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Abstract

The decarbonization of the global energy system to limit global warming on the basis
of the Paris Agreement requires a massive expansion of renewable energy sources (RES).
The technical implementation and technology mix of the energy transition will take place
under technical, economic, socio-economic, and socio-ecological constraints. The latter
two include the consideration of land use competition, environmental impact and social
acceptance. Among other things, these restrictions make it difficult to implement large-
scale projects in Germany, such as large on- or off-shore wind parks. Therefore, small-scale
RES systems, especially rooftop photovoltaics (PV) on residential buildings, are emerging
as an additional option for RES expansion. This is because these systems are not in direct
competition with land, do not require any intervention in the local environment, and are
widely accepted by society. In Germany, approximately 1.4 million small-scale PV sys-
tems (by 2021) below 10 kW, have been installed in the past 20 years, supported by the
Renewable Energy Sources Act (EEG). Together with these installations, a new group of
market players has emerged, namely prosumers, who simultaneously pro-duce and con-
sume energy (electricity). In recent years, newly installed PV systems are predominantly
installed in combination with battery storage systems. The share of electric cars in the
mobility sector and electric heat pumps in the heating sector has increased continuously
and in parallel. These distributed generation and storage options enable prosumers to
play an active role in the energy system. However, prosumers’ actual behavior is largely
determined by the regulatory framework. In Germany, for example, prosumers in the
household sector are generally not direct participants in the wholesale market, but rather
in the retail market with retail electricity prices that include regulatory price components
such as network usage fees. As a result, for roughly the past decade, an (indirect) in-
centive has been created by constantly rising electricity prices and simultaneously falling
feed-in tariffs to consume the maximum amount of self-generated electricity in order to
avoid expensive external electricity purchases. In more abstract terms, the regulatory
framework thus influences prosumers’ investment and operating behavior. Prosumers al-
ready represent an important source of private RES investment today. However, the
current regulatory framework does not provide targeted incentives to ensure that systems
installed through prosumer investments are integrated into the overall system in a way
that serves the system. This has implications for various levels (scales) of the energy
system, as illustrated by the following:

First, at the household level, distribution effects occur at the expense of traditional
consumer households without PV. This is because these households must currently com-
pensate for the network charges that prosumers avoid through self-consumption to re-

finance the grid infrastructure and operating costs. Second, at the level of the local
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distribution grid, prosumers can impose thermal stress on local network structures, for
example, through feed-back peaks from excess PV, which are additionally amplified by
simultaneity effects. Third, at the wholesale level, a large number of prosumers can lead
to additional system costs if the operational behavior of distributed storage negatively
affects the operation of central power plants and leads to additional fuel and CO; costs.

A deeper — and quantitative — understanding of these interactions between prosumers
and the power system is the goal of this cumulative thesis. The question of what the
impacts are at different scales of the energy system is thus answered through analyses of
three scientific publications in an overall context.

The focus of the first publication (in Energy Policy) is on household-level impacts.
Based on empirical data from more than 1.4 million small-scale PV systems and using
statistical measures, the study examines the socioeconomic impact of the EEG over the
past 20 years. In a first step, the technical potential for rooftop PV systems is quantified
with regional resolution and compared with actual utilization. The results reveal that
the utilization of the technical potential differs significantly from region to region. This
is accompanied by significant regional differences in the distribution of household costs
for electricity. For prosumer households, both the regulatory profits (EEG remuneration)
and avoided electricity purchase costs through self-consumption are considered, as well as
the corresponding investment costs for the PV and storage systems. It can be seen that
some counties, especially in the south of Germany, have significantly lower net electricity
costs on average, while the majority of counties are net burdened by the EEG. Aggregated
over the whole of Germany, the EEG thus leads to a cost shift of more than half a billion
euros to the detriment of traditional consumer households. The maximization of self-
consumption today (2021) accounts for approximately half of the total effect. Translated
to the household level, this means that prosumers have 40 % lower net costs for their
annual electricity than consumers on average in Germany.

The effects of prosumer behavior in response to the regulatory framework are explored
in the second publication (in IEEE Transactions on Power Systems). Here, on the one
hand, a methodological abstraction is made to general regulatory frameworks for levy-
based RES support schemes and volumetric network charge designs, and, on the other
hand, the analysis is extended to consider system effects and impacts on the overall system
(wholesale market). Using a linear optimization model of the German electricity market
and extensive parameter variations, the effects of prosumer decisions regarding investment
in and operation of PV systems and battery storages are considered. The focus is on a
realistic representation of strategic prosumer behavior via corresponding restrictions in
the system modeling. In addition, the analysis considers heat applications (electric heat
pumps and thermal storage), which represent further decentralized flexibility options in

a sector-integrated energy system. It is shown that the actual operation mode of the
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distributed generation and storage units has a significant influence on the overall system
costs. Thus, for future systems with high RES as well as prosumer shares, the total
costs for systems comparable to the German electricity market could increase by more
than EUR 1 billion if the corresponding decentralized flexibilities are either not integrated
or incompletely integrated into the overall market. At the same time, this publication
addresses further possible impacts of prosumer behavior at the distribution grid level
by analyzing the maximum feed-in peaks as a function of different storage operation
strategies. This analysis also provides the link to the third publication.

In the third journal paper (in Energies), the effects of prosumer behavior are investi-
gated with a special focus on simultaneity effects at the local grid level. Different operating
strategies for distributed PV and battery storage systems are considered, derived from
different regulatory frameworks. To this end, this work couples different control algo-
rithms of distributed systems (a) with an investigation of simultaneity effects at the local
network node level and (b) with a linear optimization model of the electricity market. In
addition to the previous analyses, which focus on the existing regulatory framework in
its current form, this work also investigates a further development toward a new network
charge design. In contrast to the existing regulatory framework, this new network charge
design is based on the network capacity utilization considering simultaneity effects. It
is shown that such a capacitive network charge mechanism can indeed lead to network-
relieving behavior. At the same time, a fairer distribution of the refinancing costs of
network infrastructure and operation can be achieved compared with volumetric network
charges. Since network charges are a significant component of the retail electricity price,
this would allow for better alignment of the overall burden of supplying electricity to
prosumer and consumer households. A key added value of this work is the simultaneous
consideration of all three scales of the energy system: individual (household), local (grid),
and global (system). The study thereby demonstrates the complexity of the interactions
between these system levels. While capacitive network charges are positive in terms of
both socioeconomic impact and physical network relief, system-level impacts might be
less beneficial. Viewed another way: controlling distributed flexibilities according to the
market price signal would lead to a more effective integration of the overall available RES
capacities and thus to both lower system costs and lower COy emissions — but at the cost
of a comparatively higher local network capacity utilization. The additional consideration
of widespread electric mobility in the future does not fundamentally change this picture
— which, at the same time, provides an important indication of the stability of the results

with respect to parametric uncertainties.
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Kurzfassung

Die Dekarbonisierung des globalen Energiesystems zur Begrenzung der Erderwéirmung
auf Basis des Klimaschutzabkommens von Paris erfordert einen massiven Ausbau Erneuer-
barer Energien (EE). Die technische Umsetzung und der Technologiemix der Energiewende
erfolgt entlang technischer, wirtschaftlicher, sozio6konomischer und soziotkologischer Rah-
menbedingungen. Die beiden letzteren schliefen etwa die Berticksichtigung von Flachen-
konkurrenzen, Umweltauswirkungen und gesellschaftlicher Akzeptanz ein. Unter anderem
aufgrund dieser Restriktionen ist gerade in Deutschland eine Umsetzung von Grofiprojek-
ten — beispielsweise groe Windparks and Land oder auf See — erschwert. Umso mehr
ricken daher EE-Kleinanlagen, insbesondere Aufdach-Photovoltaik (PV) auf Wohngebéu-
den, als zusétzliche Moglichkeit des EE-Ausbaus in den Fokus. Denn diese Anlagen stehen
nicht in direkter Fliachenkonkurrenz, bediirfen keiner Eingriffe in die lokale Umwelt und
sind gesellschaftlich breit akzeptiert. In Deutschland sind in den vergangenen 20 Jahren,
gefordert durch das Erneuerbare-Energien-Gesetz (EEG), etwa 1,4 Millionen PV-Klein-
anlagen (bis 2021) unter 10 kW, installiert worden. Gemeinsam mit diesen Anlagen ist
eine neue Akteursgruppe an Markteilnehmern entstanden, die sogenannten Prosumenten,
die zugleich Energie (Strom) pro-duzieren und kon-sumieren. Neuinstallierte PV-Anlagen
werden in den letzten Jahren iiberwiegend in Kombination mit Batteriespeichern ver-
baut. Gleichzeitig ist auch der Anteil von Elektroautos im Bereich Mobilitat und elek-
trischer Warmepumpen im Bereich Warme in den letzten Jahren kontinuierlich gestiegen.
Diese dezentralen Erzeugungs- und Speicheroptionen ermoglichen Prosumenten, eine ak-
tive Rolle im Energiesystem einzunehmen. Dabei wird das tatsidchliche Verhalten von
Prosumenten maflgeblich durch den regulatorischen Rahmen bestimmt. In Deutschalnd
etwa sind Prosumenten im Haushaltsbereich in der Regel nicht direkte Teilnehmer am
Groflhandel, sondern im Endkundenmarkt mit Endkundenstrompreisen, die regulatorische
Preiskomponenten wie Netznutzungsentgelte enthalten. Dies fithrt dazu, dass seit etwa 10
Jahren ein (indirekter) Anreiz erzeugt wird durch stetig steigende Strompreise bei gleich-
zeitig sinkender Einspeisevergiitung, den erzeugten Strom maximal selbst zu verbrauchen,
um teuren, externen Strombezug zu vermeiden. Abstrakter formuliert beeinflusst dem-
nach der regulatorische Rahmen sowohl das Investitions- als auch das Betriebsverhalten
von Prosumenten. Prosumenten stellen heute schon eine wichtige Quelle fiir private EE-
Investitionen dar. Allerdings werden im derzeitigen regulatorischen Rahmen keine ziel-
gerichteten Anreize gesetzt, dass die durch Prosumenten-Investitionen installierten Anla-
gen systemdienlich in das Gesamtsystem integriert werden. Dies hat Auswirkungen auf
verschiedenen Groflenskalen im Energiesystem, wie folgende Aspekte beispielhaft illustrie-
ren:

Erstens: Auf Ebene der Haushalte resultieren Verteileffekte zu Lasten der klassischen
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Konsumenten-Haushalte ohne PV. Denn diese miissen derzeit etwa bei der Refinanzierung
der Netzinfrastruktur und Betriebskosten die durch Eigenverbrauch vermiedenen Netzent-
gelte von Prosumenten iibernehmen. Zweitens: Auf Ebene des lokalen Verteilnetz kénnen
Prosumenten etwa durch Riickspeise-Spitzen von Uberschuss-PV, welche durch Gleich-
zeitigkeitseffekte zusétzlich verstirkt werden, lokale Netzstrukturen thermisch belasten.
Drittens: Auf Grohandelsebene kann eine grole Anzahl von Prosumenten zu zusatzlichen
Systemkosten fithren, wenn sich das Betriebsverhalten der dezentralen Speicher negativ
auf die Betriebsweise zentraler Kraftwerke auswirkt und zu zusétzlichen Brennstoff- und
COs-Kosten fuhrt.

Ein tieferes — und auch quantitatives — Verstandnis dieser Wechselwirkungen zwischen
Prosumenten und dem Energiesystem ist das Ziel der vorliegenden kumulativen Disserta-
tion. Die Fragestellung nach den Auswirkungen auf unterschiedlichen Groienskalen wird
dabei durch die Analysen dreier wissenschaftlicher Veroffentlichungen im Gesamtzusam-
menhang beantwortet.

Der Fokus der ersten Veroffentlichung (in Energy Policy) liegt auf den Auswirkun-
gen auf Haushaltsebene. Die Studie untersucht auf Basis empirischer Daten von tiber
1,4 Millionen PV-Kleinanlagen und unter Verwendung statistischer Mafle die soziotko-
nomischen Auswirkungen des EEG der vergangenen 20 Jahre. In einem ersten Schritt
wird das technische Potenzial fiir Aufdach-PV-Anlagen regional aufgelost quantifiziert
und mit der tatsachlichen Ausnutzung verglichen. Dabei zeigt sich, dass das technische
Potenzial regional bisher deutlich unterschiedlich ausgenutzt wird. Damit einher gehen sig-
nifikante regionale Unterschiede bei der Verteilung der Haushaltskosten fiir Strom. Dabei
werden fiir Prosumenten-Haushalte sowohl die regulatorischen Profite (EEG-Vergiitung)
und vermiedene Strombezugskosten durch Eigenverbrauch berticksichtigt, als auch die
entsprechenden Investitionskosten fiir die PV- und Speichersysteme. Es zeigt sich, dass
einige Landkreise insbesondere im Stiden Deutschlands im Durchschnitt deutlich niedrigere
Netto-Stromkosten aufweisen, wiahrend die Mehrzahl der Landkreise netto belastet wird
durch das EEG. Uber ganz Deutschland aggregiert fithrt das EEG auf diese Weise zu
einer Kostenverschiebung von iiber einer halbe Milliarde Euro zu Lasten von klassischen
Konsumenten-Haushalten. Dabei trigt die Maximierung von Eigenverbrauch heute (2021)
circa zur Halfte des Gesamteffektes bei. Ubersetzt auf Haushaltsebene bedeutet dies, dass
Prosumenten im Durchschnitt iiber Deutschland netto 40 Prozent geringere Kosten fiir
den jahrlichen Strombedarf aufweisen als Konsumenten.

Die Auswirkungen von Prosumenten-Verhalten als Reaktion auf den regulatorischen
Rahmen werden in der zweiten Veroffentlichung (in IEEE Transactions on Power Sys-
tems) aufgegriffen. Dabei wird einerseits methodisch eine Abstrahierung vorgenommen
auf allgemeine regulatorische Rahmensetzungen zur umlagefinanzierten EE-Forderung

und volumetrische Netzentgeltmechanismen, andererseits wird die Analyse erweitert um
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die Betrachtung von Systemeffekten und Auswirkungen auf das Gesamtsystem (Grofhan-
del). Unter Verwendung eines linearen Optimierungsmodells des deutschen Elektrizi-
tatsmarktes sowie umfangreicher Parameter-Variationen werden die Auswkirkungen von
Prosumenten-Entscheidungen hinsichtlich Investition in und Betrieb von PV-Anlagen und
Speichern berticksichtigt. Dabei liegt der Fokus auf einer realistischen Abbildung des
strategischen Prosumenten-Verhaltens iiber entsprechende Restriktionsbedingungen in der
Systemmodellierung. Zudem berticksichtigt die Analyse auch Wéarmeanwendungen (elek-
trische Warmepumpen und thermische Speicher), die weitere dezentrale Flexibilitatsoptio-
nen in einem sektorintegrierten Energiesystem darstellen. Es zeigt sich, dass insbesondere
die tatsachliche Betriebsweise der dezentralen Erzeugungs- und Speichereinheiten maf3ge-
blichen Einfluss auf die Gesamtsystemkosten hat. So konnten fiir zukiinftige Systeme mit
hohen EE- als auch Prosumenten-Anteilen die Gesamtkosten fiir Systeme vergleichbar
mit Deutschland um mehr als 1 Milliarde Euro steigen, wenn die entsprechenden dezen-
tralen Flexibilitdten nicht oder nur unvollstandig in den Gesamtmarkt integriert werden.
Gleichzeitig reifit diese Veroffentlichung weitere mogliche Auswirkungen von Prosumenten-
Verhalten auf Verteilnetzebene an, indem die maximalen Riickspeisespitzen als Funktion
unterschiedlicher Speicherbetriebsstrategien analysiert werden. Dies stellt zugleich die
Verbindung zur dritten Veroffentlichung dar.

In dieser dritten Arbeit (in Energies) werden die Auswirkungen von Prosumenten-
Verhalten mit besonderem Fokus auf Gleichzeitigkeitseffekte auf lokaler Netzebene un-
tersucht. Es werden verschiedene Betriebsstrategien fiir dezentrale PV- und Batteriespei-
chersysteme betrachtet, die sich aus unterschiedlichen regulatorischen Rahmensetzungen
ableiten. Dafiir werden in dieser Arbeit unterschiedliche dezentrale Steuerungsalgorith-
men gekoppelt a) mit einer Untersuchung von Gleichzeitigkeitseffekten auf lokaler Netz-
knotenebene und b) mit einem linearen Optimierungsmodells des Elektrizitatsmarktes.
Zusétzlich zu den bisherigen Analysen, die sich auf den bestehenden regulatorischen Rah-
men in seiner derzeitigen Form fokussieren, wird in dieser Arbeit auch eine Weiterentwick-
lung in Richtung eines neuen Netzentgelt-Designs untersucht. Dieses basiert, anders als
bisher, auf der kapazitiven Netzauslastung unter Beriicksichtigung von Gleichzeitigkei-
ten. Es zeigt sich, dass ein solcher kapazitiver Netzentgeltmechamismus in der Tat zu
einem netzentlastenden Verhalten fiihren kann. Gleichzeitig kann auch eine im Vergleich
zu volumetrischen Netznutzungsentgelten fairere Verteilung der Refinanzierungskosten
von Netzinfrastruktur und -betrieb erzielt werden. Da die Netznutzungsentgelte einen
wesentlichen Bestandteil des Endkundenstrompreises darstellen, kénnten auf diese Weise
insgesamt die Belastungen fiir die Stromversorgung von Prosumenten- und Konsumenten-
Haushalten angeglichen werden. Ein wesentlicher Mehrwert dieser Arbeit ist die gleich-
zeitige Betrachtung aller drei Grofienskalen: Individuell (Haushalt), lokal (Netz) und
global (System). Dabei demonstriert die Studie die Komplexitédt der Wechselwirkun-
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gen zwischen diesen Systemebenen. Wahrend kapazitive Netznutzungsentgelte sowohl
positiv hinsichtlich sozio-0konomischer Verteilwirkung als auch physikalischer Netzent-
lastung zu bewerten sind, sind die Auswirkungen auf Systemebene weniger vorteilhaft.
Anders herum betrachtet: Eine Steuerung der dezentralen Flexibilitdten entsprechend
des Marktpreissignals wiirde zu einer effektiveren Integration der insgesamt vorhandenen
EE-Kapazitaten fithren und damit sowohl zu niedrigeren Systemkosten als auch CO»-
Emissionen — allerdings wiederum auf Kosten einer im Vergleich hoheren lokalen Netz-
belastung. Die zuséatzliche Betrachtung von zukiinftig weitverbreiteter Elektromobilitat
andert dieses Bild nicht grundsatzlich - was gleichzeitig einen wichtigen Hinweis fiir die

Stabilitat der Ergebnisse mit Blick auf parametrische Unsicherheiten darstellt.
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1 Introduction

The transition of the global energy system towards net zero CO, emissions requires the
deployment of renewable energy sources (RES) such as on- and off-shore wind energy, hy-
dro energy, bio energy, and photovoltaics (PV). In a broader context, a high penetration
of RES contributes to the implementation of multiple UN Sustainability Goals (SDGs)
such as climate action (SDG 13), the reduction of air pollution (SDG 3), universal access
to affordable and clean energy (SDG 7), sustainable transport systems (SDG 11), and
sustainable use of natural resources (SDG 12); see United Nations, 2022. However, ac-
tual investment in and implementation of new RES capacities is constrained by scarce

resources, such as the following

e Financial resources: The cost structure of RES projects significantly differs from
that of conventional power plants.! In contrast to conventional power plants, RES
projects are dominated by investments costs with variable production costs being
close to zero. The associated financial uncertainties for RES investors are therefore
of a different nature — related to the variable nature of generation, such as production

profiles and full load hours.

e Land use: The energy density of RES is generally lower compared with conven-
tional power plants. As a result, energy production from RES requires larger areas

of land and could conflict with competing interests in land use.

e Local ecosystems: Certain RES projects entail interventions in local ecosystems
such as potential disturbances of marine life by off-shore wind parks or environmen-

tal impacts from the construction of high-voltage transmission systems.

e Acceptance: RES generally enjoy broad social support; however, in some cases,
there is local protest and resistance to the actual implementation of RES projects.
In Germany, this is compounded by a relative high population density, a histori-
cally strong environmental movement, and the federal structure of political decision-

making.

These factors have a particular impact on large-scale RES projects and complicate their
implementation. This raises the question of how small-scale, distributed®* RES units such
as household PV in combination with battery storage can be most effectively promoted

and integrated into the energy system. These small-scale systems, as installed on rooftops,

1Referring to the thermal production of electrical energy from fossil resources such as coal, lignite, oil,
and natural gas; or nuclear fission.
2A precise definition of distributed energies is provided in Section 2.1.1.
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for instance, do not lead to additional land consumption, do not represent an environmen-
tal impact and are widely accepted. Nonetheless, the comparison of large-scale versus
small-scale projects is clearly not to be understood as either—or but as both—and. This
becomes all the more apparent when considering the magnitude of the challenge presented
by the energy transition. Not only the residential sector and the trade, commerce and
services sector, with final electricity consumptions of 667 TWh and 365 TWh (Germany,
2020), respectively, but also the mobility sector, with a final energy consumption of 635
TWh (Germany, 2020), must be fully decarbonized.? Large parts of the decarbonization
of these sectors will be realized through electrification, including the widespread use of
heat pumps and electric cars. By contrast, in 2021, 49 TWh was generated by PV*, of
which less than 9 TWh originated from small-scale PV.5

Despite steadily decreasing levelized costs of electricity (LCOE), most small-scale RES
investors still rely on subsidizing instruments to fully refinance the investment costs of
their projects. Of the existing regulatory instruments, feed-in tariffs (FITs) are among the
most widely used worldwide; see Masson et al., 2016. In Germany, they are implemented
on the legal basis of the German Renewable Sources Act (Erneuerbare-Energien-Gesetz
(EEG)). However, FITs do not act in isolation “in a regulatory vacuum,” but rather inter-
fere with the wholesale market price and other retail price components such as network
charges. These interferences can result in distortion effects that create unintended incen-
tives for the actual investment in and operation of small-scale RES systems. Given large
enough numbers of households investing in small-scale RES projects, such distortions can
lead to inefficiencies in the overall system, i.e., higher system costs, and greater inequality
in household burdens. Following the above outline of the general context of this thesis,

Section 1.1 elaborates on the objectives of the present work.

1.1 Objectives of this work

This work aims to understand how large numbers of households owning and operating
distributed small-scale RES systems in the future will affect the energy system, in terms
of both efficiency, i.e., total system costs, and resulting distributional effects. These
households that both produce and consume energy are oftentimes referred to as energy

prosumers. A precise definition of this term is provided in Section 2.1.2. Prosumers

3All figures from Umweltbundesamt (2022).  Endenergieverbrauch 2020 nach Sektoren und En-
ergietragern. URL: https://www.umweltbundesamt.de/daten/energie/energieverbrauch-nach-
energietraegern-sektoren#entwicklung-des-endenergieverbrauchs-nach-sektoren-und-energietragern
(visited on 09/22/2022)

4Figures from AGEB AG Energiebilanzen, 2022

51.4 million small-scale units with a total of 9.3 GW installed capacity, see Bundesnetzagentur, 2022,
and average full load hours of 910 h/a, see Wirth, 2021, corresponding to an annual small-scale PV
production of approximately 8.5 TWh, neglecting curtailment.



1 Introduction 3

must make their investment decisions under uncertainties with regard to the variable
character of energy production, such as production profiles, achievable full load hours,
and overall wholesale market factors (prices). In Germany, the EEG aims to compensate
for these uncertainties and to enable stable private investment decisions in RES by means
of fixed FITs. These FITs would ideally compensate for the difference between investment
costs and actual market value of the energy produced from the investment. Accordingly,
prosumers will direct their investment and operating behavior to this instrument. At
the same time, the RES support costs incurred are volumetrically allocated to the end
consumers, e.g., as a levy on the amount of energy withdrawn from the public grid.
However, since 2012, the actual incentive for many prosumers has changed; see Figure
1-1. In the case of small-scale PV, with FITs being lower than retail electricity price,
prosumers no longer seek to feed their generated electricity into the public grid, but
rather to increase their self-consumption to avoid expensive external electricity purchases.

A precise definition of self-consumption is provided in Section 2.1.3.

Fig. 1-1: Average retail electricity prices and FITs for households and small-scale PV systems
<10 kW,,. Germany, 2000 — 2021. Colored areas illustrate the respective incentives for
prosumers to feed the generated electricity into the grid (blue), or to consume it them-
selves (orange). Data sources: Bundesministerium fiir Wirtschaft und Klimaschutz,
2022a (FITs) and Bundesministerium fiir Wirtschaft und Klimaschutz, 2022b (retail

prices).
=%+ Retail electricity price (household)
FIT (< 10 kW)
50 +
40 1
=
E Feed-in e X
5 301 x)(x)()(x'
""" SN X
s XX .
20 A X" : Self-consumption
IR :
Syt X :
10 L
25.3 [ct/kWh] i in year 2012
T T T ! T T
2000 2005 2010 2015 2020
Year

More abstractly, the interference of FITs with other electricity price components affects
prosumer behavior in terms of both investment and operation decisions. As a result,

prosumers who seek to maximize self-consumption change their residual load®, i.e., both

6Load minus generation.
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the annual demand and the residual load profile. In small numbers, these changes in the
residual loads of prosuming households are negligible at the aggregated (system) level.
However, if millions of households become prosumers using PV, batteries, and further
flexibility options, this will have a noticeable impact on the energy system as a whole.
Prosumers can constitute an essential source of private capital for RES investments that
benefit the system as a whole. However, the maximization of self-consumption in highly
decentralized energy systems beyond a critical threshold could, for instance, result in
storage redundancies and non-optimal integration of other (non-PV) RES, leading to
additional system costs. As a consequence, the total system optimum shifts, depending

on the operation modes of the numerous distributed units; see Figure 1-2.

Fig. 1-2: Schematic illustration of the shift in the total system optimum as a consequence of
prosumers responding to the regulatory framework. In response to the incentives set
by the regulatory framework, prosumers seek to maximize self-consumption, which
shifts the actual degree of decentralization of the system to the right (higher degree).
Correspondingly, inflexible (from a system perspective) battery operation could lead
to an increase in total system costs AC.

