
in reality.

Methodology at point E in Section 6.1

• Assessment of how cross-subsidies to “small power producers” are distributed
between consumers and “big power producers”.

• Sensitivity analysis of cross-subsidies estimation with respect to power thresh-
olds other than 1500 kW for DG exemption from grid tariffs.

Moreover, a broader discussion on cost reflectivity is needed. A more cost-
reflectivity oriented approach, in fact, may be hindered in some countries by the
existence of specific policy objectives, such as the promotion of smaller, renewable
production units. This seems for example to be one of the main reasons behind
the “1500 kW rule” in Sweden. However, even in this case, higher transparency
within policy applications would be recommended, and this imposes cross-subsidies
to be at least reduced. This would also allow a reduction in geographical differences
within Swedish national territory, which would otherwise potentially arise with such
diversified tariff structures, on the one hand, and different DG penetrations, on the
other hand.

In addition to this, future work can be useful to analyze those areas that were
not included in the analyses proposed in this thesis, corresponding to some of the
connections in Fig. 1.1 in Chapter 1: the impact of DSOs’ remuneration schemes on
DG and consumers (connections I and L), the impact of both DSOs’ remuneration
schemes and tariff structure on quality of supply and grid efficient usage (connec-
tions R and U), the impact of tariff structures on DSOs’ cost recovery and profit
(connection S) and the connections between DSOs’ allowed revenues/profits and
cost allocation through tariffs (connections A, B and C).

Further work is required to address research question Q3. General policy rec-
ommendations were, in fact, drawn as conclusions from the analyses on DSOs’
business and tariff structures in a DG-driven context; however, analyses of alter-
native DSOs’ remuneration schemes and tariff arrangements would be needed to
provide thorough regulatory recommendations.

Finally, the two main areas of interest investigated in this thesis, ie. DSOs’ re-
muneration schemes and distribution tariff structures, are strongly interconnected
in reality. The two areas were analyzed independently from each other; time lim-
itations did not allow to integrate both analyses. Future work should include an
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integration of these two analyses. In order to do this, tariff structures need to be
analyzed from a DSO’s cost recovery perspective as well (e.g. under price-cap re-
muneration schemes), and the connections between DSO’s income from grid tariffs
and the other income/cost areas of the DSOs’ business investigated in detail.





Bibliography

[1] J. P. Lopes, N. Hatziargyriou, J. Mutale, P. Djapic, and N. Jenkins, “Integrat-
ing distributed generation into electric power systems: A review of drivers,
challenges and opportunities,” Electric Power Systems Research, vol. 77,
no. 9, pp. 1189 – 1203, 2007, distributed Generation. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0378779606001908

[2] C. Breyer and A. Gerlach, “Global overview on grid-parity,” Progress in
Photovoltaics: Research and Applications, vol. 21, no. 1, pp. 121–136, 2013.
[Online]. Available: http://dx.doi.org/10.1002/pip.1254

[3] R. Schleicher-Tappeser, “How renewables will change electricity markets
in the next five years,” Energy Policy, vol. 48, no. 0, pp. 64 – 75,
2012, special Section: Frontiers of Sustainability. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0301421512003473

[4] “EU 202020 climate and energy package,” http://ec.europa.eu/clima/policies/
package/index_en.htm, accessed: 2015-05-21.

[5] “Report from the Commission to the European Parliament, the Council, the
European Economic and Social Committee and the Committe of the Regions,”
Renewable energy progress report, 2013.

[6] T. Ackermann, G. Andersson, and L. Söder, “Distributed generation: a
definition,” Electric Power Systems Research, vol. 57, no. 3, pp. 195 – 204,
2001. [Online]. Available: http://www.sciencedirect.com/science/article/pii/
S0378779601001018

[7] R. Cossent, L. Olmos, T. Gómez, C. Mateo, and P. Frías, “Distribution network
costs under different penetration levels of distributed generation,” European
Transactions on Electrical Power, vol. 21, no. 6, pp. 1869 – 1888, 2011.
[Online]. Available: http://onlinelibrary.wiley.com/doi/10.1002/etep.503/full

[8] T. Ackermann, “Distributed resources and re-regulated electricity markets,”
Electric Power Systems Research, vol. 77, no. 9, pp. 1148 – 1159, 2007,
distributed Generation. [Online]. Available: http://www.sciencedirect.com/
science/article/pii/S0378779606001854

83

http://www.sciencedirect.com/science/article/pii/S0378779606001908
http://dx.doi.org/10.1002/pip.1254
http://www.sciencedirect.com/science/article/pii/S0301421512003473
http://ec.europa.eu/clima/policies/package/index_en.htm
http://ec.europa.eu/clima/policies/package/index_en.htm
http://www.sciencedirect.com/science/article/pii/S0378779601001018
http://www.sciencedirect.com/science/article/pii/S0378779601001018
http://onlinelibrary.wiley.com/doi/10.1002/etep.503/full
http://www.sciencedirect.com/science/article/pii/S0378779606001854
http://www.sciencedirect.com/science/article/pii/S0378779606001854


84 BIBLIOGRAPHY

[9] A. v. d. W. Jeroen de Joode and J. Jansen, Distributed Generation and
the Regulation of Distribution Networks. SD N Gaonkar, 2010, available
from: http://www.intechopen.com/books/distributed-generation/distributed-
generation-and-theregulation-of-distribution-networks.

[10] P. Frías, T. Gómez, R. Cossent, and J. Rivier, “Improvements in
current european network regulation to facilitate the integration of
distributed generation,” International Journal of Electrical Power and
Energy Systems, vol. 31, no. 9, pp. 445 – 451, 2009, 16th Power
Systems Computation Conference (PSCC), 2008. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0142061509000349

[11] U. Leprich and D. Bauknecht, “Development of criteria, guidelines and ratio-
nales for distribution network functionality and regulation,” Sustelnet, Tech.
Rep., 2004.

[12] I. J. Perez-Arriaga, Regulation of the Power Sector. Springer Publishing
Company, Incorporated, 2013.

[13] “From distribution networks to smart distribution systems: Rethinking
the regulation of European electricity DSOs,” Tech. Rep., 2013. [Online].
Available: http://think.eui.eu

[14] Eurelectric, “Network tariff structure for a smart energy system,” Union of the
electricity industry, Tech. Rep., May 2013.

[15] P. Joskow, “Lessons learned from electricity market liberalization,” The Energy
Journal, vol. 29, no. 2, pp. 9–42, 2008.

[16] M. Pollitt, “The future of electricity (and gas) regulation in a low-carbon policy
world,” The Energy Journal, vol. 29, no. 2, pp. 63–94, 2008.

[17] H. Demsetz, “Why regulate utilities?” Journal of Law and Economics,
vol. 11, no. 1, pp. pp. 55–65, 1968. [Online]. Available: http:
//www.jstor.org/stable/724970

[18] P. L. Joskow, “Incentive regulation and its application to electricity networks,”
Review of Network Economics, vol. 7, no. 4, pp. 547 – 560, 2008. [Online].
Available: http://economics.mit.edu/files/3623

[19] S. Viljainen, “Regulation design in the electricity distribution sector. theory
and practice,” Ph.D. dissertation, Acta Universitatis Lappeenrantaensis, 2005.

[20] T. Jamasb and M. Pollitt, “Benchmarkingand regulation of electricity
transmission and distribution utilities: lessons from international experience,”
2000. [Online]. Available: http://www.econ.cam.ac.uk/research/repec/cam/
pdf/wp0101.pdf

http://www.sciencedirect.com/science/article/pii/S0142061509000349
http://think.eui.eu
http://www.jstor.org/stable/724970
http://www.jstor.org/stable/724970
http://economics.mit.edu/files/3623
http://www.econ.cam.ac.uk/research/repec/cam/pdf/wp0101.pdf
http://www.econ.cam.ac.uk/research/repec/cam/pdf/wp0101.pdf


85

[21] E. Bompard, R. Napoli, B. Wan, and N. Xie, “A comprehensive model of
virtual competition in distribution energy systems,” European Transactions
on Electrical Power, vol. 21, no. 1, pp. 89–98, 2011. [Online]. Available:
http://dx.doi.org/10.1002/etep.415

[22] T. Solver and L. Söder, “Comparison of incentives for distribution system re-
liability in performance-based regulations,” in Electric utility deregulation, re-
structuring and power technologies, 2004. (DRPT 2004). Proceedings of the
2004 IEEE International Conference on, vol. 2, April 2004, pp. 485–490 Vol.2.