Consideration of stakeholders

Y

reacting to regulatory framework

Q

C A

System costs

8

Degree of decentralization

To date, little research has considered these effects due to the behavior of distributed
actors, as is demonstrated in Section 2.2. In the future, however, highly decentralized
energy systems will have feedback effects between prosumers and the overall system that
must be considered. A precise definition of decentralization is provided in Section 2.1.1.
The behavior of prosumers as a response to the underlying regulatory market framework
affects not only the system as a whole but also particular stakeholder groups. This is
because high levels of self-consumption lead to certain refinancing tasks, such as for the
infrastructure and operation of the network, being passed to the remaining traditional con-

sumers. These consumers consequently face higher specific and absolute electricity costs,
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e.g., due to increasing network charges. This ultimately leads to a redistribution of bur-
dens between different household groups that could reinforce socioeconomic inequalities
and thus, at worst, jeopardize the general acceptance of the energy transition. Moreover,
specific decisions made by prosumers to operate their flexibility options could either relieve
the distribution network or result in additional stress on the network. For instance, de-
pending on the simultaneity of prosumer behavior, local nodes of the distribution network
could be thermally stressed by constructive interference of feed-in peaks from prosumer
households.

In other words, prosumers affect the energy system at different scales — the household
level, the distribution network level, and the wholesale market level. The motivation for
this work is thus to study prosumers’ behavior as a response to the underlying regulatory
market framework and the resulting effects at different scales of the energy systems in
detail. For this, a quantitative analysis is used that maps system effects, regulatory frame-
work features, and strategic prosumer behavior in a closed and consistent manner. The
present work thereby aims to reveal the weaknesses of the present regulatory framework
with regard to the smart integration of prosumers. In addition, possible adjustments for

the future regulatory framework are discussed and examined on the basis of this analysis.

1.2 Structure of this work

This work is a cumulative thesis composed of three scientific journal contributions, orga-
nized as follows: In the introduction (Section 1), the general scope of this work is provided,
including definitions of key terms and concepts, identification of the research gap, and
derivation of the research question. This section concludes by presenting the overarching
research question for the analyses of the three papers. In the literature review (Section
2), central terms and concepts are defined. With this foundation, the central research
gap can then be identified to define the research question of the present thesis. The sub-
sequent main part of the work comprises three peer-reviewed journal papers, Schick and
Hufendiek, 2023; Schick, Klempp, et al., 2022; and Schick, Klempp, et al., 2021 (Section
3, Section 4, and Section 5). Each section is preceded by a description of the independent
contribution of the author of this thesis to the respective paper. This work concludes
with a comprehensive discussion of all results (Section 6), including the limitations of this

work and suggestions for future research.






2 Literature review 7

2 Literature review

2.1 Definition of terms

This work is laid out in the context of the increasing decentralization of energy systems
through the increased use of distributed, small-scale RES. This process involves numerous
stakeholders, some of whom are active market participants, referred to as prosumers. The
behavior of these prosumers as a response to the underlying regulatory market framework
leads to effects at different scales of the energy systems. This work seeks to study these
effects in detail. Before this analysis is carried out, central terms and concepts of this

work are defined.

2.1.1 Decentralization and distributed energies

With respect to small-scale RES in particular, the terms “distributed” and “decentralized”
are used in the literature; see Alanne and Saari, 2006, for instance. These terms are partly
used synonymously but in the present work, they are differentiated according to the scale
to which they refer. That is, decentralization refers to the overall energy system as a

whole, whereas distributed energies refers to the individual, local application.

Definition of distributed energies

According to Ackermann et al., 2000, an electric power system is distributed if it is
directly connected to the distribution grid or to the local (home) grid. For the authors,
other dimensions, such as the size of the generation facility, are not necessarily direct

T This approach has been adopted and slightly modified by others; see

prerequisites.
Pokojski et al., 2007. For the present work, we adopt this definition but differentiate it
further by considering other relevant dimensions of distributed energies.

First, the control concepts of distributed energies are of importance for this work. This
is because distributed energies not only are a source of generation, but also contribute
flexibility options to the system. In principle, three prototypical flexibility operation

modes can be distinguished as follows; see Schick et al., 2021.

1. Application-oriented: Distributed flexibilities can operate for individual pur-
poses, such as profit maximization or (possibly leading to the same result) self-

consumption maximization, depending on the regulatory framework.

"Regardless of possible correlations.
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2. Network-oriented: Distributed flexibilities can operate (distribution) network-

beneficially, for example reducing peak coincident network utilization (peak shav-

ing).

3. Market-oriented: Distributed flexibilities can operate market-beneficially, for ex-
ample to leverage portfolio effects for optimal RES integration at the wholesale

market (system) level.

It is important to note that this distinction is not necessarily mutually exclusive. This
is because, first, by definition, every mode of operation is application-oriented. The perti-
nent question is whether, and to what extent, congruence can exist between application-
oriented and system-oriented (network or market) operation.

Second, distributed energies can be differentiated by technology type. In the present
work, the primary focus is on PV systems in combination with battery storage (see Sec-
tions 3, 4, and 5). However, in addition, Paper B (Section 4) considers household heat
pumps and thermal storage. From the perspective of the heating sector, a heat pump
resembles a distributed generator®, from the perspective of the electricity sector, it is a
distributed consumer. Moreover, Paper C (Section 5) considers e-mobility, which is not a
distributed energy source but an important distributed application that could exacerbate
certain impacts of distributed generation and storage, such as the change of residual load
profiles.

Third, unit size serves as another differentiating criterium. The present work exclusively
considers PV systems <10 kW,. This system size limit is motivated by historic regulatory
requirements of the EEG — specifically, the complete exemption from taxes and levies for
small-scale PV under 10 kW,.? The available rooftop areas themselves also represent an

upper system limit for distributed PV in the residential sector.

Definition of decentralization

For the definition of decentralization, we refer to Alanne and Saari, 2006, and to the
studies of Bauknecht et al., 2015 and Matthes et al., 2018.

Alanne and Saari, 2006, introduce the concept of the “degree of decentralization,”
meaning that an energy system is typically not entirely centralized or decentralized but
“somewhere in between,” where distributed energies and central power plants operate in
parallel. Rather than providing an explicit mathematical expression, Alanne and Saari,
2006, list certain parameters as indicators of the extent to which a system is centralized

or decentralized, including the ratio between consumption nodes and generation units

8Even though, technically, it does not generate heat but merely shifts it.
9The exemption limit for the EEG levy has been raised to 30 kW, since 2021; see Federal Law Gazette
Part 1, 2020, No. 65.



2 Literature review 9

(modularization), the “average distance between a unit and a consumption node” (spa-
tial distribution), and the level of “interaction between units (and consumption nodes)”.
Bauknecht et al.; 2015, and Matthes et al., 2018, adopt this approach in principle, using
slightly different dimensions to evaluate the degree of decentralization of a system. In
particular, they add the dimension of the respective market coordination mechanisms.
For instance, a system could be coordinated decentrally by distribution system operators
(DSOs) or centrally via uniform wholesale market prices.

As a synthesis of these studies, we define a decentralized energy system in terms of
four dimensions: grid connection level, spatial distribution, degree of modularization, and
market coordination mechanism. Each of these dimensions can have a stronger centralized

or a more decentralized character, as illustrated in the following list:

e Grid connection level: How many generation units of the power system are

connected to the distribution grid (and how many to the transmission grid)?

» Spatial distribution: How much of local/ regional demand is covered by local/
regional production (where local/ regional refers to the respective size of the un-
derlying sub-balancing groups)? A quantitative measure for this can be provided
by the total amount of self-consumption within a sub-balancing group; see Section

2.1.3.

¢ Degree of modularization: What is the ratio of the number of generation units
to the number of consumption units within the considered energy system? A quan-

titative measure for this can be provided by the prosumer penetration ratio.

e Market coordination mechanism: Are there multiple local markets and prices
or one central market into which distributed energies are integrated and in which

uniform pricing takes place?

This thesis encompasses three peer-reviewed papers studying energy systems with dif-
ferent degrees of decentralization according to the definition of the present work. With
respect to the grid connection level, all three papers consider residential small-scale PV
systems that are exclusively connected to the distribution network. With respect to the
spatial distribution and the degree of modularization, Paper A (Section 3) is based on the
development of the German electricity system over the past 20 years, with approximately
1.4 million small-scale PV systems, i.e., a 4% prosumer penetration ratio; status 2021. Pa-
pers B and C (Sections 4 and 5), respectively, are model-based studies suggesting energy
systems with significantly higher spatial distribution and degree of modularization with
up to 30 million small-scale PV systems, corresponding to prosumer penetration ratios of

up to 75%. With regard to the market coordination mechanism, all three papers assume a
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central wholesale market with uniform, non-locational pricing. In addition, Paper C also
considers locational network charges that are oriented to the actual capacity utilization
of the local grid; see Section 5. Although this does not represent a local market, it does

represent a consideration of local characteristics of the system users.

2.1.2 Prosumers

As mentioned before, the transition of energy systems towards higher shares of RES
correlates with an increasing number of distributed energies that (energy) prosumers
invest in and operate. The term prosumer is derived from the terms pro-duce and con-
sume and thus represents the most elementary properties of this stakeholder group. For
the purpose of this work, however, this definition does not sufficiently describe the essence
of prosumers in the context of energy systems. A definition that abstracts the crucial

feature of prosumers is given by Bremdal, 2011, who defines prosumers as follows:

“More precisely, prosumers are consumers that resonate with the market, re-
sponding in real time to supply and demand signals to optimize a product for

personal benefits.”

In summary, prosumers are characterized as consumers with an active market partic-
ipation role. This role not only includes the production of energy, but extends beyond
that by including, for instance, the provision of flexibility. However, it is not central to
the definition of prosumers whether they are formally direct participants in the wholesale
market. Even without formal market involvement, prosumers interact (“resonate”) with
the surrounding energy system through active management of their dispatchable compo-
nents such as electric and thermal storage. Whether they react to real-time prices or
whether their behavior is aimed at maximizing their self-consumption is of no relevance
to their status as prosumers. The key point is that prosumers can actively influence their
residual load to a certain extent through their behavior. Moreover, strictly speaking, this
definition also includes pure load flexibilization in the context of classical demand side
management. However, without providing a formal mathematical expression, a prosumer
is generally understood to be a stakeholder who has a relevant minimum level of influence
over their own residual load. For the residential sector, this usually requires ownership or
possession of some type of generation and/or storage units.

While prosumers are often thought of only as owners and operators of distributed (small-
scale) PV systems, the term should actually include technologies that directly relate
to distributed generation and create additional degrees of freedom in the control and
operation of prosumer applications. Such technologies comprise not only electric storage

(battery systems) but also applications from other energy sectors, such as heat pumps
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including thermal storage, and electric cars. In this work, the focus is on combined PV
and battery systems (in all three papers). Additionally, heat pumps and thermal storage
are considered in detail in Section 4, whereas some aspects of e-mobility are considered
in Section 5.

Moreover, the term prosumer does not refer exclusively to the private sector, it is in
principle independent of unit size and includes commercial and industrial stakeholders
as well. Commercial or industrial prosumers do not necessarily need to possess their
own power generation units, but can take an active market role through demand side
management. However, in this work, the focus is solely on private households.

The crucial point for this work is that prosumers can make choices about how they
invest in distributed energies and related applications and how they operate their flexibility
options, depending on (regulatory) market incentives. These incentives can be monetary
or non-monetary. In this paper, we focus solely on monetary incentives, which, according
to the current state of science, account for a major part of prosumer decision building;

see Allan and Mclntyre, 2017, for instance.

2.1.3 Self-consumption

An important variable in the context of prosumers is self-consumption, which refers to
prosumers’ ability to consume part of the energy they generate themselves — either di-
rectly or indirectly via (battery) storage systems. Today, the monetary incentive for
self-consumption is often based on regulatory benefits, in particular, the full or partial
exemption from surcharges and levies for self-produced and -consumed electricity.

A prosumer’s self-consumption SC' can be derived from two perspectives; see Schick
et al., 2022, for instance. For the sake of simplicity, the following equation assumes
a simple PV and battery system. From a production perspective, SC' is the annual
amount of electricity produced by the prosumer’s PV power and battery storage system,
Ppy + BSy0q4 — BSst, (under consideration of curtailment), less the amount of electricity
that is fed into the public grid F'I. From a demand perspective, SC is the prosumer’s
demand Dy, less the amount of electricity withdrawn from the public grid G\S as shown

in Equation 2-1.

SC =" Ppy(t) + BSproa(t) — BSs(t) — FI(t)

teT

as expressed from a production perspective

=Y Dalt) - GS()

as expressed from a demand perspective

(2-1)

The self-consumption ratio SC'R is a relative value € {0,1}, defined by the absolute
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amount of self-consumption divided by the total production of the prosumer PV system,

as indicated in Equation 2-2.

SC
SCR= ————— 2-2
Sier Ppv(t) (22)

To be precise, Equations 2-1 and 2-2 depict a cumulative self-consumption (ratio) within
a certain time period 7', whereas the summands in Equation 2-1 represent the momentary

self-consumption at time t.

2.2 Research gap and research question

Section 2.1 introduces central terms and concepts, Section 2.2 now identifies the research
gap and defines the research question. In a meta study involving 359 studies addressing
system modeling of decentralized energy autonomy, Weinand et al., 2020, describe a lack
of much needed consideration of local stakeholders and distributed energy systems as

follows:

“By analysing the studies, many improvements for future studies could be iden-
tified: the studies lack an analysis of the impact of autonomous energy systems
on surrounding enerqy systems. In addition, the robust design of autonomous
enerqy systems requires higher time resolutions and extreme conditions. Fu-
ture research should also develop methodologies to consider local stakeholders

and their preferences for energy systems.”

In other words, Weinand et al., 2020, identify a gap in present system modeling to repre-
sent multiple scales simultaneously: the individual level (“autonomous energy systems”),
which for the purposes of the present work translates simply into household level; the local
level of the surrounding distribution network; and the global level of the overall wholesale
market (“surrounding energy systems”). Furthermore, to realistically consider individ-
ual stakeholder behavior, especially strategic prosumer behavior (“local stakeholders and
their preferences”), it is also essential to depict characteristic features of the regulatory
framework. This is because private households are generally not part of the wholesale
market, they operate in the retail market and face retail prices. In the first half of 2022,
network charges alone accounted for 22% (8.08 ct/kWh) of the retail electricity price on
average (37.14 ct/kWh); see BDEW Bundesverband der Energie- und Wasserwirtschaft,
2022. These retail prices — and their avoidance through self-consumption — largely deter-

mine prosumers’ actual behavior. Moreover, the prosumer business case generally depends

on regulatory support schemes such as feed-in tariffs.
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Tab. 2-1: Literature review (compact version; non-exhaustive)
‘ ‘ Scale
‘ Regulatory framework ‘ Household ‘ Local Global
RES Network Strategic Impact on | Impact on
support charges prosumer network system
schemes behavior

Bayod-Rujula et v v X X X
al., 2017
Bird et al., 2013 v v v
Borenstein, 2017 v v v
Broering  and v v v
Madlener, 2017
Chao, 2011 X X v
Chen et al., 2012 v X
Doulamis et al., v v
2018
Eid et al., 2014 v v v X X
Klein et al., 2019 X X v X (V) ?
Lu et al., 2019 X X v X (V)"
Masson et al., v v X X X
2016
McKenna et al., v X v v (x)?
2017
Parag and Sova- X X v (V) °© (V)¢
cool, 2016
Parvania et al., X X (v)d (v)d (v)1
2013
Perez-Arriaga X v v v (x)?
and Knittel,
2016
Ramyar et al., X X v X v
2020
Ruhi et al., 2018 X X v X
Schill et al., 2017 v (V) e© v
van der Stelt et v X v X
al., 2018
This thesis v v v v v

# Exogenous wholesale market price time series

> No consideration of price signal effect on prosumers
¢ Qualitative analysis only

4 Focus on aggregator profit maximization

¢ No end customer (retail) prices
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Thus, to realistically represent prosumers and their interactions with the surrounding
energy system, it is essential to integrate the depiction of the following aspects into energy
system modeling: relevant characteristics of the underlying regulatory framework such as
RES support schemes and network charges; strategic prosumer behaviour (individual
scale); and analyses of the impacts of prosumer behavior on the surrounding distribution
network (local scale) and on the overall system at the wholesale market level (global scale).
Table 2-1 overviews the coverage of these aspects in the existing literature, revealing gaps
particularly in the consideration of interferences between the individual stakeholder level
and the overall system level. Paper A (Section 3) contains a detailed review of relevant
literature addressing the general analysis of distributional effects from RES promotion
based on empirical data as well as spatial analysis of regulatory benefits and costs; Paper
B ( Section 4) covers relevant literature addressing the analysis of strategic prosumer
behaviour, regulatory framework analyses as well as system model analyses. Finally, Paper
C (Section 5) explores relevant literature addressing the general theory of network charge
design, analysis of local distribution network systems with high distributed generation,
and an analysis of system impacts.

Table 2-1 demonstrates that in the existing literature, a coherent view of the impact
of prosumers on the energy system at different scales (household, distribution network,
wholesale market), under a realistic consideration of the underlying regulatory framework,
is currently lacking. As an interim conclusion, the following gaps are identified in current

research regarding the interference between prosumers and the energy system:

o There is no realistic and consistent depiction of the underlying regulatory framework
and the actually incentivized prosumer behavior in energy system models, at least

not in a consistent quantitative manner.

o The focus is mostly on one particular scale of the energy system, and a coherent,
simultaneous quantitative depiction of all three scales — individual (household), local

(distribution network) and system (wholesale market) level — is lacking.

e The logical break between the retail market in which prosumers act and the whole-
sale market is insufficiently addressed in energy system modeling, resulting in an
unrealistic depiction of the flexibility provided by investments in and operation of

distributed storage (or, more generally, flexibility options).

Moreover, many of the above mentioned aspects have been analyzed only qualitatively.
For instance, numerous studies discuss the effect of cross-subsidization through FITs and
the resulting high specific and absolute charges to non-prosumers as prosumers increas-
ingly “decouple” from the energy system through self-consumption. However, robust

quantitative analyses on the basis of a system model is currently missing.
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The research question

The objective of the present work is to contribute to filling the research gaps identified
in the previous section. Hence, the research question of the present work is defined as

follows:

Research question

“How does large-scale prosumer penetration in combination with deploy-
ment of distributed energies affect the overall energy system at different
scales — household level, distribution network level, and wholesale market

level?”
The research question is to be answered by means of

« considering the strategic behavior of prosumers incentivized by the regulatory

framework, such as self-consumption maximization,

o putting a major focus on the interferences between individual prosumer behav-
ior and the wholesale market, and a minor focus on impacts at the distribution

network level,

e examining both prosumer decision making on investments in distributed en-

ergies and the operation of these systems.

One the one hand, this research objective is formulated relatively abstractly to answer
the question in a generally valid way; see Section 4 (Paper B) and Section 5 (Paper C), in
particular. On the other hand, to derive quantitative results, certain parts of the modeling
require concretization, namely the regulatory framework. Hence, throughout this thesis,
we assume a regulatory framework oriented to Germany, including FITs and volumetric
regulatory price components such as network charges. The legislative foundation for FITs
in Germany is the EEG, which many countries have adopted in its general structure since
its introduction in Germany. Thus, the conclusions of the present work are transferable
to other countries, in principle.

Based on the abstract formulation of the research question, more specific questions are
derived and attributed to the respective scale. Leading questions regarding the individual

scale (household level, H) that drive the analyses of the present work are

o« H1: How and by how much do prosuming households striving to maximize their self-

consumption impact the retail electricity costs for purely consuming households?

o H2: What does the spatial distribution of net benefits associated with the EEG look



16 2 Literature review

like?

Leading questions regarding the local scale (distribution network, N) that drive the

analyses of the present work are:

o N1: By how much can the local distribution network be relieved through grid-oriented

prosumer behaviour?

e N2: Can benefits for the distribution network, e.g., reduction of peak-coincident
network capacity utilization, and benefits for the wholesale market, e.g., optimal

RES integration, coincide or do they conflict?

Leading questions regarding the global scale (system/ wholesale market level, S) that

drive the analyses of the present work are:

o S1: What levels of self-consumption are, in principle, system-compatible? By how
much do total system costs increase when prosumers strive for higher levels of self-

consumption?

o S2: What is the total system cost difference between price-reactive and static oper-
ation of distributed flexibilities?

The ultimate question of this work addresses the extent to which widespread elements
of the existing regulatory framework, such as FITs in combination with volumetric RES
support costs (levies) and volumetric network charges, create a divergence between the
possible modes of distributed flexibility operation as detailed in Subsection 2.1.1. In par-
ticular, it explores the extent to which the individual prosumer optimum as an actual
reaction to the regulatory framework differs from the theoretically achievable overall sys-
tem optimum. In conclusion, using the example of network charges, a possible further
development of the regulatory framework is discussed in view of better convergence be-
tween prosumer- and system-oriented behavior. Next, we outline how the three journal

papers contribute to answering the aforementioned questions.

Approach and logical flow

Figure 2-1 and Figure 2-2 illustrate the logical flow of the investigation. Each paper has
a clear focus related to the scale of analysis. Moreover, Paper A and Paper B (Sections 3
and 4) are based on the present existing regulatory framework, whereas Paper C (Section

5) analyzes potential further developments of the regulatory framework.

« Paper A (Section 3): Focus on the individual stakeholder level
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« Paper B (Section 4): Focus on the wholesale market level

« Paper C (Section 5): Focus on the distribution network level

The elements connecting the three papers are the assumption of a total system size
oriented to Germany regarding the number of households and technical potential for small-
scale PV, the assumption of a regulatory framework with FITs and volumetric regulatory
price components oriented to the EEG, and the technological focus on residential PV and

battery systems.

Fig. 2-1: Overall modelling approach. Numbers in circles and arrows represent the logical order
of analysis steps.

As-is Further development

Y

-
<<

Regulatory framework

Paper A
- Distributional effects from self-

Household -
consumption

o : = = == - Technical prosumer potential and

* Paper A Paper B Paper C Paper C spatial exploitation

Paper C
- Effects at distribution network

Scale

Network
node level

- Impact of widespread e-mobility

‘i Paper B Paper C Paper C

Paper B

System - Structural effects at system level

- Consideration of heat pumps

and thermal storage

Y Paper B Paper C Paper C

2.2.1 Paper A: Focus on the distributional effects from the

emergernce of prosumers

Paper A starts with an analysis of the existing prosumer potential (small-scale rooftop
PV potential) and its regional exploitation in Germany between 2000 to 2021. The main
focus is on the distributional effects resulting from today’s regulatory framework, the
EEG, considering the historical development of feed-in tariffs, EEG levy, retail prices and
PV and battery investment costs. In particular, it examines and quantifies the role that
self-consumption already plays in redistributing regulatory benefits and costs. Method-
ologically, this study is an empirical analysis supplemented by the necessary modeling of

the operating model of distributed storage and the resulting self-consumption rates. The
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Fig. 2-2: Flow chart of the overall analysis.
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paper hence sheds light on an important part of the problem definition by quantifying the
current prosumer impact on the power system in terms of distributional consequences. In
addition, the estimated prosumer potential serves as a guide for modeling highly decen-
tralized energy systems in Papers B and C. The questions to be answered in this paper
are H1 and H2.

2.2.2 Paper B: Focus on structural effects at system level for

systems with high prosumer shares

Paper B addresses the research question raised in Paper A, regarding the distributional
effects resulting from the emergence of prosumers in the context of the current regulatory
framework. The aims are to (a) abstract the investigation and (b) extend the investigation
by considering system effects. These aims are achieved by abstracting the characteristic
features of the EEG (feed-in tariff and EEG levy) and network charges to a generic regula-
tory framework. In this way, feed-in tariffs, EEG levies (RES support costs) and network
charges are derived by connecting system quantities to corresponding end-customer price
components. The analysis is performed by means of a linear optimization model of the
electricity market with different model constraints to depict possible prosumer behavior
as a response to the underlying regulatory framework. The main objective of this paper is

to investigate and quantify structural system effects of a general nature due to prosumer
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behavior concerning the investment in and operation of distributed PV in combination
with relevant, possibly sector-integrating applications, including electric and thermal stor-
age, and heat pumps. More precisely, Paper B examines the extent to which prosumers
“shift” the system optimum by their behavior in response to the regulatory framework,
i.e., cause additional costs in the overall system. As an extension to Paper A, Paper
B distinguishes fundamentally different prosumer operating strategies corresponding to
different levels of market integration (full, partial, and none). Since the results of this
paper cannot be directly empirically validated, the robustness of the results is evaluated
through a parameter variation analysis. Even though the main focus is on the interference
between the individual prosumer behavior and the resulting total system effects at the
wholesale market level, a short part of the paper is devoted to resulting (distribution)
network effects. This is the link to Paper C. The questions to be answered in this paper
are S1 and S2.

2.2.3 Paper C: Extending the scope to network effects and

analysis of peak capacity charges

Paper C goes deeper into the analysis of network effects, with a particular focus on the
impact of increasing self-consumption. In contrast to Paper B, the starting point of the
analysis in Paper C is not a system view, but a detailed representation of the residual
load of prosumer households derived from measured data of single-family households with
a temporal resolution of 15 min. Different control algorithms are implemented and inves-
tigated. In consideration of simultaneity effects, the prosumer residual load profiles are
then aggregated at the distribution grid node (and wholesale market) level to analyze the
resulting capacity utilization of the network. In a sense, Paper C forms a methodologi-
cal parenthesis to Papers A and B in that it analyzes the effects of large-scale prosumer
penetration at all three scales in a closed-loop analysis: the household level, grid level,
and wholesale market level. In contrast to Papers A and B, Paper C not only analyzes
prosumer effects for the existing regulatory framework but also considers further devel-
opments, namely peak capacity network charges. Such a network charge design based on
peak coincident capacity utilization sets a different control incentive for the operation of
the distributed flexibilities and therefore leads to new system states at all three aggre-
gation levels considered. Moreover, to better understand the effects of increasing sector
integration, possible effects of widespread e-mobility are also considered. In particular,
the complex interplay between market- and network-oriented behavior is analyzed with
respect to system costs, prices, and resulting CO, emissions, however, this topic can only
be touched upon in passing within the scope of this dissertation and is hence not dealt

with comprehensively. The questions to be answered in this paper are N1 and N2.
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3 Paper A

3.1 Author contributions

Table 3-0 shows the contributions of the co-authors of Paper A, based on the representative

roles according to the Contributor Roles Taxonomy (CRediT).!