[23] D. Bauknecht, “Incentive regulation and network innovations,” 2011. [Online].
Available: http://cadmus.eui.eu/handle/1814/15481

[24] R. Davis, “Acting on performance-based regulation,” The Electricity
Journal, vol. 13, no. 4, pp. 13 – 23, 2000. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S1040619000001093

[25] J. Lima, J. Noronha, H. Arango, and P. dos Santos, “Distribution pricing based
on yardstick regulation,” Power Systems, IEEE Transactions on, vol. 17, no. 1,
pp. 198–204, Feb 2002.

[26] K. Kinnunen, “Pricing of electricity distribution: an empirical efficiency study
in Finland, Norway and Sweden,” Utilities Policy, vol. 13, no. 1, pp. 15 – 25,
2005. [Online]. Available: http://www.sciencedirect.com/science/article/pii/
S0957178704000438

[27] T. P. Tangerås, “Regulation of cost and quality under yardstick
competition,” Stockholm, IUI Working Paper 573, 2002. [Online]. Available:
http://hdl.handle.net/10419/94924

[28] “Mapping power and utilities regulation in Europe,” Tech. Rep.,
2013. [Online]. Available: http://www.ey.com/Publication/vwLUAssets/
Mapping_power_and_utilities_regulation_in_Europe/$FILE/Mapping_
power_and_utilities_regulation_in_Europe_DX0181.pdf

[29] “Market and regulatory incentives for cost efficient integration of DG in
the electricity system,” 2010. [Online]. Available: http://www.improgres.org/
fileadmin/improgres/user/docs/Improgres_Final_Report_D7.pdf

[30] V. Méndez, J. Rivier, J. de la Fuente, T. Gómez, J. Arceluz, J. Marín,
and A. Madurga, “Impact of distributed generation on distribution
investment deferral,” International Journal of Electrical Power and Energy
Systems, vol. 28, no. 4, pp. 244 – 252, 2006. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0142061505001511

[31] V. Quezada, J. Abbad, and T. Gómez, “Assessment of energy distribution
losses for increasing penetration of distributed generation,” Power Systems,
IEEE Transactions on, vol. 21, no. 2, pp. 533–540, May 2006.

http://dx.doi.org/10.1002/etep.415
http://cadmus.eui.eu/handle/1814/15481
http://www.sciencedirect.com/science/article/pii/S1040619000001093
http://www.sciencedirect.com/science/article/pii/S0957178704000438
http://www.sciencedirect.com/science/article/pii/S0957178704000438
http://hdl.handle.net/10419/94924
http://www.ey.com/Publication/vwLUAssets/Mapping_power_and_utilities_regulation_in_Europe/$FILE/Mapping_power_and_utilities_regulation_in_Europe_DX0181.pdf
http://www.ey.com/Publication/vwLUAssets/Mapping_power_and_utilities_regulation_in_Europe/$FILE/Mapping_power_and_utilities_regulation_in_Europe_DX0181.pdf
http://www.ey.com/Publication/vwLUAssets/Mapping_power_and_utilities_regulation_in_Europe/$FILE/Mapping_power_and_utilities_regulation_in_Europe_DX0181.pdf
http://www.improgres.org/fileadmin/improgres/user/docs/Improgres_Final_Report_D7.pdf
http://www.improgres.org/fileadmin/improgres/user/docs/Improgres_Final_Report_D7.pdf
http://www.sciencedirect.com/science/article/pii/S0142061505001511


86 BIBLIOGRAPHY

[32] “Directive 2003/54/EC of the European Parliament and of the Council of
26 June 2003 concerning common rules for the internal market in electric-
ity and repealing Directive 96/92/EC,” https://www.energy-community.org/
pls/portal/docs/36275.PDF, accessed: 2015-05-24.