Tab. 3-0: Author contributions for Paper A: Assessment of the regulatory framework in view of
effectiveness and distributional effects in the context of small-scale PV - the German
experience

Paper A

Christoph Kai
Schick Hufendiek

(\

Conceptualization
Methodology
Formal analysis
Software

Data curation
Validation
Visualization

Writing - original draft

NN N SR NENENEN

Writing - review & editing

Supervision v

10See https://credit.niso.org/ for further details.
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3.2 Assessment of the regulatory framework in view
of effectiveness and distributional effects in the
context of small-scale PV - the German
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ARTICLE INFO ABSTRACT
Keywords: This paper evaluates the effectiveness of a regulatory framework based on feed-in tariffs to promote small-scale
Prosumers

PV on basis of empirical data for Germany between 2000 to 2021. We show that feed-in tariffs have so far
failed to exploit the technical small-scale PV potential evenly across regions. This implies significant differences
in the allocation of regulatory benefits and costs associated with the promotion of renewable energy sources,
leading to a situation of increasing socioeconomic inequality: few counties benefit strongly and many counties
bear the costs. Over the past 20 years, in addition to margin effects due to disproportionately high feed-in
tariffs, this inequality has increasingly been driven by steadily rising self-consumption. This leads, on average,
to differences of over 40 percent in effective electricity costs between households with and without PV. We
conclude that the current regulatory framework is insufficient to bring solar PV up to the needed level and
to distribute the associated benefits and costs equitably across households. Based on this, we derive guiding

Regulatory framework
Distributed energies
Small-scale PV

principles of a future regulatory framework that enables more effective scaling of small-scale PV.

1. Introduction

The transition of the global energy system towards zero net CO,
emissions requires the deployment of renewable energy sources (RES).
Actual investment in and implementation of new RES capacities is gen-
erally constrained by the availability of financial resources, while the
implementation of large-scale RES projects is further complicated by
competition for land use and acceptance. This draws particular atten-
tion to the question of how small-scale, distributed RES projects such as
household PV systems can be most effectively promoted and integrated
into the energy system. Small-scale PV systems require private investors
to make investment decisions under uncertainties regarding variable
production profiles, achievable full load hours, and overall wholesale
market factors (prices). Moreover, despite the significant decrease in
levelized costs of electricity, most PV power systems still rely on subsi-
dizing instruments to refinance their investment costs. To compensate
for these uncertainties and hitherto incomplete competitiveness, regu-
latory support instruments are used to enable stable private investment
decisions. Of the possible policy instruments for (small-scale) PV pro-
motion, feed-in tariffs are among the most widespread. The idea is to
guarantee small-scale PV investors fixed feed-in tariffs over an agreed-
upon period of time. To do so, the regulator would ideally compensate

* Corresponding author.
E-mail address: christoph.schick@ier.uni-stuttgart.de (C. Schick).

https://doi.org/10.1016/j.enpol.2022.113310

for the difference between prosumer PV investment costs and the mar-
ket value of the electricity produced from the PV investment. However,
feed-in tariffs do not act as an isolated instrument, but rather interact
with the wholesale price and other regulatory end price components,
which could lead to unintended inefficiencies and distortions.

Thus, the objective of this work is to better understand the actual
effectiveness and socioeconomic impact of feed-in tariffs to promote
small-scale PV. In this work, effectiveness is measured as the extent to
which the technically available potential is exploited. Meanwhile, the
socioeconomic impact is evaluated in terms of the spatial allocation of
associated benefits and costs. To do so, we analyze spatial data of small-
scale PV in Germany for the past 20 years (2000 to 2021) and combine
this data with further spatial information on the population and the
regulatory framework. In doing this, we explicitly consider the actual
operation models of the installed PV (and battery) power systems,
which strongly depend on the relation between feed-in remuneration
and end-customer electricity retail price.

The use of spatial analysis provides important insights. First, re-
gional differences in small-scale PV installations become clearly visible
and are an important indication of existing inefficiencies that are not
discernible when viewed on a spatially aggregated basis. Second, the
spatial analysis enables the identification of “white spots” with regard
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to exploitation of the existing technical potential. Third, in conjunction
with an analysis of the temporal development, it is also possible to
determine the extent to which regional differences in the distribution
of benefits and costs are purely statistical or structural in nature.

This study adds interesting insights to the existing literature in terms
of the combined depiction of technical potentials, regulatory benefits
and costs, the spatial resolution, and the temporal coverage. The results
show large regional differences in the exploited potentials as well as
the allocation of benefits and costs. Based on these results, we derive
essential guiding principles of a future regulatory framework that en-
ables effective scaling of small-scale PV to the required levels. Even
though numerical values of this study refer to the case of Germany, the
methodology developed could be applied to other country cases as well.
Notwithstanding the fact that certain features of the German EEG may
not apply to other countries, our analysis essentially assumes only two
features that exist in a similar form in other countries: feed-in tariffs
and volumetric regulatory price components that privileged end-users
can avoid through self-consumption. These features apply to many
countries, particularly in the EU; see Masson et al. (2016). The question
of transferability of this study to other countries is therefore a question
of the availability of the necessary technical and socioeconomic data;
see Section 6.2 for further discussion.

The paper is organized as follows: In the literature review (Sec-
tion 2), we provide the context of relevant analyses made in the
field of distributional effects from renewable energy sources (RES)
promotion, with a particular focus on those with a spatial dimension. In
the methodology section (Section 3), we explain the general approach
of our analysis and provide details about the spatial analysis and
inequality metrics used. In the subsequent data section (Section 4),
we explain all of the data used and validation of the data in detail.
We then present the main findings in the results section (Section 5).
The final section presents the main conclusions and policy implications
(Section 6) as well as a discussion of the limitations and future work.

2. Literature review

The relevant literature for our work can be divided into three major
groups. The first group of studies provides an overview of existing
RES support schemes and analyzes the corresponding general socioe-
conomic effects. The second group of studies particularly focuses on
the socioeconomic effects of the Renewable Energy Sources Act (EEG),
which forms the legal basis for RES promotion by means of feed-in
tariffs in Germany. The third group of studies specifically addresses the
spatial dimension of the redistributive effects of feed-in tariffs.

2.1. General analysis of RES support schemes and socioeconomic effects

Masson et al. (2016) provide a general overview of different RES
support schemes and analyze different regulatory instruments for RES
promotion in 24 countries. For Europe, the Council of European Energy
Regulators (2021) provides comparative data on support schemes for
RES, including feed-in tariffs, feed-in premiums, investment grants,
and green certificates. Both Masson et al. (2016) and Council of Eu-
ropean Energy Regulators (2021) provide an excellent overview of
existing RES support instruments. However, the evaluation of their
actual effectiveness and distributional consequences is not part of their
scope. Bird et al. (2013) provide general analyses on the effects from
RES promotion and the emergence of prosumers. The authors analyze
the impact of prosumer business models on the cost allocation to end
users under different rate designs. In contrast to our work, the authors
are primarily concerned with conceptual considerations rather than
rigorous empirical analysis. Schick et al. (2022) conduct further work
on the general nature of distributive effects of feed-in tariffs in the
presence of high shares of prosumers with small-scale PV and battery
systems. The authors show that individual household optimization
could result in additional costs for the energy system, and significant
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extra burdens for non-prosuming households. Nevertheless, unlike the
present study, their work is more theoretical in nature and does not ap-
ply empirical data. Bertsch et al. (2017) analyze the profitability of PV
and battery investments for the country cases of Germany and Ireland.
The authors identify strong incentives for self-consumption in both
countries that could lead to distributional issues between prosumers
and traditional consumers, with the latter possibly having to pay ever
higher per unit charges. However, the distributional consequences are
only discussed qualitatively and not assessed quantitatively, as is the
case in our study. Sabadini and Madlener (2021) also address the effect
of increasing self-sufficiency associated with distributed PV-battery
systems, analyzing the economic feasibility of grid defection in detail.
They find that, while 100% self-sufficiency is not economically feasible,
maximization of self-consumption at an individual household level or
within a peer-to-peer network appears to be an economically favorable
prosumer choice. In contrast to the present study, their analysis is based
on prototype residential households rather than empirical data.

2.2. Analysis of distributional effects of the EEG

The literature on the distributional effects of the EEG is vast, and
the socioeconomic measures that are studied are numerous, ranging
from employment impacts to energy security. The focus of our work is
on household income effects, which are studied in various papers. The
relevance of these studies goes beyond the scope of Germany. This is
because the EEG has served as a model for RES support schemes world-
wide and many countries have adopted its basic structure; see Masson
et al. (2016) and Council of European Energy Regulators (2021). In
their study, Frondel et al. (2010) review the economic impacts of the
promotion of RES through the EEG. Based on their analysis the authors
find that the EEG has failed to provide adequate market incentives for a
cost-effective adoption of RES in order to achieve the associated goal of
CO, reduction in combination with a positive net employment effect,
technology innovation, and promotion of energy security. Moreover,
they highlight the potentially inefficient interaction between the EEG
and the overarching European Union (EU) Emissions Trading Scheme
(ETS) in reducing CO, emissions. Unlike the present study, the focus
is not on the distributional effects of the EEG and the authors do
not aim to spatially disaggregate their results. Grosche and Schroder
(2014) address the question of how to fairly distribute the costs to
promote RES for the country case of Germany. By applying different
inequality indices such as Gini, Theil, and Atkinson index, they demon-
strate that the EEG leads to regressive feed-in tariffs, i.e., tariffs that
redistribute income shares from lower-income households to higher-
income households. Frondel et al. (2015) perform an empirical analysis
of distributional effects for the country case of Germany, focusing on
low-income households. In their analysis they quantify how much of
a low-income household’s income is allocated to power and consider
possible mitigation measures such as direct cash transfers. Both Grosche
and Schroder (2014) and Frondel et al. (2015) base their study on
data sets of approximately 6700 and 7800 households, respectively,
focusing on differentiation by income class. Nevertheless, in contrast
to our work, they do not draw on a complete empirical data set for the
whole of Germany including spatial information for approximately 1.4
million households with small-scale PV.

2.3. Spatial analysis of distributional effects of feed-in tariffs

Grover and Daniels (2017) analyze social equity issues associated
with the distribution of feed-in tariff policy benefits for the country
cases of England and Wales. While Grover and Daniels (2017) provide
valuable insights into possible socioeconomic explanations for the dis-
tribution of regulatory profits, our work goes well beyond their analysis
in that we also consider supply and investment costs. Furthermore,
their analysis does not address the role of storage and storage oper-
ation models in order to increase self-consumption, which is part of
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our work. Tébben (2017) provide another valuable analysis of social
distribution effects originating from the promotion of RES on basis of
the EEG. Using multiregional price models, the authors demonstrate
that the EEG is associated with substantial regressive distributive effects
affecting the disposable household incomes. Their analysis encompasses
a regional dimension at the level of the 16 federal states, whereas
we perform a more detailed spatial analysis at the municipality level.
Moreover, Allan and McIntyre (2017) use a spatial econometric model
to analyze local socioeconomic factors for the country case of Great
Britain. These factors explain regional variation in small-scale PV adop-
tion in the presence of feed-in tariffs. The authors conclude that the
adoption of household PV is driven by financial motives and oppor-
tunities rather than “green sentiment”. Their focus is on identifying
explanatory factors for differences across income groups rather than
quantifying the resulting socioeconomic inequalities.

3. Methodology

The methodology involves three main steps. In the first step, we
analyze the spatial development of installed PV capacities at the mu-
nicipality level for Germany between 2000 and 2021. Moreover, we
compare the actual installed capacities with the respective local tech-
nical potentials. Based on this, in the second step, we derive the
distribution of net regulatory benefits associated with the promotion
of RES on the basis of the EEG at the municipality level. Technically,
this is the main analysis step, including an assessment of the operating
modes of the respective PV power systems (feed-in driven or self-
consumption driven) and estimation of the effect of distributed storage.
Third and finally, we measure the resulting economic inequalities using
established inequality measures, including Gini coefficients as well as
absolute income differences at the household level. In addition, in
order to address parametric uncertainty, we employ lower and upper
bounds whenever parameters are not directly available but need to
be estimated; see Section 4 for more details. The respective outputs
therefore correspond to ranges instead of singular points.

3.1. Spatial analysis of small-scale PV

To define the term “municipality”, we refer to the nomenclature
of territorial units for statistics (NUTS). NUTS is a geocode standard
regulated by the EU, which refers to subdivisions of countries; see Eu-
rostat (2020). In this work, municipality level refers to the 401 German
regions at the NUTS3 level. For the spatial analysis of installed PV
capacities (numbers), the electrical capacities of the installed PV units
are cumulatively summed up (counted) per NUTS3 region and year,
based on the data of Federal Network Agency (2022); see Section 4.
Moreover, we divide the installed PV capacities Cap into three size
clusters: small-scale, equivalent to Cap < 10 kWp, mid-scale, equivalent
to 10 kW, < Cap < 500 kW, and large-scale, equivalent to Cap >
500 kW,,. The differentiation is primarily oriented to the respective
regulatory framework, namely the EEG. The 10 kW), limit has defined
the complete exemption from surcharges and levies up until 2021.
Therefore, in the past, practically all rooftop installations have been
sized <10 kW, even in cases where roofs would have allowed for larger
installations.

The analysis of the available PV rooftop potential represents a de-
liberately simple approach to estimate the available technical potential
for small-scale PV. For a more detailed analysis, the works of Lodl
et al. (2010) and Mainzer et al. (2014) are recommended. For our
purposes, we are interested in robust results in the context of a self-
contained analysis as a basis for the subsequent investigation of the
distribution of net regulatory benefits. Despite the relative simplicity

1 The so-called de minimis threshold has been raised to 30 kWp since 2021;
see Federal Law Gazette Part 1, 2020, No. 65.
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of our analysis, we demonstrate that our results fit well into the range
of existing literature values. For the spatial analysis of small-scale
rooftop PV potentials, we apply census data from the Federal Statistical
Office (2011), to obtain the cumulative numbers of detached houses,
semi-detached houses, terraced houses, and other types of houses per
NUTS-3 region, denoted by n;(b), where b and i represent building type
and NUTS3 region, respectively. In order to derive the technical PV
rooftop potential Py, in a selected NUTS-3 region, we assume that
each building type has an average rooftop area A, of which a certain
proportion is available for rooftop PV, represented by the rooftop factor
Frr(b). Introducing ¢ as a conversion factor between area [m?] and PV
peak capacity [kW,] yields the technical PV rooftop potential as given
in Eq. (1).

Prr(b) = Z n;(b) - A;(b) - Frr() - ¢ 1)
ieNUTS3

Mean and upper bound values for Fg; are based on Lodl et al.
(2010). Lower bound values represent an installation density that is re-
duced by 20% in comparison to the mean value. Regarding ¢, Lodl et al.
(2010) actually assume a higher value of 0.15 kWp/m2 than used in
this study. However, this approach neglects limiting interference factors
that need to be taken into account, e.g., edges of the roof, chimneys,
and rooflights. Therefore, commercial solution brokers assume more
realistic values of 8 to 10 m? per kW, corresponding to the range of
¢ used in this study; see Doormann (2022), for instance. In general,
we tend to make comparatively conservative assumptions about the
technical rooftop potential so as not to report artificially low values
for potential utilization. All assumptions applied are summarized in
Table A.1 in Appendix.

3.2. Spatial analysis of regulatory benefits and costs

Next, we consider the distribution of regulatory benefits and costs.
To quantify the true net benefit (or disadvantage) of households with
PV (prosumers) over households without PV (consumers), we compare
the annual costs of electricity for a consumer household to the respec-
tive costs for a prosumer household. In the following, the terms “net
regulatory benefit” and “net prosumer benefits” always refer to the
gross benefits (from feed-in, self-consumption) less the associated costs
(investment costs).

The annual electricity costs for a consumer household are the
product of their annual consumption D and the (average) retail elec-
tricity price A. For the prosumer household, the annual electricity costs

- . Pros -
comprise three components: their external supply costs CS;;;[y, their

annualized PV (and battery, if applicable) investments costs CIP" "o, and
the benefit from feed-in remuneration P;’lrﬁ’rs, with opposite sign; see
Eq. (2).

Clam =D

Crom = CSumniy+ Cine’ = PEIT
c§;;;,y =(D-SCR-Cap-FLH)- A

clros = Cap- ¢y, - AF

PPros = (1- SCR)-Cap- FLH - FIT ()

The external supply costs of the prosumer are reduced by the
proportion of electricity, which is self-produced and -consumed, given
by the self-consumption ratio .SCR times the installed PV capacity Cap
times the full load hours FLH. The annualized investment costs Cﬁ: ros
are the product of installed PV capacity Cap, specific investment costs
Crap» and annuity factor AF. The regulatory profit P)f 17" is the product
of electricity fed into the public grid, i.e., the electricity produced by
the installed PV system less the self-consumed portion, and the specific
feed-in tariff FIT. FIT depends on the installation date. Therefore,
both A and FIT represent time series in our analysis. For the sake of
readability, we refrain from explicitly showing their time dependence
in this paper.
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Next, we analyze the difference 4 between the annual electric-
ity costs of consumers and prosumers, which corresponds to the net
prosumer benefit; see Eq. (3).

_ (Cons Pros
4= Crya = Crom
A=Cap-(FLH - FIT —¢;,, - AF)

Margin effect, 4p74rgin

+ SCR-Cap- FLH - (A— FIT) 3)

Self-consumption (SC) effect, Agc

We conclude that 4 is driven by two different mechanisms: a margin
effect as a result of feed-in tariffs that could overcompensate for PV
investment costs, and a self-consumption (SC) effect, i.e., a reduced
third-party power purchase due to self-consumption. In the expression
of Eq. (3) it is also clear that a prosumer household will feed-in all the
energy produced, i.e., SCR =0, as long as FIT > A. It should be noted
that prosumer households in this study face a gross metering scheme
based on the EEG. Moreover, the full feed-in of electricity incentivized
in the case of FIT > A refers only to the billing scheme applied. In
most cases, the physical flow of electricity will actually deviate from
the accounting method, at least at certain times.

Analogue RES support schemes encompassing FIT in combination
with volumetric RES support costs are commonly used worldwide.
Thus, even though numerical values always refer to the country case
of Germany, our analysis should be methodologically transferable to
other countries.

Regarding the retail electricity price, A = A(...) comprises various
components, above all the wholesale price, sales margins, regulatory
components such as the EEG levy and network charges, and taxes. Net-
work charges can vary considerably from region to region. However,
to isolate the distributional effects of the EEG, we use a regionally
constant A in this paper; see Table A.4. In this way, all calculated
differences can be directly attributed to the effect of the EEG. That said,
spatial variation in retail prices is substantial; see the corresponding
discussion in Section 6.3. So far, the analysis is based on the level of
individual households. We have omitted corresponding indices for the
sake of better readability.

Next, we analyze the resulting effects at a higher level of aggre-
gation. That is, we assess the consequences for average household
electricity costs C; at the NUTS3 level. Taking into account the respec-
tive prosumer penetration ratio p;, where i represents a specific region
(NUTS3 level or Germany as a whole), the average household electricity
costs at the NUTS3 level are obtained from Eq. (4).

— —Cons —Cons -

G = (o i) CTotaI +pi (CTotaI =4)

— —Cons -

C = CToral —pit4 “
———

8,

i

In the equations above, FLH(...) and SCR(...) are both functions
that depend on multiple parameters such as the specific system size of
the respective PV system and the location (latitude). We analyze this
in more detail in the following subsections.

3.2.1. Self-consumption ratios

Smaller systems usually allow for higher SCR, whereas larger sys-
tems come with lower SCR. For this work, we derive the corresponding
achievable values for SCR as a function of the system size based on
the work of Schick et al. (2021). For the derivation of SCR values,
an annual prosumer household electricity consumption of 4000 kWh
is assumed, without further spatial differentiation; see Section 6.3 for
further discussion. Moreover, the achievable SCR of a PV system is
possibly impacted by the presence of electrical storage. In the case of
Germany, distributed solar home storages have become relevant since
2013. The impact of storage on the SCR of a PV system of capacity
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x is taken into account according to the respective ramp-up curve; see
Eq. (5).

SCR(x,f) = SCR(x)- (1 + a - B(1)) &)

In this equation, SCR represents the SCR without storage, and
p(t) represents the share of small-scale PV units that are installed in
combination with distributed home storage systems in year ¢. The actual
values for f(7) used in this work are based on Figgener et al. (2018) and
extrapolated where necessary; see Table A.4. Explicit values for g are
available only for the years 2015 to 2017. Before and including 2013,
battery storage played only a marginal role, hence, # = 0 for these
years. Values for 2018 and subsequent years are linearly extrapolated
with ‘;—’: = 0.04. The 2014 value is assumed to be two third of the 2015
value.

An analysis based on the work of Schick et al. (2021) demonstrates
that for systems larger than 6 kW, the achievable SCR can typically
be doubled with home storages, i.e., « = 1.0 as the mean value
assumption.? Moreover, « is set to 0.75 for the lower bound and to
1.25 for the upper bound. A summary of the SCR values used in this
work is provided in Table A.2.

For the modeling of SCR we further consider the relationship
between the respective FIT of the system and the end-customer elec-
tricity retail price A. Generally, for FIT > 4, feed-in of produced
electricity is economically favorable, corresponding to SCR = 0. This
applies for small-scale PV units installed before 2012; see also Eq. (3).

3.2.2. Full load hours

The FLH are a function of the spatial position of the installed PV
units, mainly of their respective latitudes. The values used in this work
are based on long-term (30-year) average data for the global radiation
as provided by Deutscher Wetterdienst (2022). The data is further
validated by Wirth (2021), stating that PV roof systems achieve full
load hours of 910 on average in Germany, which fits our assumptions
well. Table A.3 in the Appendix provides a summary of the values
applied for this study.

3.3. Inequality metrics

To quantify inequality, we use established inequality metrics
throughout this work. These metrics include Gini coefficients and
absolute (cost) deltas.

The Gini coefficient measures the inequality among a distribution
of values - typically different levels of income — with a value range be-
tween 0, corresponding to perfect equality, and 1, expressing maximal
inequality among values. In this work we apply the Gini coefficient for
both the distribution of installed (small-scale) PV capacities per NUTS3
region and the distribution of net regulatory benefits. For this purpose,
the 401 NUTS3 regions are used as underlying classes for the respective
frequency distributions.

In a graphical representation using Lorenz curves, the Gini coeffi-
cient G is equal to the area A divided by the area A + B as illustrated
in Fig. 1.

2 The analysis is based on a linear optimization model to maximize self-
consumption for a prosumer household with an annual electricity demand of
4000 kWh and PV system size varying from 6 to 10 kW, in steps of 1 kW,,.
Optimization with and without a battery storage of 6 kWh content size results
in different self-consumption ratios, corresponding to values for a ranging from
0.99 to 1.03.
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Fig. 1. Example of Lorenz curve L(x) (dotted, in blue) and line of equality (in black).

4. Data

This work relies on multiple sources for data input. The spatial
data of installed PV systems is based on the publicly available market
master data registry from Federal Network Agency (2022). This data
encompasses nearly 2.3 million records of individual PV units. For
this work, we take into account the following technical characteristics
per unit: net nominal power (used as input for Cap), federal state,
municipality, municipality key, postal code, city, commissioning date,
and distribution system operator (DSO) status. Moreover, we assign the
respective NUTS3 regions as well as the geocoordinates (latitude) of the
units via their postal codes. For the analysis, we only take into account
units with positive DSO status, corresponding to a data validation of the
respective records by the DSO. Model assumptions for SCR and FLH
are summarized in Tables A.2 and A.3, respectively; see also Section 3
for further details. Household data on annual demand, see Federal
Statistical Office (2021); electricity prices, see Federal Ministry for
Economic Affairs and Climate Action (2022a); FIT and further EEG
data, see Federal Ministry for Economic Affairs and Climate Action
(2022b) and 50hertz; Amprion; Tennet; TransnetBW (2022), is publicly
available and summarized in Table A.4. In addition, Table A.4 pro-
vides data on PV and battery storage investment costs based on Wirth
(2021), Federal Government (2002) and publicly available solar indus-
try information; see Kiimpel (2022) and Bemmann (2021). Moreover,
socioeconomic data of the building structure for the analysis of the
technical PV rooftop potential is based on the Federal Statistical Office
(2011).> Annuity factors AF are calculated assuming n = 20 payment
periods (years), consistent with the EEG subsidy period, and interest
rate (weighted average cost of capital) i = 2.5%. This comparatively low
interest rate is based on the average loan terms of the available subsidy
programs for small-scale private PV investors over the last 20 years in
combination with a comparatively low project-specific default risk and
moderate return expectations of private owners.

4.1. Data quality and validation

With regard to data uncertainty, a fundamental distinction can be
made between directly available data and estimated data (assump-
tions). The latter have the highest uncertainties. For the analysis of
the technical small-scale PV potentials, this concerns data on avail-
able rooftop area A, rooftop factors Fgpy, and conversion factors ¢.
To address these uncertainties, lower and upper bound estimates are

3 The census is only conducted every ten years on a reference date. After
the last census in 2011, the next one was to be conducted in 2021. However,
it was postponed by one year due to the Corona pandemic and is therefore
not yet available for this study.
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Fig. 2. Validation of data. Total amount of annual self-consumption modeled versus
forecasted by TSOs. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

applied for each of these quantities in this study; see Table A.1. More-
over, data uncertainty affects assumptions on SCR and FLH; see also
Section 3, impacting the absolute amount of annual self-consumption.
Corresponding lower and upper bound estimates are provided in the
remarks of Eq. (5) and Table A.3. Data at the individual system level
is not available for this study. Nonetheless, in their annual forecast
of the EEG levy, the German transmission system operators (TSO)
also estimate the total amount of self-consumption in Germany.* To
our knowledge, this is the best available reference data to validate
our model assumptions. Fig. 2 depicts the literature values of the
TSO estimates (in red) compared to our modeling results (in green),
demonstrating that our model results generally agree with the TSO
values. The TSO forecast and our model match well especially for the
2020 value. The TSO forecast value for 2021 is striking, because it
differs only slightly from the previous year, even though additional
PV battery systems were installed during this period. Regarding the
discrepancy in the forecast values for 2022, we assume that the data
set used in this study, the market master data registry from Federal
Network Agency (2022), is partly incomplete for 2021 due to late
reporting, leading to an underestimation of the resulting total amount
of self-consumption.