[33] D. Cao, D. Pudjianto, G. Strbac, A. Martikainen, S. Kärkkäinen, and J. Farin,
“Costs and benefits of DG connections to grid system. studies on the UK and
Finnish systems,” DG-Grid, Tech. Rep., 2006.

[34] A. Piccolo and P. Siano, “Evaluating the impact of network investment deferral
on distributed generation expansion,” Power Systems, IEEE Transactions on,
vol. 24, no. 3, pp. 1559–1567, Aug 2009.

[35] J. McDonald, “Adaptive intelligent power systems: Active distribution
networks,” Energy Policy, vol. 36, no. 12, pp. 4346 – 4351, 2008,
foresight Sustainable Energy Management and the Built Environment
Project. [Online]. Available: http://www.sciencedirect.com/science/article/
pii/S0301421508004485

[36] P. Frías, T. Gómez, R. Cossent, and J. Rivier, “Improvements in current
European network regulation to facilitate the integration of distributed
generation,” International Journal of Electrical Power and Energy Systems,
vol. 31, no. 9, pp. 445 – 451, 2009, power Systems Computation Conference
(PSCC) 2008 Power Systems Computation Conference (PSCC) 2008 16th
Power Systems Computation Conference (PSCC), 2008. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0142061509000349

[37] T. Hammons, “Integrating renewable energy sources into European
grids,” International Journal of Electrical Power and Energy Systems,
vol. 30, no. 8, pp. 462 – 475, 2008. [Online]. Available: http:
//www.sciencedirect.com/science/article/pii/S0142061508000306

[38] “The smart grid: an introduction,” Tech. Rep. [Online]. Avail-
able: http://energy.gov/sites/prod/files/oeprod/DocumentsandMedia/DOE_
SG_Book_Single_Pages%281%29.pdf

[39] D. Bauknecht, U. Leprich, P. Späth, K. Skytte, and B. Esnault, Regulating
innovation and innovating regulation. Energy Research Centre of the Nether-
lands (ECN), 2007.

[40] “Position paper on smart grids,” Tech. Rep., 2010. [Online]. Avail-
able: http://www.smartgrids-cre.fr/media/documents/regulation/100610_
ERGEG_Position_paper.pdf

[41] I. E. Commission, “Elements of the smart grid.” [Online]. Available:
http://www.iec.ch/smartgrid/background/elements.htm

https://www.energy-community.org/pls/portal/docs/36275.PDF
https://www.energy-community.org/pls/portal/docs/36275.PDF
http://www.sciencedirect.com/science/article/pii/S0301421508004485
http://www.sciencedirect.com/science/article/pii/S0301421508004485
http://www.sciencedirect.com/science/article/pii/S0142061509000349
http://www.sciencedirect.com/science/article/pii/S0142061508000306
http://www.sciencedirect.com/science/article/pii/S0142061508000306
http://energy.gov/sites/prod/files/oeprod/DocumentsandMedia/DOE_SG_Book_Single_Pages%281%29.pdf
http://energy.gov/sites/prod/files/oeprod/DocumentsandMedia/DOE_SG_Book_Single_Pages%281%29.pdf
http://www.smartgrids-cre.fr/media/documents/regulation/100610_ERGEG_Position_paper.pdf
http://www.smartgrids-cre.fr/media/documents/regulation/100610_ERGEG_Position_paper.pdf
http://www.iec.ch/smartgrid/background/elements.htm


87

[42] P. Frías, T. Gómez, and J. Rivier, “Integration of distributed generation in
distribution networks: regulatory challenges,” in 16th Power Systems Compu-
tation Conference, Glasgow, Scotland, UK, 2008, pp. 14–18.

[43] J. Jansen, A. Van der Welle, and J. De Joode, “The evolving role of the DSO
in efficiently accommodating distributed generation,” DG-GRID project report,
2007.

[44] S. Ropenus, H. K. Jacobsen, and S. T. Schr"øder, “Network regulation
and support schemes. how policy interactions affect the integration of
distributed generation,” Renewable Energy, vol. 36, no. 7, pp. 1949 – 1956,
2011. [Online]. Available: http://www.sciencedirect.com/science/article/pii/
S0960148110005690

[45] R. Cossent, T. Gómez, and P. Frías, “Towards a future with large penetration
of distributed generation: Is the current regulation of electricity distribution
ready? regulatory recommendations under a European perspective,” Energy
Policy, vol. 37, no. 3, pp. 1145 – 1155, 2009. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0301421508007039

[46] D. Bauknecht and G. Brunekreeft, “Chapter 13 - Distributed generation
and the regulation of electricity networks,” in Competitive Electricity
Markets, ser. Elsevier Global Energy Policy and Economics Series, F. P.
Sioshansi, Ed. Oxford: Elsevier, 2008, pp. 469 – 497. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/B9780080471723500179

[47] R. Shaw, M. Attree, and T. Jackson, “Developing electricity distribution net-
works and their regulation to support sustainable energy,” Energy Policy,
vol. 38, no. 10, pp. 5927–5937, 2010.

[48] R. Cossent, T. Gómez, and J. Lopes, “Does distributed generation require new
regulatory tools? a comparative analysis of distribution network regulation in
Spain and Portugal,” in 17th Power Systems Computation Conference, Stock-
holm, Sweden, 2011.

[49] “Economic regulation of electricity grids in Nordic countries,” NordReg (Nordic
Energy Regulators), Tech. Rep., July 2011.

[50] OFGEM, “Handbook for implementing the RIIO model,” Handbook, 2010.
[Online]. Available: https://www.ofgem.gov.uk/ofgem-publications/51871/
riiohandbook.pdf

[51] “European Commission, "Directive 2009/72/EC," 2009 concerning com-
mon rules for the internal market in electricity and repealing Directive
96/92/EC,” http://www.aib-net.org/portal/page/portal/AIB_HOME/AIB/
EU%20Documents/Directive%202009-72-EC-%20Electricity.pdf, accessed:
2015-05-30.

http://www.sciencedirect.com/science/article/pii/S0960148110005690
http://www.sciencedirect.com/science/article/pii/S0960148110005690
http://www.sciencedirect.com/science/article/pii/S0301421508007039
http://www.sciencedirect.com/science/article/pii/B9780080471723500179
https://www.ofgem.gov.uk/ofgem-publications/51871/riiohandbook.pdf
https://www.ofgem.gov.uk/ofgem-publications/51871/riiohandbook.pdf
http://www.aib-net.org/portal/page/portal/AIB_HOME/AIB/EU%20Documents/Directive%202009-72-EC-%20Electricity.pdf
http://www.aib-net.org/portal/page/portal/AIB_HOME/AIB/EU%20Documents/Directive%202009-72-EC-%20Electricity.pdf


88 BIBLIOGRAPHY

[52] ERGEG, “Treatment of losses by network operators,” Posi-
tion Paper for public consultation, 2008. [Online]. Available:
http://www.energy-regulators.eu/portal/page/portal/EER_HOME/EER_
CONSULT/CLOSED%20PUBLIC%20CONSULTATIONS/ELECTRICITY/
Treatment%20of%20Losses/CD/E08-ENM-04-03_Treatment-of-Losses_
PC_2008-07-15.pdf

[53] L. Söder, “The value of wind power for an owner of a local distribution net-
work,” 1999.

[54] W. Kersting, “Radial distribution test feeders,” in Power Engineering Society
Winter Meeting, 2001. IEEE, vol. 2, 2001, pp. 908–912 vol.2.

[55] J. Owuor, J. Munda, and A. Jimoh, “The IEEE 34 node radial test feeder as
a simulation testbench for distributed generation,” in AFRICON, 2011, Sept
2011, pp. 1–6.