5. Results and discussion
5.1. Spatial analysis of small-scale PV

Fig. 3 depicts the installed PV capacities in Germany as of 2021, as
total for the whole of Germany, and differentiated by size class (small-
scale, mid-scale, and large-scale), revealing a couple of interesting
aspects. By the end of 2021, a total of 60.7 GW (2.3 million units) of PV
has been installed in Germany.® 9.3 GW (1.4 million units) are small-
scale systems, 28.8 GW (0.8 million units) are mid-scale systems, and
22.5 GW (396 units) are large-scale systems. This means that small-
scale PV may contribute to 60% of the total number of installed units,
but only to 15% of total installed capacity, whereas the 396 largest
units alone contribute to 37% of the total installed capacity.

Each size cluster has a strong spatial concentration. Small-scale PV
and mid-scale PV are most commonly found in the south of Germany,
and, to a lesser extent, in the northwest. Meanwhile, large-scale PV

4 According to §61a No. 4 EEG.

5 Absolute values for installed PV capacity in this subsection refer to gross
capacity, excluding DSO status verification. From Section 5.2 onwards, we use
net nominal capacity values for reasons of higher data quality, as described in
Section 4.
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Fig. 3. Installed PV capacities [MW] per NUTS3 region. Germany, 2021.

is clearly concentrated in the east of Germany. Regarding the small-
scale units, a first hypothesis could be that the significant differences
in spatial distribution stem from spatially different technical poten-
tials. However, this is clearly contradicted by Fig. 4, which shows the
technically available rooftop potentials and their regional exploitation.
Compared to the actually installed capacities, the spatial concentration
of the exploited technical potential is even stronger in the south, espe-
cially in some municipalities in the very southeast. In the municipalities
with the lowest exploited potentials, less than 1% of the technical
potential has been exploited so far, whereas in the municipalities with
the highest exploited potentials, almost 18% of the technical potential
has been exploited.

This spatially unequal distribution also accounts for the fact that,
on average, over the whole of Germany, only a small fraction of 6%
(5.6%) of the available rooftop potential has been exhausted so far.°

6 Corresponding to the unweighted average of NUTS3 rooftop potentials.
The weighted average of the rooftop potential exploitation can be calculated

In view of possible difficulties in realizing future large-scale projects,
e.g. due to competition for land, this fact is an important indication
that small-scale PV has so far not made the contribution to the energy
transition that it could. Based on our analysis, we estimate the overall
technical rooftop PV potential in Germany at 138 GW,, (95 GW,, to 163
GW,,), compared to 161 GW,, estimated by L&dl et al. (2010) and 208
GW, by Mainzer et al. (2014). Therefore, our assumptions seem rather
conservative.

An explanation for the regionally distinct exhaustion of the techni-
cal potentials, see Fig. 4(b) compared to Fig. 4(c), could be differences
in the actual economically feasible potentials. That said, investment
and installation costs cannot be regarded as an explanation of the
regional differences—on the contrary, one would even tend to expect

as follows: 7.5 GW of small-scale PV installed (only units with positive DSO
status verification counted) versus an overall technical rooftop potential of 138
GW, corresponding to a potential exploitation of 5.4%.
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Fig. 4. Technical potential (exploited) for small-scale PV per NUTS3 region. Germany, 2021.

lower costs in the east than in the south. On the profit side, how-
ever, there are clear differences resulting from spatially different full
load hours. Nevertheless, spatially different full load hours provide
an inadequate explanation for the spatially unequally distribution of
small-scale PV for two main reasons. First, with sufficient spatial and
temporal averages to level local site factors, full load hours should
strongly correlate with the global radiation. Nevertheless, one can
observe that the spatial distribution of the global radiation, see Fig. A.1
in the Appendix, deviates significantly from the spatial distribution
of the technical small-scale PV potential exploited, shown in Fig. 4(c).
Especially in parts of the far east in the area around Chemnitz, Gorlitz,
Cottbus, and Frankfurt (Oder) one would expect significantly more
small-scale PV on the basis of the long-term average of the global
radiation, as illustrated by Fig. A.1 in the Appendix; see Deutscher
Wetterdienst (2022). Second, the spatial concentration of large-scale
PV in eastern Germany clearly inversely correlates with the respec-
tive achievable full load hours. This proves that there are framework
conditions (in the case of large-scale PV: available land and low land
prices; in the case of small-scale PV: disposable household income)
that reinforce such concentrations independent of (technical) location
factors. As an interim conclusion, we find that the EEG has so far failed
to provide a sufficiently strong framework to promote PV nationwide
and evenly across Germany.

5.2. Spatial analysis of regulatory benefits and costs

Next, we turn to the spatial allocation of net regulatory benefits
resulting from the regional distribution of small-scale PV. While we
have so far considered only a single point in time, i.e., the year 2021,
we now consider the temporal development between 2000 to 2020 in
addition to the spatial distribution.

To begin with, we analyze the amount of total net benefit that
results from the EEG and is distributed among households in Ger-
many. Fig. 5 shows the total net benefit of households with PV over
those without PV, 4, broken down by the underlying mechanisms:
margin effect (in blue) due to feed-in tariffs, and SC effect (in red) due
to savings in third-party electricity purchases including avoided EEG
levies, network charges, and taxes. Fig. 5(a) shows the total effect (in
MEUR) for Germany as a whole, whereas Fig. 5(b) shows the effect for
an individual household (in EUR/household) as a calculative average
across all prosumer households in Germany.

In absolute terms, the net benefit has grown over the past 20 years
to more than 0.5 billion EUR today (mean value: 553 MEUR, lower
bound: 444 MEUR, upper bound: 780 MEUR). Until 2012, this effect
is exclusively based on the margin effect, i.e. disproportionately high
feed-in tariffs compared to the corresponding PV investment costs. For
2005 to 2012 in particular, the effect has grown significantly, to 377
MEUR by 2012 (304-522 MEUR). This is a direct consequence of the
political will to guarantee stable conditions for private small-scale PV
investors, in combination with strongly decreasing investment costs due
to corresponding learning curves in the production of the components.
From 2012 onwards, the SC effect plays an increasing role. In 2021, 250
MEUR (220-298 MEUR), corresponding to a share of 45% (38%-50%)
of the total net benefit of prosuming households is accounted for by
the SC effect. Although the SC effect (still) makes up for slightly less
than the margin effect, the SC effect will soon dominate, because older
PV systems will no longer be subsidized, all newly installed systems
are currently operated purely to maximize self-consumption and retail
prices will remain high in the medium term. In particular, the retail
price reducing effect of the abolition of the EEG levy is expected to be
overcompensated for by other electricity price components, especially
the wholesale price, grid charges, and taxes.”

Fig. 5(b) shows the effects at individual household level, i.e., the
average net benefit of a prosuming household relative to a purely
consuming household. In contrast to Fig. 5(a), the average net ben-
efit of prosuming households peaks in 2009 at 727 EUR/household
(581-1020 EUR/household), driven purely by the margin effect, and
steadily declines since then. At the same time, the importance of self-
consumption has been steadily increasing for individual households
since 2012, driven by the continuous increase in external electricity
purchase costs combined with decreasing feed-in tariffs. Since 2019, the
margin effect for new plants is negative, i.e., these plants can refinance
themselves through self-consumption only. In 2021, the average net
prosumer benefit is 458 EUR/household (368-646 EUR/household),
which is approximately 43% (35%-61%) less annual electricity costs
than for households without PV. Moreover, with continuously ris-
ing external electricity prices, the gap between consuming and non-
consuming households could widen again in the future, even despite
disappearing margin effects at the individual household level.

7 As of April 2022, the EEG levy (3,72 ct/kWh) accounts for approximately
10 percent of the retail electricity price (37,14 ct/kWh); see BDEW (2022).
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Next, we analyze the results of these inequalities between pro-
suming and consuming households at the NUTS3 level. The regional
differences correspond precisely to the product of the individual house-
hold cost delta A and the penetration ratio of prosumer households
within a municipality p, i.e., § = p- 4; see Eq. (4). Fig. 6 illustrates the
development of the spatial distribution of net prosumer benefits over
the past 20 years. For the sake of readability, only the mean values are
given here. In 2000, at the beginning of the EEG, regional differences
due to corresponding PV subsidies are still largely negligible. The
differences at the NUTS3 level are in the range of a 1 EUR/household,
with the overall span being 523 to 524 EUR/household. This is a
direct consequence of the low penetration of (small-scale) PV at this
point in time. In 2010, a clear bipartition can be seen in Germany.
Few municipalities in the very southeast of Germany benefit most
from comparatively low average household electricity costs (in green),
whereas the majority of municipalities face higher annual electricity
costs of up to 52 EUR/household (in red), with the overall span being
785 to 836 EUR/household. This bipartition persists structurally to
the present. The spread between the most and least burdened munic-
ipalities has since increased further to as much as 75 EUR/household
on NUTS3 average in 2020, with the overall span being 971 to 1049
EUR/household. It is important to note that these are essentially the
same municipalities that have benefited the most over the past 20 years.
The present picture of this socioeconomic inequality is a result of three
parallel developments: increasing, but regionally uneven penetration of

small-scale PV, the growing spread between increasing retail electricity
prices and decreasing feed-in tariffs, and simultaneously increasing
self-consumption. Fig. 6 provides an intuitive impression that the EEG
has a strong redistributive effect, leading to significant and persistent
regional differences in the allocation of net regulatory benefits. In the
following section, we substantiate this impression by calculating the
corresponding Gini coefficients.

5.3. Inequality metrics

Fig. 7(a) depicts the evolution of the Gini coefficient for the installed
small-scale PV capacities (in orange) and the Gini coefficient resulting
from the distribution of the technical potentials (in green). The figure
illustrates the already perceived significant inequality in the spatial
distribution of small-scale PV. While the Gini coefficient of the spatial
distribution of small-scale PV is 0.62 for the year 2000, today it is
still significantly above 0 (2020: 0.42), expressing a significant and
persistent structural inequality. This is all the more remarkable given
that over the past 20 years, the number of small-scale PV units installed
across the 401 municipalities has increased from less than ten thousand
(2000) to 1.4 million (2021) by a factor greater than 100. Nevertheless,
the inequality of the spatial distribution has structurally deepened
rather than declined. In contrast, the Gini coefficient for the spatial
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Fig. 7. Gini coefficients G of installed small-scale PV capacities, (a), and net prosumer benefits 5;, (b), with frequency distribution over NUTS3 regions. Germany, 2000-2021.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Difference of annual net prosumer benefits § between the top 20% of
municipalities that benefit the most and the bottom 20% of municipalities that are
burdened the most [EUR/househ.]. Germany, 2000-2021.

distribution of the technical potentials is much closer to 0 (0.17).® This
Gini coefficient allows an indication of how large the inequality would
be if the regional differences are solely due to the spatial distribution of
the technical potentials. The delta of 0.25 between the Gini coefficients
for the distribution of installed small-scale PV and the distribution of
technical potential (the red colored area in Fig. 7(a)) is illustrative of
the extent to which current regulation including the EEG has failed to
incentivize spatially uniform deployment of small-scale PV.

Fig. 7(b) considers the associated financial perspective of resulting
benefits, depicting the evolution of the Gini coefficient of the cor-
responding spatial distribution of the net prosumer benefits 5. The
development of this Gini coefficient curve is parallel to the corre-
sponding curve for the installed small-scale PV capacities.” In 2000,
the Gini coefficient is 0.75 and falls slightly to 0.51 by 2012. In the
following years until the present, however, there is only a marginal
decline of the Gini coefficient to 0.49 in 2021 (the red colored area
in Fig. 7(b)). This figure thus clearly shows that structural inequalities
have also become manifest in the financial distribution of net prosumer
benefits. Remarkably, feed-in tariffs and the margins they allow for PV
investments have decreased significantly, especially since 2012, while
socioeconomic inequality has practically not decreased. This, in turn, is
a direct consequence of the simultaneous increase in self-consumption
and the accompanying redistribution effect.

8 The green line actually represents a (hardly noticeable) range of 0.16 —
0.17.

9 In mathematical terms, the signs of the first derivatives are identical at
all times.

Table 1
Summary of central results (mean values).
Year A [MEUR] A [EUR/househ.] Gini G(6) [#]
2000 1 170 0.75
2005 60 532 0.64
2010 303 710 0.54
2015 446 573 0.51
2020 529 482 0.49

Taken only by itself, the Gini coefficient is an abstract and data-
reducing quantity.' We therefore also evaluate the 20/20 delta; see
Fig. 8. This figure shows the difference of annual net prosumer benefits
5 between the top 20% of municipalities that benefit the most and
the bottom 20% of municipalities that are burdened the most, in
EUR/household. This difference has increased continuously over the
past 20 years, from practically 0 EUR/household in 2000 to as much
as almost 60 EUR/household (upper bound) in 2021. Moreover, it
is important to keep in mind that here, again, we consider NUTS3
averages and not actual individual households.!! Table 1 provides a
brief summary of the central results of this study.

6. Conclusions and policy implications

Overall, this work demonstrates that the issue of cost-effectiveness
to promote RES is closely linked to distributional issues, especially in
the context of multiple scarcities in terms of financial resources, space,
and acceptance. Space and acceptance partly constrain the realization
of large-scale projects, whereas financial resources restrict the promo-
tion of RES in general. All of this draws attention to the question of
how to most efficiently promote small-scale PV to the required level. It
is in this area that the paper aims to contribute.

6.1. Deficiencies of the current regulatory framework

This study identifies two main shortcomings of the current reg-
ulatory framework for small-scale PV promotion, which are closely
related.

First, the current regulatory framework is partly inefficient with
regard to the utilization of existing potentials. At present, large amounts
of available small-scale PV potential are unused, with 106 NUTS3
regions (26%) below 3% potential exploitation, while only 52 NUTS3
regions (13%) have deployed more than 10% of their technical poten-
tial. It should be noted that not only does the electricity sector need to

10 Different distributions can lead to the same Gini coefficients.

11 The average of approximately 100 thousand households (approximately
80 million inhabitants, 2 inhabitants per household, and 401 NUTS3 regions
result in an average of 100 thousand households per NUTS3 region).
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Table A.1 Table A.3
Assumptions on the building structure. Assumptions on FLH. In [h/a].
Detached Semi-detached Terraced Other Latitude (L) FLH
Lower bound 150 105 90 0 Lower bound Mean value Upper bound
A [m?] Mean value 150 105 90 150 47 <L <48 938 1000 1125
Upper bound 150 105 90 300 48 < L <49 200 960 1080
Lower bound 0.4 0.4 0.4 0.4 49 < L <50 863 920 1035
Fpr  [#] Mean value 0.5 0.5 0.5 0.5 50< L <51 825 880 990
Upper bound 0.5 0.5 0.5 0.5 S5I<L<53 788 840 945
Lower bound  0.10 0.10 0.10 0.10 B3=L<53 750 800 900
) [kWp/mz] Mean value 0.11 0.11 0.11 0.11
Upper bound 0.13 0.13 0.13 0.13
promote small-scale PV. This is much needed for a quantitative evalu-
Table A.2 ation of the efficiency of such instruments on the part of policymakers.
Assumptions on SCR, for the case of FIT < 4. This paper could provide a basis for such an assessment. The core
System size (x) [kW,] SCR [#] idea is to systematically link existing but per se isolated data: namely,
0.0<x<15 0.74 technical data such as installed PV capacities; socioeconomic data
L3<x<25 052 such as PV investment costs and feed-in tariffs; and operational model
25<x<35 0.41 d h If . Onlv in thi . bl
35<x<45 0.34 ata Su_c as se —Consur}lptlon rates. ¢ nly in this way 1s.1t possible
45<x<55 0.28 to obtain a complete picture of the impact of a policy instrument,
55<x<65 0.25 including its indirect effects. In the case of small-scale PV promotion
65<x<75 0.22 via feed-in tariffs, these indirect consequences particularly concern the
75<x<85 0.20 s .
65 <x<05 018 redistributive effect through self-consumption.
95<x<10 0.16 Second, the direct effectiveness of regulatory instruments to pro-

be fully decarbonized, but so do the heat and mobility sectors. A large
part of this transformation will rely on electricity as a primary energy
source. As such, there should be a great deal of political will to exploit
the entirety of the existing potential. Rooftop PV may not be the least
expensive form of clean energy, but it has the great advantage of largely
avoiding land competition and being widely accepted.

Second, the current regulatory framework increases socioeconomic
inequality, particularly by means of indirect cross-subsidization result-
ing from increasing self-consumption. Compared to households without
PV, prosumer households can save approximately 40% of electricity
costs on average, a large part of which is due to self-consumption. Part
of this results in a direct cost transfer to the financial detriment of
households without PV. This concerns the volumetric regulatory elec-
tricity price components, namely the EEG levy and network charges.
In addition, tax revenues are reduced through self-consumption. At
the same time, the significance of this self-consumption effect will
continue to increase in the future. This is due to three effects occurring
simultaneously. First, all newly installed PV systems are currently
operated to maximize self-consumption because there is no longer a
relevant positive margin effect. Second, older units (>20 years) that
have previously been operated with feed-in logic are being phased out
of the EEG subsidy (feed-in tariffs) and will continue to operate to max-
imize self-consumption. Third, the vast majority of all newly installed
PV systems are equipped with stationary battery storage, which helps
to increase the achievable self-consumption rates. In addition, new
electricity based applications such as electric heat pumps and electric
cars increase the ratios of achievable self-consumption in the future.

All of this further exacerbates the socioeconomic inequality that
already exists today and ultimately jeopardizes the acceptance of the
energy transition as such in the long term. The abolition of the EEG
levy as of July 2022 by legislative resolution reduces this effect, but
does not eliminate it in principle.

6.2. Guiding principles for a future regulatory framework

Based on the findings of this study, we identify three guiding
principles of the future regulatory framework.

First, there must be transparency regarding the cost-benefit ratio
and the socioeconomic distribution effect of regulatory instruments to
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mote small-scale PV should be increased. This begins with the specific
design and adjustment of policy instruments to ensure that they have a
direct effect, such as an actual incentive to feed electricity from small-
scale PV into the public grid instead of cross-subsidization by avoiding
third-party electricity purchases. This requires that the existing in-
struments are not considered in isolation, but rather in context. For
example, a stronger involvement of prosumers to refinance grid costs
can reduce the currently existing spread between feed-in tariffs and
electricity prices and thus affect the operating model, e.g., the decision
between feed-in and self-consumption. Moreover, direct effectiveness
of policy instruments also concerns their local impact. That is, the
promotion of RES must be more targeted and directed to where it is
needed most. This is to avoid photovoltaics being concentrated in a few
areas, while large parts of the landscape remain more or less unused for
distributed PV.

Third, distributed PV should be smartly integrated into the overall
system. This means that the regulatory framework must create in-
centives other than pure maximizing self-consumption, as is the case
today. This last point is also intended to increase the integration of
the electricity, heat and mobility sectors. Heat pumps and electric cars,
when integrated into the system in large quantities, should be used as a
system-serving source of flexibility, which requires a different incentive
structure. This in turn means that adjustments to the regulatory frame-
work in the electricity sector need be made in strategic coordination
with the other sectors of the energy system.

6.3. Limitations and future work

We conclude by highlighting the limitations of this analysis and
suggesting possible areas for future research.

First, electricity consumption is not spatially resolved in this analy-
sis, but mean values per household are used; see Table A.4 for details.
This leads to shifts in the calculation of the self-consumption for
individual systems. However, since we consider aggregate values of the
order of 100 thousand households per NUTS3 region, these cross-shifts
should at least partially resolve statistically. Nevertheless, structurally
induced differences are not reflected in this study. A more detailed
spatial analysis of future research could take into account regionally
different electricity consumption resulting from structural differences
in the building stock.

Second, installed battery capacities are not spatially resolved in this
study. Because in the past, existing battery storage systems were not
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Model values for household demand, electricity prices, regulatory profits, costs, and battery storage ramp-up.

Year D [kWh] 4 [ct/KWh] FIT [ct/kWh] Bt [EUR/KW,] cior [EUR/KWh]® B) [#]
2000 3512 14.92 50.62 6275 - -
2001 3535 15.44 50.62 6120 - -
2002 3557 16.08 48.10 5965 - -
2003 3580 16.86 45.70 5810 - -
2004 3602 17.51 57.40 5655 - -
2005 3625 18.23 54.53 5500 - -
2006 3614 18.91 51.80 5100 - -
2007 3603 20.15 49.21 4700 - -
2008 3593 21.43 46.75 4300 - -
2009 3582 22.72 43.01 3900 - -
2010 3571 23.42 36.34 3500 - -
2011 3502 25.08 28.74 2500 - -
2012 3433 25.76 20.09 2000 - -
2013 3363 28.83 15.29 1900 2500 0
2014 3294 29.37 13.02 1800 2212 0.27
2015 3225 29.16 13.43 1750 1957 0.41
2016 3195 29.33 12.31 1650 1732 0.46
2017 3166 29.82 12.24 1600 1533 0.51
2018 3136 30.19 12.05 1550 1356 0.55
2019 3106 31.24 10.72 1500 1200 0.59
2020 3261 32.18 9.13 1450 1062 0.63
2021 3261 32.48 7.53 1400 940 0.67

aReferring to a 6 kWh battery storage.

required to be registered in the market master data registry; see Federal
Network Agency (2022). Although registration is now mandatory, the
data of the market master data registry is not yet complete due to
the deadlines granted for subsequent registration. Therefore, this study
takes a simplified top-down approach, considering the overall share
of installed PV systems with battery storage. For this share of PV
systems with batteries, flat assumptions are made for the resulting
increase in self-consumption, see Section 3.2.1, without further spatial
differentiation. The argument of at least partial statistical averaging at
the NUTS3 level is valid in this case as well. Nevertheless, because
the majority of new PV systems are installed in combination with
battery storage, the spatial resolution of storage capacities is becoming
increasingly important and a more detailed depiction remains open for
future research.

Third, further limitations include the missing representation of re-
gional differences in specific investment costs for PV and battery stor-
age systems, again due to the lack of available data in the required
quality, affecting the individual business case and thus the spatial
analysis of benefits and costs. While component costs should have
increasingly converged regionally as a result of world market prices,
the costs of local craftsmen, in particular, still tend to be higher in the
west of Germany than in the east of Germany (i.e., the former GDR).

Fourth, in this work, a regionally constant retail price is assumed
to isolate the spatial variations induced by the EEG. This approach,
however, should not diminish the importance of spatial variations in re-
tail prices. For the country case of Germany, with per se non-locational
pricing, differences in retail electricity prices are mainly driven by re-
gionally different network charges and contribution margins. According
to Federal Network Agency (2021), network charges are particularly
high in parts of northern and eastern Germany. Therefore, in these
areas, there should actually be a higher incentive for private households
to invest in PV—but this is not reflected in the empirical data. Nev-
ertheless, regionally varying retail electricity prices affect the spatial
distribution of benefits and costs, as can be seen from Egs. (3) and
(4). In extreme cases, these variations in retail electricity prices can
amount to up to 12 ct/kWh as a result of regional differences in network
charges; see Federal Network Agency (2021). In 2020, network charges
in the top 20% of municipalities benefiting most from the EEG differ
only slightly from the bottom 20% of municipalities burdened most (7.0
ct/kWh versus. 7.1 ct/kWh), based on NUTS1 averages for the network
charges (federal state averages). This indicates that the distribution
structure according to Fig. 6 is not expected to change substantially
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even if spatial differences in network charges are taken into account. A
deeper analysis of the interplay between geospatial variations in retail
prices and the effects studied in this paper remains open for future
research.

Fifth, future research could examine the effects of increasing sector
integration in more detail. Widespread e-mobility and heat pumps as
future standard heating technology alongside district heating could sig-
nificantly increase the achievable self-consumption ratios and therefore
further widen the gap between households with and without PV.
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Role and impact of prosumers in a sector-integrated
energy system with high renewable shares

Christoph Schick, Nikolai Klempp, and Kai Hufendiek

Abstract—Interactions between different policy instruments in
real markets can lead to a mismatch between stakeholders striv-
ing for individual benefits and the attainment of an overall system
optimum. These distortion effects are of particular relevance for
sector-integrated systems with high prosumer shares. Distributed
battery storage systems, in particular, could constitute a pivotal
source of flexibility in close to 100% renewable energy systems.
However, depending on their operation mode, these battery sys-
tems can either serve individual profit maximization or the benefit
of the system as a whole. We quantify the resulting differences by
means of a linear optimization model of the electricity market,
which we stringently link to a stakeholder’s complete cost-of-
energy analysis including relevant regulatory price components.
We demonstrate that the effects encompass both system cost
changes and distributional effects for certain stakeholder groups.
We quantify the effects and apply an impact variation analysis
to demonstrate that they could be relevant in view of the overall
acceptance of the energy system transformation.

Index Terms—Distributed energies, flexibilities, prosumers,
energy sector coupling, market framework

NOMENCLATURE

Elements, sets, and indices

Power plant class in region r; set of all power
plant classes in region 7; number of elements of
this set.

Set of electric power plants: GT (gas turbine);
HYDRO (hydropower); PS (pump storage); BIO
(biomass); W-ONS (onshore wind); W-OFFS
(offshore wind); PV; and BS (battery storage).
Storage class in region r; set of all storage classes
in region r; number of elements of this set.
STO, C PP:r.

ppr; PPring,

PP,

stor; STOr;n',,

ry Ryn, Model region; set of all model regions; number
of elements of this set.
t; T nt Momentary (discrete) model time (point); set

of all possible model times; number of ele-
ments of this set. Throughout the model: 7" =
{1,2,...,8760} and n; = 8760.