[56] M. Jakobsson Ueda, O. Engblom, and K. Alvehag, “Representative test systems
for Swedish distribution networks,” in Electricity Distribution - Part 1, 2009.
CIRED 2009. 20th International Conference and Exhibition on, June 2009, pp.
1–4.

[57] E. Working Group Economic Framework, “E overview of transmission tariffs
in Europe: Synthesis 2012,” Tech. Rep., 2012.

[58] M. P. R. Ortega, J. I. Pérez-Arriaga, J. R. Abbad, and J. P.
González, “Distribution network tariffs: A closed question?” Energy
Policy, vol. 36, no. 5, pp. 1712 – 1725, 2008. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0301421508000190

[59] G. W. G. Tariffs, “GEODE position paper on the development of the DSO’s
tariff structure,” Tech. Rep., 2013.

[60] V. Sakhrani and J. E. Parsons, “Electricity network tariff architectures. a com-
parison of four OECD countries,” Center for energy and environmental policy
research (CEEPR) No, pp. 10–008, 2010.

[61] G. Strbac and J. Mutale, “Framework and methodology for pricing of dis-
tribution networks with distributed generation,” Report submitted by Centre
for Distributed Generation and Sustainable Electrical Energy to OFGEM, UK,
2005.

[62] J. Bonbright, Principles of public utility rates. Arlington, Virginia, 1961.

[63] J. Reneses and M. P. R. Ortega, “Distribution pricing: theoretical princi-
ples and practical approaches,” IET Generation, Transmission & Distribution,
vol. 8, no. 10, pp. 1645–1655, 2014.

http://www.energy-regulators.eu/portal/page/portal/EER_HOME/EER_CONSULT/CLOSED%20PUBLIC%20CONSULTATIONS/ELECTRICITY/Treatment%20of%20Losses/CD/E08-ENM-04-03_Treatment-of-Losses_PC_2008-07-15.pdf
http://www.energy-regulators.eu/portal/page/portal/EER_HOME/EER_CONSULT/CLOSED%20PUBLIC%20CONSULTATIONS/ELECTRICITY/Treatment%20of%20Losses/CD/E08-ENM-04-03_Treatment-of-Losses_PC_2008-07-15.pdf
http://www.energy-regulators.eu/portal/page/portal/EER_HOME/EER_CONSULT/CLOSED%20PUBLIC%20CONSULTATIONS/ELECTRICITY/Treatment%20of%20Losses/CD/E08-ENM-04-03_Treatment-of-Losses_PC_2008-07-15.pdf
http://www.energy-regulators.eu/portal/page/portal/EER_HOME/EER_CONSULT/CLOSED%20PUBLIC%20CONSULTATIONS/ELECTRICITY/Treatment%20of%20Losses/CD/E08-ENM-04-03_Treatment-of-Losses_PC_2008-07-15.pdf
http://www.sciencedirect.com/science/article/pii/S0301421508000190


89

[64] Ü. Cali, S. Ropenus, and S. Schröder, “Development of interactions between
distributed generation and distribution system operators,” Tech. Rep., 2007.

[65] A. Picciariello, J. Reneses, P. Frías, and L. Söder, “Distributed generation
and distribution pricing: Why do we need new tariff design methodologies?”
Electric Power Systems Research, vol. 119, pp. 370–376, 2015.

[66] “Freeing the grid: Best practices in state net metering policies and intercon-
nection procedures,” Tech. Rep., 2014.

[67] “Optimal network tariffs and allocation of costs,” Tech. Rep., 2008. [Online].
Available: http://www.nve.no/Global/Kraftmarked/Tariffer/Optimal%
20network%20tariffs%20and%20allocation%20of%20costs.pdf?epslanguage=
en

[68] “Connecting to the grid project state and utility net metering rules for dis-
tributed generation,” Tech. Rep., 2010.

[69] A. Brown and L. Lund, “Distributed generation: How green? How efficient?
How well-priced?” The Electricity Journal, vol. 26, no. 3, pp. 28 – 34,
2013. [Online]. Available: http://www.sciencedirect.com/science/article/pii/
S1040619013000523

[70] F. A. Felder and R. Athawale, “The life and death of the utility death spiral,”
The Electricity Journal, vol. 27, no. 6, pp. 9 – 16, 2014. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S1040619014001407

[71] K. W. Costello and R. C. Hemphill, “Electric utilities’ “death spiral”:
Hyperbole or reality?” The Electricity Journal, vol. 27, no. 10, pp. 7 – 26,
2014. [Online]. Available: http://www.sciencedirect.com/science/article/pii/
S1040619014002139

[72] D. Heald, “Contrasting approaches to the “problem"of cross subsidy,” Manage-
ment Accounting Research, vol. 7, no. 1, pp. 53–72, 1996.

[73] P. Sotkiewicz and J. Vignolo, “Towards a cost causation-based tariff for dis-
tribution networks with DG,” Power Systems, IEEE Transactions on, vol. 22,
no. 3, pp. 1051–1060, Aug 2007.

[74] F. Li and D. Tolley, “Long-run incremental cost pricing based on unused ca-
pacity,” Power Systems, IEEE Transactions on, vol. 22, no. 4, pp. 1683–1689,
Nov 2007.

[75] C. Domingo, T. Román, A. Sánchez-Miralles, J. González, and A. Martínez, “A
Reference Network Model for large-scale distribution planning with automatic
street map generation,” Power Systems, IEEE Transactions on, vol. 26, no. 1,
pp. 190–197, Feb 2011.

http://www.nve.no/Global/Kraftmarked/Tariffer/Optimal%20network%20tariffs%20and%20allocation%20of%20costs.pdf?epslanguage=en
http://www.nve.no/Global/Kraftmarked/Tariffer/Optimal%20network%20tariffs%20and%20allocation%20of%20costs.pdf?epslanguage=en
http://www.nve.no/Global/Kraftmarked/Tariffer/Optimal%20network%20tariffs%20and%20allocation%20of%20costs.pdf?epslanguage=en
http://www.sciencedirect.com/science/article/pii/S1040619013000523
http://www.sciencedirect.com/science/article/pii/S1040619013000523
http://www.sciencedirect.com/science/article/pii/S1040619014001407
http://www.sciencedirect.com/science/article/pii/S1040619014002139
http://www.sciencedirect.com/science/article/pii/S1040619014002139


90 BIBLIOGRAPHY

[76] N. Darghouth, G. Barbose, and R. Wiser, “Electricity bill savings from residen-
tial photovoltaic systems: sensitivities to changes in future electricity market
conditions,” Tech. Rep., 2013.

[77] C. Eid, J. R. Guillén, P. F. Marín, and R. Hakvoort, “The economic
effect of electricity net-metering with solar PV: Consequences for network
cost recovery, cross subsidies and policy objectives,” Energy Policy,
vol. 75, no. 0, pp. 244 – 254, 2014. [Online]. Available: http:
//www.sciencedirect.com/science/article/pii/S0301421514005023

[78] J. Jargstorf, K. Kessels, and R. Belmans, “Capacity-based grid fees for residen-
tial customers,” in European Energy Market (EEM), 2013 10th International
Conference on the. IEEE, 2013, pp. 1–8.

[79] Energimarknadsinspektionen, “Electricty Act (SFS 1997:857),” Tech. Rep.,
1997. [Online]. Available: http://ei.se/Documents/Publikationer/lagar_pa_
engelska/Electricity_Act_.pdf

[80] ——, “Årsrapporter och nättariffer. Available only in Swedish,” Tech. Rep.,
2013. [Online]. Available: http://ei.se/sv/Publikationer/Arsrapporter/

[81] S. Energi, “Elåret.” [Online]. Available: http://www.svenskenergi.se/Global/
Statistik/El%C3%A5ret/Sv%20Energi_el%C3%A5ret2013_versJUNI2014.
pdf

[82] H. G. Grontmij, “Inmatningstariffer för elproducenter. sammanställning och
analys av avgifter för inmatning i lokalnät. rapport till energimarknadsinspek-
tionen. Available only in Swedish,” Tech. Rep., 2014.