Npros (MNonPros)  Number of (non-)prosuming households.

HS;HP Distributed heating technologies. HS = heat stor-
age; HP = heat pump.
(V)RES (Variable) renewable energy sources, including

W-ONS; W-OFF; PV (all variable), and BIO
(dispatchable).
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Parameters

Cino (PDr) Specific lifetime investment costs per power plant
class pp, in region r.

Cinv (PPr) Specific annualized investment costs, including

fixed operation and maintenance costs per power
plant class pp, in region r.

Specific costs of production per power plant class
ppr in region r and time ¢, including variable
operation and maintenance costs, fuel costs, and
CO; costs.

Specific start-up costs per power plant class pp,-
in region r and time ¢.

Cprod (pprz t)

Cstart (pp'r" t)
Csto(stor, t) Specific charging costs per storage class sto, in
region 7 and time t.

D.i(r,t); Dep(r,t) Electricity and residential heat demand in region
r and time t.

Annual electricity and residential heat demand in
region r.

De(r); Den(r)

Dtotal Total annual electricity demand of modeled sys-
tem. D{gtel = 2 rerter De(rt).

COP Coefficient of performance of heat pump. Ratio
of heating provided to electric work required.

Variables

ZTinw (PPr) Number of investments per power plant class pp,

in region 7.

Produced power per power plant class pp, in
region r and time ¢.

Start-up power per power plant class pp, in
region r and time ¢.

Charging power per storage class sto, in region
r and time t.

Zprod (ppr7 t)
Tstart (ppr, t)
l'sto(StO’r‘a t)

Fill level per storage class sto, in region r and
time ¢.

x i1 (ppr,t)

Electricity transmission between regions r and r’
and time ¢.

Ztrans (T, ', t)

A*(r,t) Dual (shadow) variable of the load coverage

restriction at minimum system cost (indicated by
the asterisk), which can be interpreted as the
wholesale market price.

1. INTRODUCTION

O achieve global climate goals, the CO, emissions of

our energy system need to be close to zero by 2050,
encompassing not only the electricity sector, but also all other
sectors (heating and transport). Increased adoption of dis-
tributed energy sources could make a significant contribution
to the decarbonization of the energy system. This process
involves numerous stakeholders, some of whom are active
market participants, referred to as (energy) prosumers; see [1],
for instance.! The following considerations should therefore be

'Here and in the following the term stakeholder refers specifically to
prosuming and non-prosuming households.
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included in the analysis of 100% renewable energy systems:

1) When a large number of prosumers is involved, a power
market analysis should consider stakeholder perspec-
tives, behavior, and strategic acting.

2) Energy systems have mainly been studied at a wholesale
market level, whereas prosumer decision-making takes
place in the retail market. The regulatory market frame-
work should therefore be considered as important link
between these markets.

3) Sector integration could increase the complexity of as-
pect 2 above, as it couples potentially incoherent regula-
tory frameworks from different sectors (e.g., electricity
sector and residential heating sector in case of heat
pumps; see [2] for details on technical modeling issues).

Examples of the aspects mentioned above are the non-
system optimal operating modes of distributed battery storages
in order to increase self-consumption (SC) and minimize the
purchase of expensive electricity from the grid. This is an
example of inefficient behaviour as consequence of a market
price signal which is distorted by regulatory price components.
The goal of this study is to quantify such distortion effects by
means of a stringent and comprehensive assessment of both the
system and stakeholder perspectives. We quantify and compare
the total system cost and cost distribution to household energy
consumers for a) when prosumers act to maximize their own
profit and b) when prosumers act to maximize for the benefit
of the system.

In a 100% renewably energy sources (RES) system, the role
of storage is central as it constitutes a source of flexibility to
balance volatile renewable production. Studies such as [3]?
demonstrate that the penetration ratio of distributed flexibility
options provided by household battery storage systems is
growing, driven by both intrinsic and extrinsic motivations;
see [4]. An efficient energy system should guarantee that the
distributed flexibilities are operated such that the maximization
of individual benefits coincides with the optimization of the
overall system. All effects presented in this work should,
in principle, also occur for lower RES shares and prosumer
penetration ratios. However, we demonstrate that the order
of magnitude of the effects at both system and stakeholder
levels is strongly correlated with the number of prosumers.
This number, in turn, is most likely the highest for maximum
overall RES shares. Our analysis is consequently of particular
relevance for energy systems getting close to 100% RES. After
all, this transition is not only a question of the necessary
technologies, but also of the required market design. The
motivation of our study is therefore to reveal challenges that
current market designs face when dealing with prosumers.

A. Related works

1) Analyses of strategic prosumer behavior

Numerous studies focus on selected aspects of strategic
prosumer behavior and its impact on the energy market -
in many cases from a local perspective. [5] investigate the
economic merit of cloud energy storage for prosumers from

2For the German market.

http://dx.doi.org/10.1109/TPWRS.2020.3040654

virtual aggregation of a small number of decentralized battery
capacities. Analyzing the effects of different grid-use and
feed-in tariffs (F'i7's), the authors find that making use of
cloud storage can be economically beneficial. However, the
implemented operating strategy for the cloud storage primarily
aims at maximizing SC'; overall network or wholesale market
effects are not in the focus of the analysis. The economic
advantage of SC' maximization is further analyzed by [6].
However, this study focusses only on the prosumer benefit,
either at the household or community level, but does not
consider the overall energy system perspective. Furthermore,
the authors of [7] discuss that operating combined PV and
battery systems to maximize SC' is not energy system optimal
but rather a consequence of a regulatorily distorted market
signal. They suggest the introduction of a market alignment
factor that measures the short-term welfare contribution of the
prosumer battery, and they apply this to alternative market
designs, including time-varying F'iT's. However, they take the
wholesale prices as exogenous time series, whereas in our
analysis it is a model-endogenous output. A different research
focus for prosumer demand response is provided by the
authors of [8], who discuss alternative options to incentivize
price-responsive demand in view of customer baselining. They
demonstrate that recompensing the full locational marginal
price could result in double-payment incentives. This paper
is relevant for us in that it explicitly considers the connection
between the wholesale and retail markets, as we also do, but
with a different focus. In addition to the analysis of single
household prosumers, other studies consider the aggregators
of demand response (e.g., [9]) and distributed generation.
[10], for instance, demonstrate the potential market power of
such aggregators via strategic curtailment to manipulate prices.
Another approach is to consider virtual prosumer associations
(VAs) [11], which differ from traditional aggregators in that
they are non-profit-seeking entities. On the basis of a split
market setting, with a traditional energy market on the one
hand and a separate RES market on the other, these VAs enable
prosumers to sell their energy at average total costs rather
than at close to zero marginal costs. Therefore, VAs constitute
an alternative to F¢I's, which our analysis is based on, in
order to internalize RES’ positive externalities. In addition, in
view of sector integration, a range of studies consider further
flexible applications such as heat pumps, heat storages, and
electric vehicles (EVs). [12] demonstrate the capability of
virtual aggregation of multiple households with electric and
thermal flexibilities as well as EVs to follow a given dispatch
pattern. However, this analysis does not contain the flexible
interaction between prosumers and the power market.

2) Regulatory framework analyses

A number of studies demonstrate the impact of the regula-
tory framework on both the prosumer value proposition and
non-prosuming households. An overview of different regula-
tory schemes for prosumer SC' in 24 countries is provided by
[13]. F'iT's and net-metering schemes in combination with SC
to save grid electricity costs are widely spread. [14] analyze
prosumer perspectives for the country cases of Italy and
Spain and demonstrate that significant economic differences
exist depending on the regulatory country-specific framework.
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Moreover, [15] focus specifically on the interplay between
prosumer business models, the recovery of utility system costs,
and cost distribution among end-customers under different
rate designs. For the case of California, [16] demonstrate that
wealthier households in particular benefit from the regulatory
incentives for residential PV adoption such as direct subsidies,
renewable energy credits, and tax breaks. In this context,
they also mention the term “death spiral”, which refers to a
situation when fixed costs are allocated to fewer and fewer
customers, resulting in ever higher prices for the remaining
customers. Furthermore, [17] discuss the impact of prosumers
on network cost recovery in depth and how volumetric network
charges provide indirect incentives (i.e., cross subsidies) for
prosumers to maximize SC. This simultaneously results in
inequality issues and higher charges for non-prosumers. All
of these analyses provide valuable insights into the effects of
the regulatory electricity rate design on cross subsidization and
related distributional aspects; however, they are not connected
to a fundamental system analysis; that is, they do not answer
what ratios of SC could, in principle, be system-compatible
and by how much system costs increase for higher self-
consumption ratios (SCRs).

3) System model analyses

A third class of studies relate to power market and techno-
economic models of the electricity system as a whole in
the presence of prosumers. A mainly qualitative discussion
of how prosumers can be integrated into the energy system
is provided by [18], who present three alternative prosumer
market models. Furthermore, [19] perform an analysis of the
total system cost increase through distributed PV and battery
systems when operated to maximize SC rather than operated
in a system-oriented manner. As we do, the authors use a
linear optimization model of the electricity market. However,
they do not break down the system cost increase in detail, nor
do they consider distributional end-customer aspects, including
retail prices. [20] analyze a framework for the aggregation of
demand response instruments, including distributed generation
and storage in the day-ahead electricity market. However,
our perspective differs in that in our analysis, we do not
aim at aggregators’ profit maximization but total system cost
minimization. [21] model the interaction of strategically acting
prosumers with other entities of the power market. The au-
thors demonstrate prosumers’ principle capability of exercising
market power, although they would benefit generally more
by acting as price takers. A main difference to our analysis
is the underlying market scheme: The authors base their
analysis on locational marginal prices, whereas in our case,
the distributional effects result precisely from the fact that
a ’predetermined breaking point” exists between wholesale
price and (ex-post) volumetric network charges (as well as
RES support costs). Moreover, energy storage systems, which
are a key part of our model, are not considered.

B. The proposed contribution

From the review of literature, we conclude that in many
countries, electricity rate designs encompass regulatory com-
ponents (e.g., F'iT's, direct subsidies, RES credits, tax breaks,

http://dx.doi.org/10.1109/TPWRS.2020.3040654

and levies exemptions). One can interpret at least some of
these components as different methods to internalize RES’
positive externalities, [11], [22]. As such, most of these policy
instruments are characterized by the fact that they are, at least
to some extent, decoupled from the wholesale market. This
has an impact both on the energy system as a whole and
on individual stakeholders in particular. The novelty value of
this paper lies in quantifying these effects in a closed model,
explicitly considering both wholesale and retail markets. The
following leading questions drive our analysis:

o System: What SCRs are, in principle, system-
compatible? What happens from a system perspective
when prosumers strive for higher SCRs? What is the
difference between price-reactive and static operation of
distributed flexibilities?

« Stakeholder: By how much do stakeholder retail costs
change when prosumers strive for high SCRs?

A further aspect is that we combine the electricity and
residential heating sector in our analysis. This is motivated
by three main reasons. First, in our study, we consider the
complete costs of energy at the stakeholder level, as they are
of ultimate relevance for both prosumers and non-prosumers.
These costs encompass electricity and heating. In view of
mobility, transporting could also, in principle, be included.
However, in contrast to electricity and heating, vehicles are not
a commodity; therefore, they are not considered in this paper.
Second, heat pumps and heat storage systems are dispatchable
elements, which add further flexibility to the energy system
and can thus increase the prosumer impact. Third, beyond
the scope of this paper and left open for a separate analysis
is that the electricity and heating sectors are usually treated
differently and thus inconsistently in terms of regulation. This
means that their interplay can lead to further distortion effects.

II. METHODS
A. General modeling approach

The basic idea of our research approach is to fully interlink
a bottom-up market model (system perspective) with a full
cost of energy (FCOF) analysis (stakeholder perspective) in
an energy system with integrated electricity and residential
heating sectors and high shares of both RES and prosuming
households. For the assessment at the stakeholder level, we
explicitly consider relevant regulatory price components that
are consistently derived from the system analysis. For this
purpose, we reduce the total system cost CLgi*!(-), which is a
function of n parameters (see Eq. 3) to a function of one single
(implicit) parameter b. This parameter represents a behavioral
constraint given by the prosumer SC' (i.e., the amount of
produced energy from prosumer PV that the prosumers can
consume themselves). To guarantee stability of results®, we
minimize the total system cost and analyze the functional
dependency of the minimum total system cost C1olh*(b).
Under consideration of a particular regulatory market frame-
work, we then also derive the prosumer and non-prosumer

3In the sense that the market clears at minimal total system cost with the
dual variable of the load coverage restriction being the equilibrium price.
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FCOE(b). By analyzing only the changes of Co%**(b) and
FCOE(b) with b, we aim to reduce the impact of arbitrary
model configurations (parametric uncertainties) as much as
possible; see Fig. 1. The prosumer technologies included in
our analysis are limited to PV, electric and thermal storages,
and heat pumps.

B. System model
f 1

i imizati total,x
Setb  f> ;‘e‘”‘;i‘i"c‘;‘l;l;“;ﬁ;o“ model of Total system costs C’ S;;‘ (b)

D. Regulatory market framework E. Stakeholder full cost of energy

Depiction of the regulatory market Full cost of energy F'C O E(b)
framework § &y

Alter b |

C. Prosumer behavior

Fig. 1. Flow chart of the analysis.

B. System model

For the analysis at the system level, we use a linear opti-
mization model of the electricity market, namely the European
Electricity Market Model, E2M2, which minimizes the annual
total system cost Ct"t“l under perfect foresight and hourly
temporal resolution (1 e., 8760 hours); see [23] and [24].

min Ctgtsal = min (cz + C;‘;’i“l) =min Tz (1)
zeR? zeR? zeR?

In our analysis, total grid infrastructure costs CLotd! are

considered as a constant offset value, not being part of the
optimization algorithm. Furthermore, ¢(-) and x(-) are vectors
€ R’ depending on time, region, technology (power plant)
class and cost type, as specified in the following.

n
T = (xinln Tprods starts Lstos L filly xtrans) S R+

_ n
c= (Cinv; Cprody Cstart, Csto, 0,.., 0) € RJr

(@)

The cost vector includes investment costs; variable produc-
tion costs (operation and maintenance costs, fuel costs, and
CO; costs); start-up costs; and variable storage costs; for fur-
ther details, see Appendix A. z(-) contains the corresponding
decision variables. The dimension n of the vector space for
the decision variable x is given by

n= Z (n;p (14 2n4) 4 2nl,, - nt) + Z ng  (3)

reR r1,m2ER
T1#T2

Prosuming and non-prosuming households are represented
as different model regions, each of which has electricity and
heating demands that can be covered both by local generation
within these regions or through (bi-directional) electricity
transmission with a central region; see Fig. 2. Note that
a model region is not identical to a physical region, i.e.,
there is no restriction for x4.4,s, but is rather a container of
elements with the same properties (e.g., distributed prosumer
technologies, non-prosumer technologies, and central power
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plants). Although this construction is an obvious abstraction,
it enables us to control the SC' of the prosumer region on the
one hand, and to attribute costs to end-consumers on the other
hand.

TPros

Dey(+) Din(+)

TNonPros
Dey(+); Din(+)

-HS
-HP

/ Ttrans ()

Fig. 2. Depiction of the system model scheme with regions r p,.,s (prosumer
region), ¥ NonPros (NOn-prosumer region), and rcent, (central region).

Next, we list the relevant model restrictions. For further
details, see Appendix B.

Static system adequacy restriction:

Y. win(ppr) - Credit(ppy) = Y max{De(r,1)} (4)

TER réER
pprEP Py

This restriction forces the model to invest in (dispatchable)
electric power plant capacities, such that the sum of these
capacities, weighted by their operational reliabilities, matches
the maximum electric load in the model year. C'redit € {0,1}
represents the corresponding reliability factors, which are zero
for variable RES (VRES).

Investment restrictions: In addition, RES investments and
the central pump storage are restricted by a given capacity [
per power plant class.

Tinv (pp'r‘) = I(ppr)

5
Vpp, EPPREsu{PS}ﬂ"ER )

The rationale behind this constraint is that we can alter
b without changing the central power plant structure in the
different model runs. In this way, the increase in total system
cost is caused entirely by the prosumer behavior, i.e., the
investment and unit commitment decisions of the decentralized
prosumer technologies (BS, HS, and HP).

Demand coverage restrictions: Regional demand must
be covered by production including electricity transmission
between regions.

Electric demand:
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xprod(ppm t) = Del ('I‘, t) - R)RES(ppm t) +-'L'sm(ppr7 t)
residual load

+ § (xtrans (747 7’/, t) - $t7‘ans(r/7 T, t))
' inR
At

electricity transmission between regions
z[)’r‘ad(H-P'ra t)
COP(t)

(6)
+

electricity demand for heat pump

Vpp, € PP, r € RiteT

Under the premise of a market with complete competition
and marginal-cost-based pricing, the dual variable of the
electric load coverage restriction can be interpreted as the
electricity price at the wholesale market A*(r,¢). It is per
se a function of both the time and the region. However,
as no transmission capacity constraints apply to our model,
A*(r,t) A*(t). Note that the VRES production P,rgs
explicitly allows curtailment at no charge. A further note is
that our model has hourly temporal resolution. For reasons of
clarity, we therefore omit the multiplication of z,,,q, Which
has the physical dimension of power [MW], by the time step
length (1 [h]). In our model, we only consider residential heat
being supplied by heat pumps, which are the links between
the electricity and heating sectors.

Heat demand:

= Dt}L(T7 t) + xStO(HS’F7 t)
Vpp, € {HS,HP},r € R,t€T

Tprod (pp7'7 t) @)

Storage restrictions: These restrictions reflect the logic of
both the battery and the heat storage. The fill level changes
between two consecutive time points by the amount of charged
or discharged energy within this time. Moreover, note that
the model requires equal fill levels at the beginning and at
the end of the modeling period. Although battery degradation
can considerably impact the optimal storage operation, see
[25], for instance, we do not consider it directly. However,
degradation is indirectly taken into account in view of the
comparatively short battery lifetime; see Section III. Moreover,
we neglect further potential storage inefficiencies. This is a
simplification; however, it is made in every model run and we
consider only deltas of model runs instead of absolute model
run values. Both battery and heat storages are characterized
by their maximum storage content as well as their charging
and discharging (power) capacities.

zfill(Stom ) szll(gfom ) + xsta(Stor» t) - mprod(Storv f)
MazxCharging(sto,.)
st <z t .
Tsto(st0r,t) < Tiny(stor) Maz Power(sto.)
Tprod(stor,t) < Tiny(stor)
MaxContent(sto,)
(st < (sto,) -
it (st0r, t) < Tino(stor) Max Power(sto,.)

Vsto, € STO,r € Rand t,t' € T,t' —t =1
@)
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Prosumer self-consumption restriction: The prosumer SC
is defined as the annual amount of energy that is produced
by prosumer PV power and battery storage systems - under
consideration of curtailment - less the amount of energy that
is fed into the public grid. This restriction guarantees that the
prosumer SCR equals the model parameter b. In fact, our
modeling approach is to leave all parameters unchanged, with

the etXfelption of b. In this way, CZo(.) is entirely reduced
to Cepi®*(b).
SC
SCR=0b with SCR= ——F——
ZteT Ppy (f)
and
SC' =" Ppy(t) + Tproa(BS,t) — za1o(BS, ) — FI(t)
teT . .
=sc(t): as expressed from a production perspective
x 7'od(HPP7'osy t)
=Y Dy(rpros,t) + B2 2102 1 GS(t
Z i(rp ) COP(t) (t)
teT
=sc(t): as expressed from a demand perspective
and

FI(t) = Ttrans (7'Pr037 TCentr, t)
GS(t) = Ttrans (rCentra TPros, t)

©)

Eq. 6 was used for the equivalence of the two formulations
for SC in lines 2 and 3 of Eq. 9. FI(t) stands for the
surplus energy fed into the public grid, and GS(t) stands for
the electricity supply from the grid. The general idea is to
vary the SCR bound b and to study the resulting system and
stakeholder effects.

To summarize: First, we set all model parameters including
b. Then, a linear optimization of the electricity market is
conducted to find a system cost optimal solution which is
determined by a) the size of decentral investment options (i.e.,
storage and heat pump) and b) the actual unit commitment of
all power plants in the model. Finally, we alter b and start all
over again.

C. Prosumer behavior

For the analysis, we analyze three different cases of dis-
tributed flexibility operation, which are representative of pro-
sumers’ different behaviors and market integrations. The core
idea is to reduce prosumer behavior in our model to one single
parameter, their SCR = b. On the one hand, this approach
offers the benefit of being able to apply a closed system model.
In addition, this approach is based on observable prosumer
behavior in reality, which oftentimes aims at maximizing SC/
see [13], for instance. On the other hand, we note that our
approach is limited in that we do not use a separate objective
function for prosumers.

Case 0 - full market integration - the reference line:

SCR >0

This basically leaves the SCR fully unrestricted. This setup
represents a market model of full prosumer integration (i.e.,
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prosumers operate their dispatchable resources according to
the market signal without further restrictions).*

Case 1 - market integration under restrictions - fixed annual
self-consumption:

SCR =, b>0

This case represents a setting in which prosumers are
guaranteed to achieve a certain SCR, but still react to the
market signal as long as SCR = b remains guaranteed. This
case is key to our analysis because it represents a lower limit
for system cost increases at high SCR (i.e., the minimum
increase possible that cannot be undercut regardless of the
prosumer behavior).

Case 2 - fully inflexible charging patterns - the chronolog-
ical charging: This case is represented by

sc(t) = b(t), vteT

In such a case, the unit commitment of the distributed
flexibilities is completely predetermined by a prosumer heuris-
tic. That is, the operations of storage and the heat pump
are model-exogenously fixed in advance, which represents
a complete decoupling from the wholesale market. For our
analysis, we analyze a particular strategy that we refer to as
chronological charging; see [26]. The general idea of this
heuristic is to consume, whenever possible, self-generated
energy either directly, or to store it for later consumption. It
can be shown that this strategy ensures maximum SC.3

For PEres(t) > 0:

1) Self-consume electricity directly.

2) Store surplus PV electricity into battery storage.

3) Use surplus PV electricity to operate heat pump for

direct coverage of heat load.

4) Use surplus electricity to operate heat pump and turn

transferred heat into heat storage.

Reading logic: Try 1); if this not possible, then try 2), ...

For PETos(t) = 0:

1) Discharge battery storage to cover as much electricity

demand as possible.

2) Discharge battery storage to operate heat pump to cover

as much heat demand as possible.

3) Discharge heat storage to cover as much heat demand

as possible.

D. Regulatory market framework

So far, we have explained how to calculate the total system
cost in our model representing the wholesale market. Next, we
allocate these costs to end-customers in the retail market with
regulatory price components. The wholesale market results
in a market clearing price usually based on marginal costs,
whereas in the retail market, end-customers are predominantly

4To be precise, this setting resembles a market with complete competition,
which, according to the first fundamental welfare theorem, would tend toward
a competitive, weakly Pareto-optimal equilibrium.

SBesides, for the case of both electrical and thermal flexibilities, small
deviations from the theoretical optimum through explicitly fixing the order of
technology operation.

http://dx.doi.org/10.1109/TPWRS.2020.3040654

charged fixed retail rates. This is partly a consequence of time-
averaging rate designs including distributor fixed costs, which
lead to retail prices reflecting monthly or annual average costs
of service rather than real-time prices [8].

Another source of retail prices deviating from wholesale
prices is the recovery of fixed costs on the basis of the regu-
latory framework. Market designs across countries deal with
the recovery of fixed costs differently. While capacity markets
directly address the recovery of fixed costs of generation,
energy-only markets tend to recover fixed costs at least partly
through high scarcity prices in few periods of time [27]. To
recover the fixed costs of network infrastructure and operation,
either locational marginal pricing or separate network charges
can be applied [28]. While the former produces locational
electricity prices, which (at least partly) reflect the costs of
transmission, the latter is applied especially for markets with
non-locational prices. In this case, the total network costs are
oftentimes distributed to the end-customers through charges on
electric energy withdrawn from the grid (volumetric network
charges). In turn, these network charges burden retail prices,
particularly when allocated to fewer end-customers (see [15],
for instance), while prosumers can avoid these charges through
SC. Note however, that there are also alternative allocation
mechanisms, e.g., by (peak load) capacity.

Furthermore, levies, subsidies, and related policy inter-
ventions constitute additional sources of wholesale market
distortion. F'iT's have been introduced in many countries;
these tariffs guarantee distributed RES owners fixed rates for
electricity fed into the public grid. Comparable to volumetric
network charges, the sum of overall incurred FT's, in turn,
can be allocated to end-customers via volumetric RES support
costs.

In this paper, we consider a retail market with non-locational
prices, volumetric network charges C'Ag.iq, FiT's for VRES
support, and volumetric VRES support costs CA,rps. This is
motivated by the German market framework, where volumetric
network charges and RES support costs® have constituted the
two single major regulatory price components of the retail
electricity price in recent years; see [29].

The regulatory market frameworks vary significantly in
different countries. For our analysis, to produce quantitative
results, we assume a particular framework with specific fea-
tures and simplifications. Even though these specific features
may not apply to every country, our results are transferable to
other regulatory frameworks. That is, the observed effects will
basically always occur under two prerequisites: A retail market
which deviates from the wholesale market and the presence
of dispatchable prosumer technologies such as storage or heat
pumps.

E. Stakeholder full cost of energy

In this Section, we explain how we calculate the FCOFE
by connecting quantities from the system analysis to corre-
sponding end-customer cost components in the retail market;
see Fig. 3.

8German Renewable Energy Sources Act (EEG).
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Fig. 3. Depiction of the link between system parameters and stakeholder

FCOE. Numbers in circles refer to corresponding equations.

The FCOE is the sum of the market-based cost of energy
COE and regulatory cost components, denoted by RC A.

FCOE(b) = COE(b) + RCA(b) (10)

The COFE is the sum of the levelized cost of energy
(LCOE [storage, LCOS]) multiplied by the energy generated
(storaged) plus the costs (profits) of electricity withdrawn from
(fed into) the distribution grid.