[83] “Vindkraft på Gotland. available only in Swedish,” Tech. Rep., 2014. [Online].
Available: http://www.gotland.se/1729

http://www.sciencedirect.com/science/article/pii/S0301421514005023
http://www.sciencedirect.com/science/article/pii/S0301421514005023
http://ei.se/Documents/Publikationer/lagar_pa_engelska/Electricity_Act_.pdf
http://ei.se/Documents/Publikationer/lagar_pa_engelska/Electricity_Act_.pdf
http://ei.se/sv/Publikationer/Arsrapporter/
http://www.svenskenergi.se/Global/Statistik/El%C3%A5ret/Sv%20Energi_el%C3%A5ret2013_versJUNI2014.pdf
http://www.svenskenergi.se/Global/Statistik/El%C3%A5ret/Sv%20Energi_el%C3%A5ret2013_versJUNI2014.pdf
http://www.svenskenergi.se/Global/Statistik/El%C3%A5ret/Sv%20Energi_el%C3%A5ret2013_versJUNI2014.pdf
http://www.gotland.se/1729


For KTH Royal Institute of Technology:
DOCTORAL THESIS IN ELECTRICAL ENGINEERING
TRITA-EE 2015:75
www.kth.se

ISSN 1653-5146
ISBN 978-91-7595-715-9


	Contents
	Introduction
	Background
	Objectives
	Scope
	Scientific contribution
	Thesis outline

	DSOs' economic regulation
	DSOs' economic regulation and DG: research background
	DSOs' economic regulation
	DSOs' general business model
	Overview of the different regulatory approaches to DSOs' remuneration

	Potential impact of DG on distribution costs and benefits
	DSOs' costs potentially affected by DG
	Factors affecting DG impact on DSOs

	DSOs' economic regulation and DG: innovative proposals
	Modeling the impact of regulation on DG integration
	Research gap and conclusions

	Assessing DG impact on DSOs' business
	Proposed methodology
	Definitions, assumptions and characteristics
	Definitions
	Assumptions
	Characteristics

	Model description

	Case studies
	Results and discussion
	Conclusion


	Distribution tariff design
	Distribution tariffs and DG
	Tariffs: objectives, principles and traditional approaches
	New challenges within tariff design from DG integration
	DG tariffs in the literature: proposed methodologies
	Research gap and conclusions

	Estimating cross subsidies between network users
	Case I: net metering and volumetric tariffs. Cross-subsidies estimation
	Context and methodology objectives
	Methodology
	Network cost calculation
	Tariff calculation
	Tariff assessment

	Case studies and results

	Case II: DG partial exemption from network tariffs. Cross-subsidies estimation
	Context and methodology objectives
	Methodology
	Input data
	Assumptions

	Case studies and results

	Conclusions

	Conclusions
	Concluding remarks
	Future work

	Bibliography

	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Paper V.pdf
	Distributed generation and distribution pricing: Why do we need new tariff design methodologies?
	1 Introduction
	2 Tariffs: objectives, principles and traditional approaches
	3 General issues related to tariff design
	4 New challenges arising within tariff design from the DG integration
	5 Current tariffs and innovative proposals
	5.1.1 DG and distribution tariffs in different countries
	5.2 Innovative proposals from the literature

	6 How to tackle the challenges: discussion
	Acknowledgments
	References


	Paper VI.pdf
	Highlights
	1. Introduction
	2. Distribution network charges: literature review
	3. Methods
	3.1 Network cost calculation
	3.1.1 Customer characteristics
	3.1.2 Definition of PV scenarios
	3.1.3 Network design
	3.1.4 Cost calculation

	3.2 Tariff calculation
	3.3 Tariff assessment
	3.4 Reference case: cost-reflective tariffs
	3.5 Description of study cases

	4. Results and discussion
	4.1.1 Network cost
	4.1.2 Net metering and volumetric tariff
	4.1.3 Reference case

	5. Conclusions and policy implications
	Acknowledgments
	rEFERENCES