Pros Pros Pros
COE() = Cinv * Tiny " + Cprod * Tprog + +Csto * Tspo

LCOE (LCOS) times energy generated (storaged)

+ Z AF (t) . (GSPros (t) _ FIPros(t))

teT

wholesale cost / profit for energy supplied from / fed into grid
(1D

In Eq. 11 and all following equations, all variables with
a superscript index (...)"7°° denote the proportion of the
corresponding decision variable of the overall system solution
that is attributable to a single prosumer household. Note that
the same applies to non-prosuming households, which are
denoted by the superscript index (...)N°""7°s_ For the sake
of clarity, we will only include the Pros index in all the
following equations. System variables with an asterisk index
(...)" denote system optimality at SCR = b.

(L)Fs = () at SCR=b

The regulatory price components encompass the cost allo-
cation for the grid and VRES, as well as F'iR in the prosumer
case.

N pros (12)

RCA(b) = > (CAgria + CAyris) - GSTT(t)
teT

— > FiTpy - FI"™(t)
teT

13)

Note that here, we applied the fact that the total amounts
of charged and discharged energies from the storages cancel
within the one-year model time period. Under perfect fore-
sight, an ideal F'iTpy would precisely compensate for the
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difference between annualized prosumer investment costs for
PV and its annual profit, which is generated in the wholesale
market. Moreover, in an efficient market, the total amount
of prosumer PV production should be fully available on the
market. This means that the prosumer should be compensated
with FiT'py for the total amount of its PV production P};{,"s
- regardless of the physical flow of electricity, which involves
direct balancing of local demand and production. All consid-
erations apply for all other VRES as well; hence

Cinv (]) Ty (]) - ZtET P; (t) S AF (t)
der By (1)

FiTy =
(14)

Vj € vRES

Consequently, C A, rgs result from allocating the absolute
amount of RES support costs, i.e., the numerator of Eq. 15,
to the end-customers per energy withdrawn from the grid, i.e.,
the denominator of Eg. 15.7 In other words, CA,rEs are the
specific (volumetric) RES support costs that result from paying
FiT's to the prosumers.

ZjevRES FZTJ : ZtGT FI;(t)
Dé(l)tal - ZjevRES ZteT 50§(t)

Next, we assume that sc}(t) = 0 for all VRES except PV.
As a result, FI;(t) = P;(t) for all vRES except PV. Using
Eq. 14, this leads to

CAyges = (15)

Cinv (]) i mrnv(j) B ZteT P; (t) A" (t)
Digte! — SCpy,

CA’URES = Z

jEVRES
J#APV

+ FiTpy - W
D' = 5Cpy
(16)

Analogous considerations lead to the derivation of the cost
allocation for grid, C'Agyiq.

total
Cg(:“i?i

CAyrig= —F7"—— a7
T Dl — SChy

III. CENTRAL MODEL ASSUMPTIONS

Assumptions for installed RES capacities are loosely based
on 2050 values of the 95% decarbonization scenario of [30];
see Table I. Specific investment cost values are mainly based
on the 2050 assumptions of [31].

Note that we have assumed all PV to be with the prosumers,
neglecting further ground-mounted PV in the central system.
In Section V, however, we perform an impact variation analy-
sis where a certain share of the 120 GW PV is shifted from the
prosumer region into the central model region. Furthermore, 20
GW of pump storage capacity representing the central system
flexibility is assumed.® Annuity factors are calculated on the

"To be precise, DZ;’““ denotes the total annual electricity demand less
the energy volume which is exempt from the allocation mechanism. For this
study, we have assumed an exemption of 150 TWh.

8This parameter will be varied in Section V as well.
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TABLE I
ASSUMPTIONS ON CAPACITIES AND SPECIFIC INVESTMENT COSTS, 2050
et . Cinv  Tiny CL2tal  Source

PP EUR/KW  EUR/KW GW MEUR

BIO 1,000* 165 35 5,777 [30], [31], P
W-ONS 1,295 125 100 12,488  [30], [31], P
W-OFFS 2,350 245 60 14,684  [30], [31], P
PV (Pros) 450 42 120 5,031 [30], [31], P
BS (Pros) 230 26 Model output [301], [31], P
HS 100 8 Model output [301, [31], P
HP 720 118 Model output [30], [31], P

2Cost pro rata for electricity (cogeneration of heat and power).

bKopernikus project Energiewende navigation system (ENavi).

TABLE 11
ASSUMPTIONS ON DEMANDS, 2050

n De  Din
R m TWh TWh
TPros 20 80 200
rNomPros 15 60 150
Tcentr n/a 360 0

basis of a 5% interest rate and lifetimes of 14 years for BS;
25 years for PV, HP, W-ONS, and W-OFF; and 30 years for
BIO, and HS. Moreover, CO, prices of 150 EUR/t for the
electricity sector are taken as a basis, which seems compatible
with other studies, such as [30].° For further details, including
variable production costs, see Appendix A. As a plausibility
check, Appendix C shows the invested battery and heat storage
contents (model outputs), which are within reasonable ranges.
Figures for the electricity and heat demands, and numbers
of households are loosely informed by the German market
size; see Table II. Moreover, representative synthetic load
profiles (so-called ”"HO profiles”) are applied for the electricity
demands of the prosuming and non-prosuming households; see
[32]. The heat demand profiles are calculated on the basis of
[33] for heat networks of the region Mannheim. VRES profiles
are based on historical data for Germany and the reference year
2006, as in [24]. Throughout the study we assume that heat
pumps operate at a COP of 3.

IV. RESULTS
A. Reference line setting

For the reference line setting, we evaluate Case 0 - full
market integration.

In this setting, the system optimum coincides with the
sum of individual prosumer optima (i.e., no market distortion
effects are present). The system cost base is 88,300 MEUR/a
with total CO, emissions amounting to 11.4 million tons,
equivalent to a 97% reduction in CO, emissions compared
to 1990'°. Fig. 4 depicts the annual electricity production by
technology type. Total electricity production is 625 TWh, of

9 Assumed CO, price of 124 EUR/t for 80-95% CO; reduction.
10B4sis: 466 million tons in German electricity sector in 1990, [34].
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Unit commitment, TWh
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HYDRO PV
Energy technology

W-OFFS W-ON

Fig. 4. Unit commitment for reference line setting.

which about 125 TWh is electricity for heat. This system is
both highly sector-integrated and dominated by VRES pro-
duction. Due to the large capacities of installed VRES, free
curtailment occurs to a large extent (24% W-OFFS, 30% W-
ONS, and 15% PV).!! Compared to other studies, such as [30],
BIO production is high. This should be seen in the context of
the restriction to relatively few considered technologies. In
fact, BIO is representative of all kinds of dispatchable RES in
this system and could either be replaced by synthetic fuel or
hydrogen imported, as well.

B. Prosumer vs. system - system effects

To illustrate the system level effects through prosumers, we
depict Co%*:* (b) and FCOE(b), which we normalize to their
respective values at b = 0 and b = 0.47, respectively; see Fig.

5 and Eq. 18.

140

T T 104
System cost (case 1) ——
System cost (case 2) - - 8- -
System cost (case 1b)
FCOE (prosumer) (case 1)
Tipping point system cost
Prosumer optimum

a) ASystem cost = 0.42% (380 MEUR/a)
b) ASystem cost = 1.30% (1,150 MEUR/a)
¢) ASystem cost = 0.35% (310 MEUR/a)
d) AFCOE =4.2% (63 EUR/a)

120 1 102

FCOE (prosumer), %
System cost, %

100

100

s J

047 | X))

NS S S D 1 0
0.35 0.4 045 0.5 0.55 0.6

Prosumer self-consumption ratio (SCR)

Fig. 5. Normalized system cost versus normalized prosumer FCOFE as a
function of the prosumer SCR = b.

Ctotal,* b
sys ( ) _1

cLotabx () (18

ASystem cost(b) =

percentage figures refer to the annual production without curtailment.
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Case 1:
The black circle in Fig. 5 at an SCR of b = 0.47 indicates
the tipping point of the system (i.e., the maximum allowable
prosumer SC'R that leaves the total system cost unchanged).
The red area indicates the regime where the derivatives of the
system cost and prosumer FFCOE functions have opposing
signs. From a system perspective, prosumer SCRs of 0.47
or below are preferable (i.e., they do not put an additional
constraint on the system), whereas prosumers could strive for
an SCR of b = 0.60 (black square in Fig. 5) to reduce
their FCOE by a further 4.2%. The system cost would
simultaneously increase by 0.42%, equivalent to 380 MEUR/a.
If the same flexibility capacities would be entirely system-
beneficially used, then the system cost increase would be
slightly lower: 0.35%, equivalent to 310 MEUR/a. However,
the SCR would also decrease to 0.52 (Case 1b).

Case 2:
With further restriction of the distributed flexibilities, as in the
case of predetermined chronological charging, the system cost
would increase by 1.30%, equivalent to 1,150 MEUR/a.'?
The system cost increase is driven by three effects:

o Decentral storage investments (flexibility redundancies),

o Non-optimal vRES integration, resulting in additional
system fuel costs and system CO; costs,

o Stress on dispatchable power plants, resulting in addi-
tional start-up costs.

ASystem cost (Case 1) Additional ASystem cost (Case 2)

50

960 260

220
HS) || 370

460 1,150

-190

ASystem cost, MEUR/a

740
(BS)

-20
380

Flexibility Fuel costs CO2 costs Start-up ~ Subtotal Fuel costs CO2 costs Start-up Total
redundancies costs, other costs, other

Fig. 6. Break-down of ASystem cost for Case 1 and Case 2. Values are
rounded to 10 MEUR/a.

Fig. 6 quantifies these effects in more detail. First, higher
SCR is realized by more decentralized battery and heat stor-
age capacities, amounting to an overall additional investment
of 960 MEUR/a at the system level. This corresponds to
an increase of battery content by 3.2 kWh (equivalent to a
740 MEUR/a system cost increase) and an increase of heat
storage content by 3.1 kWh (equivalent to a 220 MEUR/a
system cost increase) per prosumer household, see Appendix
C. Note that this system cost increase is entirely borne by the
prosumers themselves. Moreover, the higher storage capacities
result in better VRES integration. This, in turn, reduces the unit

2Note that with the installed distributed flexibilities of the reference line
setting, an SC'R of 0.50 is always realizable, hence the chronological charging
curve starts at b = 0.50.
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commitment of dispatchable energy sources and hence results
in lower fuel (370 MEUR/a) and CO, costs (190 MEUR/a).
As a minor effect, start-up costs are also slightly reduced.
The overall system cost increase of 380 MEUR/a (Case 1) is
hence mainly the result of flexibility redundancies. In this case,
additional CO;, emission savings of approximately 1.3 million
tons can be realized. This corresponds to CO, abatement costs
of 300 EUR/.

However, the situation changes significantly for the case
of the pre-determined chronological charging strategy (Case
2). In this case, the overall VRES integration capability of
the system decreases, and dispatchable, fuel-intensive power
plants are deployed more strongly. This is also a consequence
of efficiency losses through necessary higher pump storage
unit commitment. All in all, this results in a fuel cost increase
of 460 MEUR/a and a CO; cost increase of 260 MEUR/a.
Further stress on the dispatchable energy sources results in
additional start-up costs of 50 MEUR/a; see also [35], for
instance, for a more detailed analysis of this issue. Note that
even though the overall flexibility capacities are higher in Case
2 than in the reference line setting, CO, emissions increase by
0.5 million tons overall.

C. Prosumer vs. non-prosumer - allocation effects

The relative system cost increase is moderate, whereas
distributional effects might affect specific stakeholder groups
more significantly. This is illustrated by Fig. 7, which depicts
the prosumer and non-prosumer FCOE(b)s, which are nor-
malized to their respective values at b = 0; see Eq. 19. Since
the FCOE effects are primarily driven by the SC'R and only
secondarily by the specific storage operation, we only depict
Case 1 in Fig. 7.

_ FCOE(b)

AFCOE®) = Zeom0)

-1 (19)

By construction, prosumer and non-prosumer FCOFEs are
equal at zero SC'R; that is, all PV production is fed into the
public grid at the real-time wholesale price and F¢T's fully
compensate for the PV investment costs. Fig. 7 illustrates
that the FCOE for non-prosuming households increases by
11.6%, equivalent to 197 EUR/a, as a consequence of pro-
sumers maximizing their own profit at an SCR of b = 0.60.
At the same time, prosumers can reduce their FCOFE by
15.2%, equivalent to 262 EUR/a. Overall, this sums up to
a deviation of 459 EUR/a between the prosumer and non-
prosumer FCOEs.

This deviation is driven, foremost, by the regulatory end-
customer price components - mainly the allocation of grid
costs (275 EUR/a) and VRES support costs (261 EUR/a), as
depicted in Fig. 8. These cost increases are partly compensated
for by fewer FiT payments at higher SC Rs (-184 EUR/a). It
is important to note that even at system-optimal SC'Rs < 0.47,
there is still a considerable difference in the cost distribution
between prosumers and non-prosumers; see Fig. 7.
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Fig. 7. Normalized FCOE for prosumers and non-prosumers as functions
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Fig. 8. Break-down of AFCOE (total delta between non-prosumers and
prosumers) at SCR = 0.60.

D. Interim considerations

Consolidating the results of the system level analysis and
the stakeholder level analyses, as depicted in Table III, we
derive the following interim considerations.

« In principle, comparably high SCRs (SCR < 0.47) are
achievable without stressing the system. Note that this,
however, assumes flexible charging strategies that can
adjust to the system.

« However, before effects are present at the system level,
individual prosumer and non-prosumer F'COEs already
deviate significantly from each other (for all SCR > 0);
that is, non-prosumers compensate for prosumers partic-
ipating less in grid infrastructure and vRES refinancing.

TABLE III
SUMMARY OF RESULTS

ASystem cost AFCOE AFCOE

%, (MEUR) %, (EUR) %, (EUR)

Case Prosumer  Non-Prosumer
1 0.35% (380)  -15.2% (-262) 11.6% (197)

2 1.30% (1,150)  -12.0% (-206) 11.2% (190)
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E. Grid effects

One distinguishing feature of prosuming is the local vicinity
of demand and production. In general, a local balancing of
power should thus be taken into account, especially at the
distribution grid level to which most PV power and battery
storage systems are connected. Therefore we also evaluate the
maximum (hourly) power that is fed into the public grid; see
Eq. 20 and Fig. 9.

FIPros — max{FI™(t) | t € T}

maxr T

(20)

T T T T
Max. prosumer electricity feed—in (Case 1) —*—
Max. prosumer electricity feed—in (Case 2) - -m- -

Max. prosumer electricity feed—in (Case 1b) .

45 g

4.27

35

251 E:

0.47 0.52

Maximum prosumer electricity feed—in, kW per household
. A
Y. R
!

. . . : :
0 0.1 0.2 0.3 0.4 0.5 0.6
Prosumer self-consumption ratio (SCR)

Fig. 9. Maximum electricity feed-in into public distribution grid (per
prosumer household), as function of the prosumer SCR = b.

With higher SC, FIFT°% decreases from close to 4 kW per
prosuming household to 3.27 kW per prosuming household
at SCR = 0.60. This is the expected result, as the overall
installed distributed flexibility of the system increases and can
relieve the distribution grid. Grid infrastructure, however, is
not based on marginal costs (i.e., the individual prosumer
benefit to avoid grid charges does not result one-to-one in
overall lower grid costs). This becomes particularly evident
for Case 2 (chronological charging). In this case, FI[79°
increases to 4.27 kW per prosuming household, independent
of the installed storage capacities. Here, maximum residual
loads for the prosumers coincide with both batteries and heat
storages being fully-loaded, independent of b. Comparable
effects are discussed by [36]. This is also in line with [37],
who have stated that the simple restriction of FIIT°S can
significantly relieve the (distribution) grid. All in all, this
demonstrates that large distributed storage capacities could
both put an additional stress on the distribution grid and
relieve it. However, especially inflexible charging strategies
could increase both wholesale market costs and grid costs (as a
consequence of needed infrastructure expansion). These costs

are, to a large extent, distributed to non-prosuming households.

V. PARAMETER VARIATION ANALYSIS

The order of magnitude of the results crucially depends on
four classes of model assumptions. To quantify the effects, we
interpret ASystem cost and AFCOE (for non-prosumers) as
functions ASystem cost(-) and AFCOE(-) of these classes,

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.




4 Paper B o1

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.

The final version of record is available at

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. XX, NO. XX, XXX 2020

and we discuss the resulting curves. As refer in each case to
the increase in system cost and F'COF when SC Rs rise from
b=0 to b=0.60.

Overall system flexibility: At the system level, distortion
effects arise from (system) imperfect use of distributed flexi-
bilities. Their impact depends on the overall existing flexibility
in the system. Sources of flexibility are other storage sources,
most prominently pump storage systems. Interconnections to
other countries can constitute a further source of flexibility.
As can be seen in Fig. 10, ASystem cost increases with
increasing central system flexibility, from 0.27% with no
additional pump storage capacity present to 0.50% at 30 GW
(150% of the base scenario capacity). This is in line with
our expectation. With less central storage capacity, the system
benefit of distributed flexibilities increases. The more central
flexibility that is installed, the more redundant the distributed
flexibilities are, resulting in a higher system cost. AFCOFE
remains nearly constant, as it is mainly driven by the absolute
(unaltered) amount of prosumer SC.
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<
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Central system flexibility, % of base scenario (20 GW pump storage)

Fig. 10. Variation of overall central system flexibility.

Profiles: VRES production and demand profiles play a
major role in the distortion effects at the system level. The
determining parameter is the residual load. If the residual loads
of prosumers and the central system are congruent, then the
prosumer SC' maximization results in both optimal PV and
overall vRES integration. Another factor is the time resolution
of profiles. With higher temporal resolution, demand and PV
production profiles become sharper. As a consequence, the
achievable SC'Rs are typically lower in reality than estimated
in this analysis; see [38] and [39] for instance. In particular,
this could reduce AFCOE. Furthermore, higher spatial reso-
lution, in combination with the analysis of local simultaneity
factors, is crucial to analyze local distribution grid effects. This
is, however, beyond the scope of this analysis.

Scaling: Both ASystem cost and AFCOE depend on the
number of prosuming households that are present in the
system. For 1 million prosuming households (5% of the base
scenario), both ASystem cost and AFCOE are negligible;
see Fig. 11. Both ASystem cost and AFCOE begin to
become relevant at 10 million prosuming households (50% of
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the base scenario), with ASystem cost = 0.16% (140 MEUR/a)
and AFCOFE = 4.8% (86 EUR/a).
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Fig. 11. Variation of prosumer penetration ratio.

Overall parametric uncertainties: Our results ultimately
depend on overall parametric uncertainties. To reduce un-
wanted influencing factors, we use a system model with com-
parably few input parameters (e.g., restriction to a few technol-
ogy classes). Amongst other things, specific cost assumptions
and technology characteristics, such as power plant efficiencies
and full load hours, constitute sources of parametric uncer-
tainty and could potentially impact the absolute values of our
results. In the course of this study, we have evaluated various
model runs with different parametric settings, such as different
(quarter-hourly) household load profiles and different specific
cost assumptions. In all these model runs, we could determine
the described effects. Combined with the considerations from
Section II, we therefore conclude that the effects are of a
general nature, and overall tendencies remain unaltered.

VI. CONCLUSION

The transformation of the energy system towards a 100%
RES system strongly depends on energy sources with low
energy density and hence a distributed character. Prosumer
integration in a system-compatible manner, which takes into
account the effects on non-prosuming households, is of special
importance. However, our analysis of an electricity system
with high RES and prosumer shares demonstrates that the
interplay of common regulatory market framework instruments
could lead to distortion effects at both system and stakeholder
levels. These effects should be considered when develop-
ing the regulatory market framework further, to guarantee a
working integration of both active market participants and
non-prosuming households. We summarize our findings by
highlighting four aspects:

1) Prosumers can produce and integrate VRES into the en-
ergy system and constitute a source of VRES investment
(financing capital). Higher SC, as strived for by the
prosumers, can indeed lead to better VRES integration
and CO, emission reduction. The increase in system cost
is mainly covered by the prosumers themselves.
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2) However, the annual SC'is only one determining param-
eter and still leaves comparably high degree of freedom
to the system.'> In the case of entirely inflexible stor-
age operation modes, VRES integration could decrease,
and CO, emissions and system cost could increase
significantly when prosumers strive for their individual
economic optimum.

3) On the one hand, higher storage capacities, operated at
least to some extent in a grid-beneficial manner, could
relieve distribution grids, even at high SCRs. On the
other hand, if SC is maximized in an inconsiderate
manner, then there is a potential threat of additional
stress on the grid, possibly resulting in a further system
cost increase.

4) Distributional effects at a high prosumer SC' level are
particularly significant. Regulatory allocation mecha-
nisms incentivize the maximization of prosumer SC,
which, in turn, can create an additional burden on non-
prosumers in the double-digit percentage range. This
becomes even more relevant in view of the overall
energy system transformation leading to a shift from
operating expenditures (OpEx) to capital expenditures
(CapEx). Prosumers can utilize their CapEx to maximize
their profit; meanwhile, non-prosumers are forced to
compensate with higher OpEx.

The distributional effects comprise the recovery of fixed
costs both for RES and for transmission investments. Accord-
ingly, a high number of prosumer households in combination
with high SCRs do not only lead to an increase in the
specific RES support costs, but also to higher network charges,
at least if allocated volumetrically. In this paper, the trans-
mission investments are included as exogenous model input.
Future work could depict the transmission investments model-
endogenously, in order to analyze the interplay of possible
cost-reducing and cost-pushing effects through SC.

The quantified distortion effects are of a general nature
for allocation-based refinancing schemes, leading to unequal
treatment of SC' and the wholesale market. The effect bears
resemblance to artificial network congestions, causing inef-
ficiencies that burden both the system in general and non-
prosuming households specifically. By quantifying these ef-
fects in an integrated assessment, we demonstrate that they
could be relevant in systems with both a high RES and
prosumer shares. The distributional effects, in particular, might
constitute a potential threat for the overall acceptance of the
energy system transformation. However, the findings depend
on a certain regulative way in which to distribute costs to end-
customers. Based on this work, the research could be extended
to an analysis of alternative regulatory schemes (e.g., capacity-
based grid charges).

The analysis exhibits several limitations that require further
research. Most prominently, local network load effects should
be analyzed in more detail by means of a higher spatial reso-
Iution. Furthermore, the effects of widespread electromobility

130nly the overall time-integral serves as model constraint, specific hourly
flexibility states (fill levels) are not restricted directly.
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have not been included in our analysis but could be analyzed
in future work.

APPENDIX A
SYSTEM COSTS VECTOR

The components of the cost vector ¢ are given as follows:

Cinv = Cino(PPr) - AF (ppy) + ¢j0ant (pDr)
Cprod = Co0aM (PPrt) + Cruct(PPrst) + cco, (Ppr,t)
Cstart = Cstart(DPrs 1)
Csto = Csto(Stor,t)
Vpp, € PP, sto, € STO,r € R,t €T

ey

AF denotes the annuity factor. Moreover, cgiqt cONtaing
the costs for a power plant start-up including additional fuel
and CO; costs. Fuel costs and CO; costs are given as primary
energy prices (BIO: 18.75 EUR/MWh; GT: 35.76 EUR/MWh)
divided by power plant efficiency (BIO: 0.46; GT: 0.40) (fuel
costs), and CO, emissions factor (GT: 0.202 t/MWh) times
CO, price divided by power plant efficiency (CO, costs),
respectively.

APPENDIX B
FURTHER SYSTEM MODEL RESTRICTIONS

Production restrictions:

ZTprod (PPrst) < Ton(ppr,t) - MazxPower(pp,)
l’prad(pp'ru t) > Ton (ppm t) : MinPOerT(pp,-)
Tiny(PPr) 2 Ton(Ppr,t) - MaxPower(pp;)

)

Tstart (pp'r‘v t > (xon (pp'r‘u t/) — Ton (ppru t)) ' Af[i’l"bcap(ppr)
Vpp, € PPrc Rand t,t' € Tt —t =1
(22)

The maximum production capacity per power plant class
is restricted by the corresponding investment. A dispatchable
power plant can change its momentary production within
MinCap and MaxCap without additional costs. Increasing
production capacity from 0 to MinC'ap incurs additional start-
up costs as this implies change of z,, (¢).

APPENDIX C
STORAGE CAPACITIES
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Abstract: The transformation of our energy system toward zero net CO, emissions correlates with
a stronger use of low energy density renewable energy sources (RES), such as photovoltaic (PV)
energy. As a source of flexibility, distributed PV systems, in particular, are oftentimes installed in
combination with battery storage systems. These storage systems are dispatchable, i.e., controllable
by the operating owners, who can thereby take over an active market role as energy prosumers.
The particular battery operation modes are based on the individual prosumer decisions, which, in
turn, are strongly affected by the regulatory framework in place. Regulatory frameworks differ from
country to country, but almost all regulatory frameworks feature a network charge mechanism, which
allocates network infrastructure and operating costs to the end customers. This raises the question
of the extent to which different network charges lead to different prosumer decisions, i.e., battery
operation modes, and thus different energy system configurations (system costs). In order to evaluate
this question we apply (a) a fundamental linear optimization model of the energy wholesale market,
which we stringently link to (b) an analysis of peak-coincident network capacity utilization as well
as (c) an evaluation of the complete costs of energy for prosumers and consumers. This stringent
cycle of analysis is applied to two prototypical network allocation schemes. We demonstrate that
network allocation schemes that are orientated to peak-coincident network capacity utilization could
both better incentivize a distribution network-oriented behaviour and better share financial burdens
between prosuming and purely consuming households than would be the case for volumetric
network charge designs. This paper further demonstrates that network-oriented battery operation
does not, per se, result in optimal RES integration at the wholesale market level and CO, emissions
reduction. To identify effects from increasing sector integration, an analysis is both performed for
a setting without and with consideration of widespread e-mobility. As a broader conclusion, our
results demonstrate that future regulatory frameworks should have a stronger focus on prosumer
integration by means, among other things, of an adequate network charge design reflecting the
increasingly distributed nature of our future energy system.

Keywords: prosumers; regulatory framework; grid charge mechanisms; energy system modeling

1. Introduction

The shift from a conventional, centralized electricity production to a more distributed
generation of electricity brings numerous distributed stakeholders into play who evolve
from passive energy consumers to active market participants (prosumers) (Parts of this
paper were originally presented at the 1st IAEE Online Conference; see [1]. However, this
manuscript provides a substantial extension of results, analysis and conclusions over the
conference proceedings paper, including a comprehensive overview of the state of the
art, consideration of different prosumer penetration ratios, and analysis of the impact of
widespread e-mobility. Sections that have been adopted from [1] are explicitly identified
in this paper. The introduction section itself is adopted in parts from [1]). Distributed
PV power systems, in combination with controllable flexibility elements such as battery
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storage units, are expected to play a major role, in particular. While prosumer storage
capacities can provide a necessary source of needed flexibility in general, in reality, these
flexibilities oftentimes operate inflexibly for individual profit maximization. In principle,
three prototypical battery operation modes can be distinguished as follows:

1. Distributed flexibilities can operate for individual profit maximization, depending on
the regulatory framework. This oftentimes equals self-consumption maximization;
scope of analysis: n = one household;

2. Distributed flexibilities can operate (distribution) network-beneficially, reducing peak-
coincident network utilization; scope of analysis: n = tens to hundreds of households;

3. Distributed flexibilities can operate market beneficially to leverage portfolio effects
for optimal RES integration at the wholesale market (system) level; scope of analysis:
n = thousands to millions of households.

In principle, prosumer households could have direct market access and participate
individually and independently in the energy market. Another option is that several
prosumer households join together to form (virtual) prosumer associations, energy co-
operatives, or the like. In both cases, the prosumer behaviour is strongly driven by the
specific policy instruments in place. Among these instruments, network charges play a
crucial role in view of re-financing network operation and infrastruture costs. For reg-
ulatory frameworks with volumetric network charges, profit maximization oftentimes
results in self-consumption (SC) maximization. However, from a system perspective, SC
maximization by means of predetermined prosumer heuristics results in overall flexibility
reduction, potentially burdening both the distribution network and the wholesale mar-
ket; see [2]. The basic idea of our research approach is to analyze these effects for two
exemplary network charge mechanisms. The novelty value of this study consists in a fully
stringent consideration of individual end-user effects (energy bills), local network aspects
and global system (wholesale market) impacts. This way, our approach combines the
analysis of social needs (e.g., allocation of network costs), the analysis of technical aspects
(e.g., peak-coincident network capacity utilization), and the analysis of system effects (e.g.,
RES market integration at the wholesale market level).

1.1. Previous Works

The relevant existing literature for this study can be divided into three groups. The first
group of studies deals with the general theory of network charge design and/or analyzes
particular network cost allocation mechanisms in view of individual end-consumer aspects.
The second group of studies analyzes local distribution network aspects in the presence
of high shares of distributed prosumer generation. The third group of studies takes on
a system perspective to evaluate the impact of distributed prosumer generation at the
(wholesale) market level.

1.1.1. General Theory of Network Charge Design and Individual Aspects
Network charges fulfill different functions in the energy system; most importantly:

*  Astheir primary objective, network charges are the instrument of re-financing network
operation and infrastructure to guarantee fixed-cost recovery;

*  Moreover, network charges can constitute a steering element for the system-beneficial
operation of flexibilities. System-beneficial operation may involve both grid- and
market-oriented behaviour, which could coincide, but could also conflict. In other
words, network charges should ideally provide an efficient, economic signal to end
users in the system.

An overview of the existing network charge mechanisms of selected European coun-
tries is provided by [3], for instance. Studies such as [4,5] provide a more conceptual
overview of existing network charge mechanisms. The latter classifies network charge
mechanisms into three clusters: nodal marginal methods (nodal marginal pricing), rolled-in
methods via postage stamp and mean participation factors, and embedded methods based
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on power flow analysis, such as MW-mile methods. These methods are not necessarily
mutually exclusive but can come in combinations. Ref. [6], for instance, discusses that
nodal marginal pricing is not able to recover the full network costs in reality and evaluates
a combination of locational marginal pricing and rolled-in methods. The authors study
mean participation factors as a particular rolled-in method, based on a cost causality (or
“extent of use”) principle. The basic idea is to allocate complementary network costs (i.e.,
the remaining part of the network costs after marginal network pricing) to system users
according to their individual contributions to each line flow of the network. This method
has been considered or finally applied in reality, albeit only sporadically. One important
and widely used (e.g., in the ENTSO-E) alternative is volumetric network charges, i.e., fixed
charges per unit energy transmitted via the public grid. They belong to the class of postage
stamp methods (i.e., the network charge is independent of the actual electricity transmis-
sion distance). Their widespread use is also due to their technical simplicity. However,
the problem with volumetric network charges is that they do not properly comprise cost
causality; see [7], for instance. This is due to the fact that grid infrastructure, in particular,
is not based on marginal costs; i.e., the individual avoidance of grid charges does not result
one-to-one in overall lower grid costs. Further analysis of rolled-in network charges is
provided by [8], who evaluate different exogenous network charge mechanisms (equal
sharing, allocation by electrical distance, zonal cost allocation) for a consumer-centric
peer-to-peer market framework, illustrated on a 39-bus system. This paper demonstrates
that relatively simple (and transparent) exogenous cost allocation mechanisms can, in
principle, incite a network-beneficial prosumer behaviour. The earlier mentioned MW-mile
method is the first of the power flow-based pricing strategies that considers the actual
network use; see [9]. The core idea is to allocate transmission costs per line length of
transmission and per power flow per line. This method encourages an efficient network
use; however, it is complicated to realize, as it requires multiple power flow calculations.
Further improvements of this method could also consider the load quality, distinguishing
between reactive and active power. Moreover, one could also base the method on current
flows instead of power flows; see [10]. Ref. [11] analyzes uniform marginal prices (as
opposed to locational marginal prices), which they derive from a maximum social welfare
condition on the basis of a 42-bus test distribution network. They demonstrate that such
uniform, but time-varying, prices can send efficient signals to end customers to optimize
grid operation (e.g., high peak load prices). This study is relevant for our analysis in that
we will take on the concept of peak-load pricing; however, we will add a consideration of
system effects and allocation aspects between different customer groups.

A couple of studies have a particular focus on the impact of prosumers on network
tariffs. Studies such as [7,12] discuss the problem of cross subsidies from consumers to
prosumers with volumetric network charges. Ref. [7] discusses that volumetric network
charges can lead to cross subsidies, which burden consuming (when we use the term
consumers/consuming households, we refer to non-prosuming households throughout the
manuscript) households in the presence of self-consuming prosumers. This is a direct result
from the option of prosuming households to cover a part of their electricity demand by their
own PV production (SC), which is exempt from regulatory cost allocations such as network
charges. As a consequence, total network costs are allocated to fewer households (or, to
be precise, there is a lesser amount of energy withdrawn from the grid), leading to higher
specific, and in the case of consuming households also higher absolute, network charges.
Ref. [12] specifically analyzes the effect of widespread distributed generation on network
tariffs in the context of cost allocation between different costumer groups of prosuming and
consuming households. The authors demonstrate that volumetric tariffs in combination
with prosumer net metering can rise significantly with increasing PV penetration due
to the above-mentioned effects. Consequently, the authors conclude that such network
tariffs do not properly reflect cost causality originating from load- and PV-driven costs.
Ref. [13] further analyzes equity issues between prosumers and consumers by means of
a non-cooperative game for the network cost recovery in view of different rate designs
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including volumetric and capacity-based network charges. All of these studies provide
valuable insights regarding the design of different network charges on their local impacts.
However, they do not (aim to) analyze system level effects to a full extent; i.e., simulation
or optimization is restricted to the local grid.

1.1.2. Analysis of Local Distribution Network Systems with High Distributed Generation

A range of studies analyze local distribution networks, in many cases on the basis of
specific n-bus systems. Ref. [14] provides a review of the impacts of high PV penetrations
in low voltage distribution networks, including a discussion of several (mostly technical)
mitigation techniques. Amongst other methods, they discuss distributed battery storage
systems, which can be operated for load leveling (energy is stored in a battery when grid
power exceeds load demand and vice versa), arbitrage mode (energy is purchased at
off-peak and utilized during peak hours) or export curtailment mode (excess PV generation
is stored into battery storage). However, given the status of a review paper, the authors do
not provide an actual system analysis to determine in what way the different operation
modes could actually contribute to network stress reduction—which we address in our
paper. Ref. [15] provides a range of technical tools and methodologies to investigate the
steady-state as well as dynamic impacts of widely spread distributed PV generation on
the distribution network, such as reverse power flows and voltage fluctuations. Ref. [16]
evaluates the impact of distributed battery storages on low-voltage distribution networks,
especially in view of inverse power flows. The authors demonstrate that there is a conflict
of interests between distributed battery owners and network operators. They demonstrate
that for certain inflexible storage operation strategies, which aim at SC maximization,
high stress is induced on the distribution network. This is a consequence of high feed-in
peak times, which occur when peak PV generation meets batteries already fully charged.
When batteries are operated to absorb peak generation, the distribution network can be
relieved, however, at the cost of lower individual SC. Ref. [17] analyzes voltage stability
for residential customers in distribution networks with high small-scale grid-connected
PV penetration. According to their analysis of a local 13-bus system network, voltage
instability typically occurs for PV penetration levels >40% The authors also investigate the
impact of distributed battery storage systems, demonstrating that batteries can maintain
voltage stability in general. However, reduction of voltage instability crucially depends
on the local positioning of the batteries within the network. Again, the mentioned papers
provide valuable insights regarding the impact of distributed generation and battery
storage. However, the authors do (a) not provide a full system perspective to determine in
what way the battery operation modes impact the wholesale market, and (b) do not fully
evaluate the individual end customer costs of electricity and allocation aspects between
different end-user groups.

1.1.3. Analysis of System Impacts

A third group of studies analyze system-level impacts in the presence of high pro-
sumer shares. Ref. [18] analyzes different aspects of alternative network charge designs,
modelling both customer bill and system operational costs. In particular, they compare
volumetric network charges with a design that includes peak-coincident network capacity
charges (EUR/kW) and Ramsey-like allocation of the residual network costs (e.g., fixed
charges per customer in EUR/user). They argue that a design based on peak-coincident
network capacities constitutes an efficient ideal approach, in that such a design incites
the network users to relieve the grid, in contrast to volumetric charges, which incite SC
maximization. On top of this, their suggested design avoids direct interference with energy
prices [EUR/MWh] and therefore minimizes economic distortion effects. They demonstrate
that this approach both leads to the lowest end customer bill and leads to the greatest
reduction of marginal system costs. This paper is of special importance for us in that we
apply the suggested construction of capacity charges to our closed-loop analysis. Energy
cooperatives, such as those analyzed by [19], could represent a particularly interesting level




5 Paper C 63

Energies 2021, 14, 6872

50f26

of aggregation and could play an important role for effective prosumer integration into
the energy system. Another approach to combine the individual household and system
perspectives is provided by the authors of [20], who analyze the role of electric SC in view
of distinct levels of aggregation. The authors demonstrate by means of an energy supply
system optimization that self-sufficiency at the individual household level is economically
favorable only at decent degrees (around 30%). At higher aggregation level (>560 house-
holds), however, full self-sufficiency could be economically advantageous. The authors
conclude that this is a consequence of system-oriented battery operation in combination
with profile smoothing effects, such as a reduction in demand fluctuation and reduction
of peak loads. However, these studies are limited in that the system analyses crucially
depend on exogenous model assumptions such as exogenous time series of wholesale
market prices. Moreover, quantification of distributional effects between prosuming and
consuming households is missing. Finally, ref. [21] reviews a total of 359 studies that deal
with system modelling of decentralized energy autonomy. The authors conclude that (a)
studies generally lack an evaluation of the impact of autonomous systems (such as pro-
sumers striving for SC maximization) on the surrounding system and (b) local stakeholders
need to be considered methodologically. Both aspects are crucial parts of this paper and
will be focused on in the following.

1.2. Our Contribution

The aim of our analysis is to study the impact of high shares of energy prosumers
under consideration of two different network charge mechanisms. The first mechanism,
volumetric network charges, is representative for a widespread status quo, whereas the
second mechanism, peak-coincident capacity network charges, represents a potential
future scheme in order to integrate distributed PV and battery systems more efficiently. The
novelty value of this manuscript lies in the simultaneous consideration of end-consumer
effects, distribution network effects, and wholesale market effects under the realistic
depiction of relevant regulatory aspects of the electricity retail market. According to our
knowledge, such an integrated view of network charges has not yet been carried out. Key
questions to be answered in this study are:

¢ Individual stakeholder level: In what way do certain network charge mechanisms
contribute to distributive justice, e.g., fair allocation of costs among prosuming and
consuming households?

¢  Distribution network level: In what way can certain network charge mechanisms
contribute to steer network-beneficial, i.e., grid-relieving, behaviour?

*  Wholesale market level: In what way do local distribution network relief (e.g., re-
duction of peak-coincident network capacity utilization) and global wholesale market
benefits (e.g., optimal RES integration) coincide or conflict?

2. Materials and Methods

This study’s approach involves establishing a closed-loop analysis of prosumer battery
operation and an analysis of the resulting full costs of electricity (FCOE) (The following
materials and methods section is taken from [1] and slightly adapted and complemented).
Additionally, the process includes an analysis of network capacity utilization and a study of
the resulting total system costs. These are examined using a fundamental linear optimiza-
tion model for the three flexibility operation modes (denoted by 1, 2, 3 and further defined
in the following sections; see Figure 1). For the FCOE analysis, the study applies quarter-
hour household profiles on the basis of real generated measured data. This is a key feature
of this study and is in contrast to several other studies that apply synthetic, and already
aggregated, household profiles for electric demand and PV production. The FCOE contain
the levelized cost of energy (LCOE: annualized fixed and variable costs of energy) and
regulatory network charges under the consideration of two different allocation schemes.

*  Volumetric network charges
*  Peak-coincident network capacity charges; as detailed by [18]
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Both prosumer and consumer (residual) load profiles are aggregated at the distribution
network level under consideration of simultaneity effects. The resulting aggregated residual
load profiles per distribution network node are quantified to measure the distribution
network (thermal) stress level that is induced through different prosumer behaviors (i.e.,
different battery operation modes).

Peak-coincident network capacity charges

Total system
level

Distribution
grid level

Household
level

Rationale

Optimization
problem

Volumetric network charges

L

A

/\/\ — /\/\ o/\/\
i i )
AN ©, AN

o

Individual profit
maximization

Maximize self-
consumption

Distribution grid
release

Minimize extremal
power peaks

Renewable energy sources
integration

Minimize total
system costs

Figure 1. Workflow of analysis; encircled “1” denotes the starting point of analysis, corresponding to the respective battery
operation mode (1, 2, or 3).

Finally, the residual load profiles are further smoothed to generate aggregated whole-
sale market profiles. These residual load profiles enter a linear optimization model of
the electricity market, which minimizes the total system costs. Each battery operation
mode leads to a different residual load profile at the wholesale market level and thus to a
different system optimum. In this analysis we focus on three prototypical battery operation
modes, namely:

*  Operation mode 1: Objective: Maximize prosumer SC. In this case, the battery is
operated according to a static, predetermined prosumer heuristic, which ensures a
maximum consumption of self-produced electricity;

o Operation mode 2: Objective: Release distribution grid. The battery is, again, op-
erated in order to maximize prosumer SC. In this case, however, SC maximization
is implemented as a linear optimization problem with a grid-releasing constraint in
order to reduce peak-coincident network capacity utilization;

*  Operation mode 3: Objective: Minimize system (wholesale market) costs. In this case,
the battery is operated market-beneficially, i.e., the battery reacts fully flexibly to the
real-time wholesale market price signal.

Instead of looking at individual prosumer households with direct market access,
one could also consider the association of several households into energy cooperatives.
This bundling of decentralized flexibilities would, in a sense, form an intermediate level
between the individual households and the wholesale market. Even though such energy
cooperatives would partially enable different battery operation modes than considered in
this paper, the general distinction between individual optimization (either at the individual
household or the cooperative level), grid orientation and wholesale market orientation
remains valid.
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2.1. Battery Operation Mode 1: Maximization of Prosumer Self-Consumption
2.1.1. Battery Operation

The rationale behind battery operation mode 1 is to maximize prosumer SC. Generally,
there is a countable set of algorithms that can accomplish this objective. In this manuscript,
an algorithm is used that is referred to as “chronological charging”; see [2]. This algo-
rithm promotes the use of self-produced electricity whenever possible, either directly for
momentary consumption or indirectly for charging the prosumer battery. A pseudocode
is provided in Appendix A (Algorithm A1), with variable and parameter descriptions
provided by Table 1. This algorithm can be interpreted as the canonical implementation
of SC maximization. Regarding the data input, the electric load profile is provided by
measured data of a single-family household in the German city Diisseldorf with a temporal
resolution of 15 min; see [22,23]. The PV production profile is provided by a PV plant in
the Stuttgart area with a temporal resolution of 15 min.

Table 1. Summary of the used variables and parameters for the prosumer battery storage operation.

Description Unit Value Source
Variables
fi Feed-in of (surplus) PV production [kW] Output -
gs Grid load [kW] Output -
BattFillLevel Fill level of battery [kWh] Output -
Parameters
ResLoad Prosumer load—PV production [kW] Exogenous time series [22,23]
TimeRes Time resolution of modelling [h] 0.25 Model parameter
BattPower Battery discharging power [kW] 3 Assumption
BattCharging Battery charging power [kW] 3 Assumption
BattContent Maximum battery storage content [kW] 6 Assumption
Further data
DemandElec Annual electricity demand [kWh] 4000 Assumption
FLH PV full load hours [h/a] 1050 Assumption
N Number of households [MN] 40 Assumption

The outputs from this algorithm are time series for the prosumer grid supply, gs(t,),
and feed-in, fi(t,), which can be consolidated in one time series, referred to as the prosumer
residual load (throughout this paper, the notion of residual load refers to the residual load
after battery operation, to be distinguished from ResLoad = prosumer load — prosumer PV
production) and denoted by RL(t,), as shown in Equation (1).

RL(ty) = gs(tn) + fi(tn) 1)

Next, one can evaluate the prosumer and consumer FCOE. The FCOE contain the
annualized PV and battery investment costs (for prosumers), the (wholesale) market costs,
and network charges, as depicted in Equation (2).

FCOE = Cinp Xipy +A-(GS—MVF-FI)+ f(...) " Cpetwork 2
———
investment costs market costs network costs

In this equation, c;,,;, represents the specific investment cost vector including PV and
battery investment costs with parameters set as shown in [2], whereas x;,, contains the
installed PV and battery capacities; see Table 1. A represents the average (wholesale) market
price (In general, A follows as a dual variable of the load coverage restriction as model-
endogenous output. In this study, we consider a (constant) mark-up of 120 EUR/MWh on
top of the wholesale market price which is, in particular, high enough to enable prosumers
to refinance their investments into PV entirely through the market price); GS and FI
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stand for the annual amounts of energy withdrawn from the grid (GS: annual grid supply;
GS =Y., g5(tn)) and fed into the grid (FI: annual feed-in; FI = Y, fi(t,)), respectively.
The market value factor MV F accounts for the actual PV wholesale market value and is
assumed to be 50% in this study. The last term in Equation (2), ¢;etwork, represents the
specific network costs (either per kWh in the volumetric case or per kW in the case of peak
capacity charges); see Section 2.1.3. Elsewhere, f(...) is specified in the following chapter
as either a function of the volume (volumetric network charges) withdrawn from the grid
or as a function of the peak-coincident power withdrawn from or fed into the grid (peak
capacity charges).

2.1.2. Network Utilization

Next, this study quantifies the resulting peak-coincident network capacity utilization—
that is, the stress level induced at a distribution network node through the respective
prosumer battery operation. In this analysis, this is performed using a stylized approach
under certain assumptions and simplifications, namely:

*  The assumption of a radial distribution network topology;

*  The consideration of thermal stress on components only, neglecting other aspects,
such as voltage unbalance or the like; see [24], for instance. That is—we only consider
the network resistance R, neglecting its reactance X and phases, which seems to be
justified by usually high R/ X ratios in distribution grids; see [14], for instance.

*  The use of prototype (residual) load profiles. That is, rather than aggregating multiple
real generated measured profiles, in this study we use one single load profile and one
single PV profile as the starting point and account for simultaneity effects in a separate
analysis step as described in the following paragraphs. This is a strong simplification—
however, for our purposes, we are only interested in the relative change of the maxima
of the aggregated residual load resulting from different battery operational modes.
This purpose seems to be attainable by our approach.

To be precise, this study assumes 1 households to be connected to a network node,
of which a share of p are assumed to be prosumers and a share of 1 — p are assumed to
be traditional consumers. To quantify the actual residual load on the network node, one
must first smooth the sharp prosumer and consumer household (residual) load profiles
(consumer residual load RLc,,s = consumer load), as described in the next paragraph,
denoted by a bar in this paper, to account for simultaneity effects. Second, the smoothed
prosumer and consumer profiles (RLpyos, RLcons) are superposed according to their re-
spective penetration ratios, resulting in the actual network node residual load RLjjge; see
Equation (3) and Figure 2.

RLNDde(t) =n- (P 'H(t)Pras + (1 - P) 'H(t)(fons) (3)

Profile smoothing is performed using Gaussian smoothing (also referred to as Gaus-
sian blur in other fields, such as image processing). It begins from a given (sharp) initial
residual load profile and generates further residual load profiles by shifting the initial
profile values to the left and right (in the temporal dimension). For the aggregation, shift
probabilities are weighted by a Gaussian normal distribution, as shown in Equation (4).

= o0 1 _(g?
RL(to) :/ RL(t) - et gt @)
J—eo 2702

The maximum power peak of the aggregated residual load profile is usually lower
than the sum of the maximum power peaks of the individual residual load profiles. The
ratio of these two quantities is referred to as the simultaneity factor, g, which is a function
of the number of profiles n that are aggregated, g = ¢(n). In other words, the simultaneity
factor quantifies by how much the aggregated profile is smoother than the non-aggregated
profile. In the literature, there are numerous (partly contradictory) theoretical and empirical
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derivations of the functional dependency of g(n). In the following, we refer to [25],
according to which the n-dependency of the simultaneity factor is given by Equation (5).

g(1) = goot+ (1 - geo) - % 5)

n

Applying o = /n, Figure 3 demonstrates that the applied Gaussian smoothing is
indeed in asymptotical accordance with the theoretical functional 1/+/n dependency; see
Appendix B for further details. For the distribution network level, we use ¢ = /n €
{7;10;14}, formally corresponding to n € {49;100; 196} households per node.

Prosumer
households

Wholesale

market

Non-prosumer I—
households

Figure 2. Schematic sketch of distribution network analysis. Sharp single-household load and
production profiles from prosuming and consuming households result in smoothed residual load
profiles on the distribution network node, taking into account simultaneity effects. Electrical energy
is then further transferred via transformers to the transmission grid. Total supply and demand within
the wholesale market zone exhibit further profile-smoothing portfolio effects.
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Figure 3. Comparison of simultaneity factors resulting from Gaussian smoothing and theoretical
values with g = 0.2.
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2.1.3. Network Charges
In this study, we evaluate the effect of two different network cost allocation schemes:
volumetric (network consumption based) network charges (VNC) and peak-coincident
network capacity utilization charges (CNC). For the construction of the VNC, we apply
the same approach as detailed in [2]. This is, the absolute amount of annualized grid
infrastructure and operation cost is allocated to the end customers per energy withdrawn
from the grid; see Equation (6).
VNC = GS - ¢! (6)

network

In this study, we have explicitly considered the effect of prosumer SC, which increases
the specific volumetric network costs as a consequence of a reduced network cost allocation
base. Technically speaking, the value for Cﬂw orc in Table 2 refers to a setting of 25%
prosumer penetration ratio and market-compatible battery operation (operation mode 3).
For other combinations of prosumer shares and battery operation modes, the specific
network costs are adjusted such that the total network cost refinancing sum remains
unchanged; see [2] for further details. For the technical realization of the CNC in this
study we refer to [18], who suggest taking into consideration the top 30 highest (residual)
load peaks. As suggested in their paper, the CNC are calculated ex-post on the basis of
a historic network load time series; see Equation (7). This approach is reasonable in that
such anticipated peak situations (rather than actual peaks) guide (long-term) network
investments. The reason for using the top 30 (instead of the single) highest demand peaks
is to reduce the randomness in the application of the allocation mechanism to a certain
extent; see [18] for a detailed discussion.

CNC = RLFF -2t 4+ it o

Moreover, the peak capacity charges are complemented by an additional fixed charge
per customer. This is due to the fact that a network cost refinancing which is purely based
on peak-coincident capacity charges could necessitate excessively high network charges.
Fixed network charges per customer are thus added to compensate for the residuum
between total network costs and refinancing carried out through capacity charges. Variable
description and parameter setting is provided in Table 2.

Table 2. Summary of used variables and parameters for network charge modelling.

Description Unit Value Source
Variables
Average of (prosumer/consumer) residual
RLpeak load over top 30 highest residual load peaks (kW] Output -
el at network node
1{ :;;mk Fixed network charge per customer [EUR/p.c.] Output -
Parameters
czgillg ork Specific volumetric network charges [EUR/MWh] 50 Assumption
cZZ'Zw ork Specific network capacity charges [EUR/kW] 100 Assumption

2.1.4. System Modelling

This study determines the total system (wholesale market) costs by using a fundamen-
tal linear optimization model of the European electricity market, the European Electricity
Market Model, E2M2; see [26] for a detailed overview. E2M2 is a combined (mid-/long-
term) investment and unit commitment model. The dual variable of the demand coverage
restriction can be interpreted as the wholesale market price. The model has hourly temporal
resolution, which is appropriate when system costs are solely of interest, as is the case
with this study; see [27]. In [2], there is a detailed description of the model structure and
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parameter settings which are used in this paper, including the cost vector ¢! and the deci-
sion variable vector x. The residual load as an aggregation of all prosumer and consumer
households enters the system model, as an (from a system perspective) exogenous time
series; see Equation (8).

RLtotul(t) =N- (P ' ﬁ(t)Pms + (1 - P) 'ﬁ(t)Cuns) (8)

For the profile aggregation at system level, indicated by the double bars in the equation
above, the study applies the same methodology, Gaussian smoothing, as detailed in
Section 2.1.2. This paper uses o = 20 for smoothing at the wholesale market level. By
leaving all system parameters unchanged, the total system cost function is reduced to an
implicit function of the aggregated prosumer and consumer load RL;y,; see Equation (9).

Cle () — CHE™ (RLiorar) )
Subsequently, the annualized total system costs are minimized, as shown in
Equation (10).

min CofL(RL, = min (¢Tx(RL + Clotaly — min ¢Tx(RL 10
xR sys ( totul) XERK_( ( totul) NW) xR ( totul) ( )

The system model realistically depicts several constraints as characteristic features of
the electricity market. The most important of these are load coverage, system adequacy,
and the depiction of RES investment paths. A detailed discussion of these features is shown
in [2].

. Load coverage: This is the fundamental model restriction, guaranteeing that total
demand is covered by production for every model hour. Hereby, demand can be
covered either directly through power plant production (including variable RES),
or indirectly, via discharging of storages (including distributed battery storages).
Moreover, electricity transmission between regions is a third contribution to fulfill
this restriction;

*  System adequacy: This restriction guarantees the security of supply within every
model hour in that the total capacity of dispatchable power plants, weighted by their
respective operational reliabilities € (0,1), matches the maximum electric load in the
model year. The operational reliabilities for variable RES are assumed to be zero in
this paper;

¢ Investment paths: RES investment paths are provided as model-exogenous input.
The rationale behind this restriction is that in this study we are not primarily interested
in a global optimization of the energy system including RES investment capacities,
but rather analyze different operational modes of distributed flexibilities (batteries)
under a given power plant structure.

The number of households (N = 40 million) and the annual electricity demand
(500 TWh) are loosely informed by the German market size. The power plant structure is
dominated by RES: 180 GW PV, 60 GW wind offshore, and 100 GW wind onshore, loosely
based on the 2050 values of a 95% decarbonization scenario; see [2] for further details.

2.2. Operation Mode 2

The principal analysis steps for operation mode 2 are the same as presented above
for operation mode 1. However, this time the actual battery operation mode is adjusted
to reduce the peak-coincident network utilization. At this point, the battery operation is
formulated as a linear optimization problem, with the prosumer SC as an objective function
being maximized, as shown in Equation (11).

SC = Dpros — Y_ 85(tn) — max (11)
n
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For the model, the technical characteristics of the battery are represented as linear
restrictions, congruent to the formulation in Appendix A with variable definition and
parameter setting provided by Tables 1 and 3; see Algorithm 1.

Table 3. Summary of the used variables and parameters for prosumer battery storage operation (battery operation mode 2).

Description Unit Value Source
Variables
PBatt(tn) Momentary power supply from battery [kW] Output -
sgatt(tn) Momentary battery charging [kW] Output -
Parameters
dpros (tn) Momentary prosumer electricity demand [kW] Given load profile [22,23]
ppy (tn) Momentary PV production [kW] From PV profile [23]
Ppy peak Peak PV capacity [kW] 6 Assumption
s Battery charging efficiency [%] 100 Assumption
Mp Battery discharging efficiency [%] 100 Assumption

Algorithm 1 Battery operation mode 2.

for b € range(b;;s; 0; step-size: €) do
Try
Objective function
SC = DemandElec — ¥, ¢s(t,) — max
Restrictions
R1: Load coverage:
Apros(tn) = ppv(tn) + PBatt(tn) — SBare(tn) +g5(tn) — fi(tn) Vt, €T
R2: Capacity constraints:
ppv (tn) = FLH - profile(t) - Ppy peak - TimeRes ' Vt, € T
PBatt < BattPower Vi, €T
R3: Storage constraints:
spatt(tn) < BattCharging Vt, € T
BattFillLevel(t,+1) =  BattFillLevel(t,) + (spatt(tn) - #1s — PBare(tn) - 71p) -
TimeRes Vt, €T
0 < BattFillLevel(t,) < BattContent Vt, €T
R4: Peak-coincident network capacity constraint:
gs(tn) o+ dcons (tn) - (1 _P) <b Vt, €T
fi(ty) - p<b Vt, €T
end for

At this point, one determines the lowest value possible for an upper boundary b
that restricts the residual load at the distribution network node while still leaving the
optimization problem solvable. This upper bound can be found using interval nesting. In
turn, the corresponding resulting prosumer residual load serves as input for the subsequent
analyses of network utilization and system costs, as described in detail for operation mode 1.
By construction, battery operation mode 2 maximizes the prosumer SC while reducing the
peak-coincident network capacity utilization as much as possible. One could thus argue
that this operation mode represents an improvement to the prosumer heuristic of operation
mode 1, which accounts for a prosumer response to a regulatory framework which is based
on peak-coincident network capacity charges.

2.3. Operation Mode 3

Next, operation mode 3 differs from the other operation modes in that this time, the
prosumer battery serves as a full flexibility option in the wholesale market, reacting to
the real-time wholesale market price signal. For operation modes 1 and 2 we determine
the aggregated residual load of the prosumer and consumer households as system model-
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exogenous time series. For operation mode 3, instead, we begin the analysis with the
minimization of total system costs, leaving the battery operation as a degree of freedom for
the system. This way, the battery operation and the corresponding prosumer residual load
are model endogenous results of the system optimization. Next, the distribution network
capacity utilization is determined in a similar way to that described in Section 2.1.2. Moving
from the wholesale market level to the distribution network level, we need to convert the
residual load profiles of prosumers and consumers into sharper versions. This is virtually
the reverse operation to the Gaussian smoothing, for which Equation (5) is applied. After
this analysis step, we can evaluate the peak-coincident network capacity utilization as well
as prosumer and consumer FCOE.

2.4. Consideration of Widespread e-Mobility

To understand the effects of widespread e-mobility, we perform the analyses as de-
scribed in Sections 2.1-2.3; however, these analyses are performed under the consideration
of additional electric load originating from widespread e-mobility. To do so, the original
electric load time series is added by an electric charging time series, as provided in [28]. As
e-mobility constitutes both a source of electricity demand and flexibility, a smart charging
control is assumed. In other words, the applied charging time series itself is an optimiza-
tion result under consideration of price incentives and greenhouse gas (GHG) emission
targets. The additional annual electricity demand for e-mobility is assumed to be 2000 kWh
per household. The maximum momentary charging capacity (quarter hour average) is
assumed to be 3.7 kW per household. The parametric assumptions are based on [28]. The
assumed maximum charging capacity is based on a typical wallbox for home use; however,
higher charging capacities could well become standard in the future. We would like to
point out that we do not intend to make a forecast for future e-mobility charging needs, but
would rather like to show the general effects resulting from increasing sector integration.
Note also that the additional electric load could be representative of all kinds of additional
electricity demand resulting from increasing sector integration, i.e., electrification of heat
and mobility sectors.

3. Results
3.1. Global Perspective: System Effects

As illustrated by Figure 4, the total system costs are highest for operation mode 1
(chronological charging of battery) and lowest for operation mode 3 (market-beneficial
battery operation) (The following results section is partly taken from [1] and significantly
complemented by additional results, including a variation analysis of the prosumer pene-
tration ratio and consideration of widespread e-mobility). The relative system cost delta
is 0.8%, corresponding to ca. 400 MN EUR p.a. with a system cost base of roughly 50 BN
EUR p.a. The specific values refer to a setting of 50% prosumer penetration ratio; the
general tendencies, however, remain unaltered for all other prosumer penetration ratios.
The system cost effect is based on the fact that a flexible battery operation (as in operation
mode 3) enables an overall better RES integration than in the case of a predetermined
battery operation, as in operation mode 1. This fact leads to overall lower fuel and CO,
costs in the system. For a more detailed discussion, one may read [2].

Interestingly, battery operation mode 2 leads to nearly the same total system cost opti-
mum compared to battery operation mode 1 for all three analyzed prosumer penetration
ratios (25%, 50%, 75%). This indicates that the rationale behind battery operation mode
2 to release stress on the distribution grid is not per se congruent to a market-beneficial
battery operation. Additionally, the different battery operation modes show even stronger
differences in their CO;, emissions. The underlying cause is the same as that of the total sys-
tem cost decrease: better overall RES integration, especially for operation mode 3, leading
to a reduction of the unit commitment of dispatchable, CO,-intensive power plants (gas
turbines). In case that the overall GHG emissions are limited by a fixed Emissions Trading
System (ETS) cap, there would not be an overall CO, emissions difference between the




72

5 Paper C

Energies 2021, 14, 6872

14 of 26

three battery operation modes. Instead, battery operation mode 3 could achieve the same
CO, targets with less overall RES capacity installed compared to operation modes 1 and 2.
A summary of the results at the system level including all three considered prosumer
penetration ratios is provided by Table 4.
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CO2 emissions

105 | B
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Operation mode 1 Operation mode 2 Operation mode 3

Figure 4. Annualized total system costs and CO, emissions, normalized in % of respective values for
battery operation mode 1, by battery operation mode, for 50% prosumer penetration ratio.

Table 4. Summary of system effects.

Op. Mode 1 Op. Mode 2 Op. Mode 3
Max SC Grid-Oriented Market-Oriented
25% prosumer penetration ratio
Total svstem costs [MN EUR/a] 45,645 45,653 45,345
Y [% of op. mode 1] 100.0% 100.0% 99.3%
. [million t] 5016 5015 4264
Annual CO, emissions [% of op. mode 1] 100.0% 100.0% 85.0%
50% prosumer penetration ratio
Total svstem costs [MN EUR/a] 47,204 47,202 46,808
Y [% of op. mode 1] 100.0% 100.0% 99.2%
p
L [million t] 3025 3013 2326
Annual CO; emissions [% of op. mode 1] 100.0% 99.6% 76.9%
75% prosumer penetration ratio
Total svstem costs [MN EUR/a] 49,429 49,401 49,196
Y [% of op. mode 1] 100.0% 99.9% 99.5%
. [million t] 2308 2290 1791
Annual CO, emissions [% of op. mode 1] 100.0% 99.2% 77.6%

3.2. Local Perspective: Network Capacity Utilization

To evaluate the effects at the distribution network level, this study quantifies the
situations of maximum residual load on the distribution network node for each of the
battery operation modes 1, 2, and 3 and three different prosumer penetration ratios (25%,
50%, 75%) as indicators for the thermal stress on the network node; see Figure 5. The
figure shows the top 30 highest residual load peaks in descending order. For low (25%)

vou

and medium (50%) prosumer share (“low”, “medium”, and “high” refer to our scenario
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framework and are by no means value statements with regards to the expected future
prosumer penetration ratios), the thermal stress situations are generally induced by load
peaks, with the exception of the market-oriented battery operation mode 3 at 50% prosumer
share. In this case, load and feed-in peaks contribute in equal parts to the network stress. For
high prosumer shares (75%), the network stress is dominated by feed-in peaks, irrespective
of the actual battery operation mode, even though for battery operation mode 3 at least
10% of the 30 highest residual load peaks is attributed to load peaks. By construction, the
network-oriented battery operation mode 2 leads to the lowest maximum residual load
peaks for all three prosumer shares. For low prosumer shares (25%), the prosumer-centric
battery operation mode 1 leads to lower residual load peaks than battery operation mode 3,
whereas for high prosumer shares (75%), battery operation mode 1 results in the overall
highest residual load peaks. Compared to a grid-oriented battery operation, for a 75%
prosumer penetration ratio, battery operation mode 1 results in a 29% higher capacity
utilization on the top 30 average (2.72 vs. 2.11 kW per household) and in a 32% higher
capacity utilization for the single highest residual load peak in the year (2.87 vs. 2.17 kW
per household). This becomes more obvious when looking at Figure 6, which shows the
annual residual load duration curves (cyan) and the corresponding momentary battery
charging (black) for a 75% prosumer penetration ratio. For battery operation mode 1,
one can clearly see that the situations of highest residual loads (which are dominated by
feed-in peaks) occur in combination with zero battery charging. These situations typically
correspond to feed-in peaks around noon, when the prosumer battery is already fully
charged according to the chronological charging heuristic, and prosumer load is low. In
contrast, for the network-oriented battery operation mode 2, there is a more balanced
battery charging throughout the day, which helps compensate for the highest feed-in peaks,
at least to some extent. A summary of results is provided by Table 5.

Table 5. Summary of grid-level effects.

Op. Mode 1 Op. Mode 2 Op. Mode 3
Max SC Grid-Oriented Market-Oriented

25% prosumer penetration ratio

Maximum peak coincident residual load [kW] 1.64 1.56 2.05
Average of top 30 residual load peaks [kW] 1.52 1.46 1.85

... thereof grid load share [%] 0% 0% 0%

... thereof feed-in share [%] 100% 100% 100%
50% prosumer penetration ratio

Maximum peak coincident residual load [kW] 1.87 1.71 2.13
Average of top-30 residual load peaks [kW] 1.73 1.57 1.95

... thereof grid load share [%] 97% 100% 50%

... thereof feed-in share [%] 3% 0% 50%
75% prosumer penetration ratio

Maximum peak coincident residual load [kW] 2.87 2.17 2.28
Average of top-30 residual load peaks [kW] 2.72 2.11 2.15

... thereof grid load share [%] 100% 100% 90%

... thereof feed-in share [%] 0% 0% 10%
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Figure 5. Residual loads at node, per household [kW] and in descending order of the absolute value of the residual load.
All figures are for a distribution network of n = 49 households, i.e., ¢ = 7. (a) Battery mode 1 at a 25% pros. penetration;
(b) Battery mode 2 at a 25% pros. penetration; (c) Battery mode 3 at a 25% pros. penetration; (d) Battery mode 1 at a 50% pros.
penetration; (e) Battery mode 2 at a 50% pros. penetration; (f) Battery mode 3 at a 50% pros. penetration; (g) Battery mode 1
at a 75% pros. penetration; (h) Battery mode 2 at a 75% pros. penetration; (i) Battery mode 3 at a 75% pros. penetration.
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Figure 6. Annual residual load duration curves (absolute values; cyan) and battery charging (black);
by battery operation mode); for 75% prosumer penetration ratio. (a) Battery operation mode 1;
(b) Battery operation mode 2; (c) Battery operation mode 3.
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3.3. Individual Perspective: End Customer Effects

The analysis of prosumer and consumer FCOE helps identify which battery operation
mode is favorable to prosumers and consumers, respectively, distinguishing two different
network cost allocation schemes. Figure 7 depicts the normalized prosumer and consumer
FCOE (normalization base: 800 EUR p.a.) for the three battery operation modes and three
different prosumer penetration ratios (25%, 50%, 75%). On the left side of each subfigure
(a—i), the FCOE are evaluated for volumetric network charges (VNC). On the right side
of the subfigure (a—i), the FCOE are evaluated for peak capacity charges (CNC). Each
figure also shows which part of the FCOE is attributed to network charges (violet) and
which part is attributed to investment and market costs (green). The figure depicts a
couple of interesting results: first, investments in distributed PV and battery systems are
economically viable both under volumetric and peak capacity network charges, in principle,
i.e., prosumer FCOE are lower than consumer FCOE. This is generally true for all battery
operating modes with the exception of operating mode 3 in combination with peak capacity
charges at medium (50%) and high (75%) prosumer penetration ratios. Second, one can
clearly see that peak capacity charges generally tend to reduce the FCOE gap between
prosumers and consumers (and even reverse it for operation mode 3 at medium and high
prosumer penetration ratios). The essentially larger gaps between prosumer and consumer
FCOE under volumetric network charges are a direct result of the fact that volumetric
network charges enable prosumers to more strongly reduce their shares of refinancing grid
infrastructure and operation costs through high SC; see also other studies such as [7,12].
However, high SC does not per se reduce network charges for prosumers in case of peak
capacity charges, as charging is based on peak capacity utilization rather than actual energy
volume withdrawn from the public network. Third, one can see that from a prosumer
perspective, the market-beneficial battery operation (operation mode 3) is neither favorable
for volumetric nor peak capacity network charges, i.e., prosumer FCOE are highest for
battery operation mode 3, independent of the network cost allocation scheme and the
prosumer penetration ratio. This is a direct consequence of the generally significantly lower
achievable prosumer SC ratios in case of a market-oriented battery operation. In this study,
the SC ratios decrease from 51% for battery operation modes 1 and 2 to 29-35% for battery
operation mode 3. This demonstrates that further adjustments of the regulatory framework
are needed to incentivize market-beneficial battery operation. As a consistency check, one
can see that for peak capacity charges, the network-beneficial battery (operation mode 2)
is favorable to the prosumer. Elsewhere, for volumetric network charges, chronological
charging of the battery (operation mode 1) guarantees the lowest FCOE for the prosumer.
A summary of results is provided by Tables 6 and 7.

As illustrated in Figure 7, in the case of peak-coincident capacity charges, only pro-
sumers pay network charges for medium (50%) and high (75%) prosumer penetration
ratios. This is a direct consequence of the corresponding network utilization, which is
(nearly) fully induced by prosumer feed-in peaks; see Figure 5. Consecutively, the specific
CNC times the number of prosuming households excels the needed network refinancing
sum; therefore, no additional fixed charge per customer is required, which would have
been paid by prosumers and consumers. Consequently, in these cases, only prosumers pay
network charges whereas consumers are entirely disburdened.
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Table 6. Summary of end customer effects for volumetric grid charges.

VNC Op. Mode 1 Op. Mode 2 Op. Mode 3
Max SC Grid-Oriented Market-Oriented

25% prosumer penetration ratio

FCOE prosumer [EUR/a] 225 225 460

... thereof grid charges [EUR/a] 45 45 109

FCOE consumer [EUR/a] 839 839 807

... thereof grid charges [EUR/a] 221 221 200

FCOE consumer/FCOE prosumer [%] 373% 373% 175%

50% prosumer penetration ratio

FCOE prosumer [EUR/a] 247 247 474

... thereof grid charges [EUR/a] 60 60 113

FCOE consumer [EUR/a] 873 872 808

... thereof grid charges [EUR/a] 294 294 241

FCOE consumer/FCOE prosumer [%] 354% 353% 171%

75% prosumer penetration ratio

FCOE prosumer [EUR/a] 281 281 526

... thereof grid charges [EUR/a] 90 90 135

FCOE consumer [EUR/a] 993 995 850

... thereof grid charges [EUR/a] 439 439 303

FCOE consumer/FCOE prosumer [%] 353% 354% 161%

Table 7. Summary of end customer effects for peak capacity charges.

CNC Op. Mode 1 Op. Mode 2 Op. Mode 3
Max SC Grid-Oriented Market-Oriented

25% prosumer penetration ratio

FCOE prosumer [EUR/a] 334 308 546

... thereof grid charges [EUR/a] 154 128 194

FCOE consumer [EUR/a] 802 811 789

... thereof grid charges [EUR/a] 185 193 183

FCOE consumer/FCOE prosumer [%] 240% 263% 145%

50% prosumer penetration ratio

FCOE prosumer [EUR/a] 553 546 674

... thereof grid charges [EUR/a] 366 359 314

FCOE consumer [EUR/a] 579 578 643

... thereof grid charges [EUR/a] 0 0 77

FCOE consumer/FCOE prosumer [%] 105% 106% 95%

75% prosumer penetration ratio

FCOE prosumer [EUR/a] 563 481 694

... thereof grid charges [EUR/a] 372 290 303

FCOE consumer [EUR/a] 554 555 547

... thereof grid charges [EUR/a] 0 0 0

FCOE consumer/FCOE prosumer [%] 98% 116% 79%
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Figure 7. FCOEs for prosuming and consuming households [EUR/a] for different battery operation modes (1/2/3), network
cost allocation schemes (vol/peak), and prosumer penetration ratios (25%, 50%, 75%). (a) Battery mode 1 at a 25% pros.
penetration; (b) Battery mode 2 at a 25% pros. penetration; (¢) Battery mode 3 at a 25% pros. penetration; (d) Battery mode 1
at a 50% pros. penetration; (e) Battery mode 2 at a 50% pros. penetration; (f) Battery mode 3 at a 50% pros. penetration;
(g) Battery mode 1 at a 75% pros. penetration; (h) Battery mode 2 at a 75% pros. penetration; (i) Battery mode 3 at a 75%

pros. penetration.

3.4. Effects of Widespread e-Mobility

In this subsection, we present the results at the system, network, and individual

household levels under consideration

of widespread e-mobility. Figure 8, which shows

total system costs and CO, emissions as a function of the battery operation mode, displays
a very similar pattern as in the case without e-mobility (Figure 4). Market-oriented battery
operation results both in the lowest total system costs and lowest overall CO, emissions.
However, widespread e-mobility reduces the relative CO; reduction for battery operation

mode 3, compared to a setting withou

t e-mobility (10.5% vs. 23.1% for a 50% prosumer

penetration ratio). This is a direct consequence of an overall increased electricity demand
resulting in better RES integration options for all three battery operation modes, and conse-
quently reducing the deltas between battery operation modes 1, 2 and battery operation

mode 3.
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Figure 8. Annualized total system costs and CO, emissions, normalized in % of respective values for
battery operation mode 1 by battery operation mode for a 50% prosumer penetration ratio under
consideration of widespread e-mobility.

In case of widespread e-mobility, the situations of maximum network capacity utiliza-
tion are load-driven, irrespective of the battery operation mode; see Figure 9. This is in
contrast to Figure 5, where the corresponding situations are induced by feed-in peaks in a
setting without e-mobility for medium and high prosumer shares. Moreover, the absolute
value of the maximum residual load peaks increases significantly under consideration of
e-mobility, from around 2 kW per household to around 3 kW per household, corresponding
to a relative increase of approximately 50%. In view of the maximum feed-in peaks in
Figure 5, which are lower than 3 kW per household for all three considered prosumer
penetration ratios, one can conclude that with widespread e-mobility, the thermal stress
will be predominantly induced by load peaks, irrespective of the actual prosumer share.
As in the setting without e-mobility, Figure 9 demonstrates that battery operation mode 2
leads to the overall lowest maximum network capacity utilization (2.79 kW vs. 3.04 kW for
battery operation mode 1 and 3.02 kW for battery operation mode 2). This corresponds
to a maximum peak load reduction of 8% compared to battery operation mode 1, which
matches the relative reduction for a setting without e-mobility (1.71 kW vs. 1.87 kW);
see Table 5. This demonstrates that a grid-oriented battery operation can, in principle,
efficiently release the distribution network both in a feed-in and a load-dominated setting.
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Figure 9. Residual loads at the node, per household [kW] and in descending order of the absolute value of the residual load.

All figures are for a distribution network of n = 49 households, i.e., ¢ = 7. For a 50% prosumer penetration ratio under
consideration of widespread e-mobility. (a) Battery mode 1, with e-mobility; (b) Battery mode 2, with e-mobility; (c) Battery
mode 3, with e-mobility.
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Figure 10 further reveals the effect of widespread e-mobility at the distribution network
level by depicting the maximum residual load peak on the network node within a year for
each hour of the day; see Equation (12). Here, ; represents a selected hour / of the day.

RLYoae (hi) = maxyet, p—p, (RLnoge(t)) Vi €0,...,23 (12)

For a setting without e-mobility, the situations of maximum thermal stress are induced
by feed-in peaks around noon (orange, first line of Figure 10a—c, whereas under considera-
tion of e-mobility, the situations of maximum thermal stress are induced by load peaks in
the night (blue, second line of Figure 10d—f, when the electric vehicles are charged. Feed-in
peaks still occur during noon times but play a minor role compared to the load peaks. In
this context it is questionable whether general PV peak shaving, which is part of some
of today’s regulatory frameworks, will remain a reasonable instrument for distribution
network release in the future.

Figure 11 depicts prosumer and consumer FCOE under consideration of widespread
e-mobility. In principle, this figure resembles the situation depicted in Figure 7; however,
the gaps between prosumer and consumer FCOE tend to be even larger in the case of
widespread e-mobility. This is the expected result, as with e-mobility, the annual electricity
demand per household increases and so do the electricity supply costs. This primarily
affects the consuming households, who do not have cost mitigation options through SC.
Meanwhile, prosumers can even increase their SC ratios (59% for battery operation modes 1
and 2 and 46% for battery operation mode 3). Even though one can clearly see that capacity-
based network charges mitigate the FCOE gaps even in case of widespread e-mobility, they
cannot be sufficient in order to eliminate these inequalities entirely. This, again, highlights
that further regulatory instruments would be needed in order to share the burdens between
different stakeholder groups, such as prosumers and consumers, more fairly.

Max. capacity [kW]
Max. capacity [kW]
Max. capacity [KW]

;15 L5 ;15
1 1 1
0 0 0

uum«mmwlwumlw»mHI’Hmlﬂ(|7|x1m171”n 0001 mtmwm\(mnxmmH1’|H4|im!7|xum7|vaﬂ mml(l’nnuucmm(mnmH|’H|4|<1( 17181920212223
Hour Hour

(@) (b) (c)
4 4 4
5 35 35
3 3 3
Z z z
% 25 2 25 = 25
z z z
i g 3
g 2 g 2 g 2
£ £ £
5 & 5
g g g
X1 % 15 X1
E E E]
= = =
1 1 1
05 05 05
0 0 0
uumozmmusuﬁuwxovm11|21314|516|71xwzu 12223 00010203 04050607080910 111213 14151617 181920212223 uummmwuso@muwu1011wnmsmmxwm 12223
Hour
(d) (e) 63)
B Losc I Feectin

Figure 10. Maximum residual load per hour in a year, per household [kW]. All figures for a distribution network of
n = 49 households, i.e., ¢ = 7. For a 50% prosumer penetration ratio, second line under consideration of widespread
e-mobility. (a) Battery mode 1, without e-mobility; (b) Battery mode 2, without e-mobility; (c) Battery mode 3, without
e-mobility; (d) Battery mode 1, with e-mobility; (e) Battery mode 2, with e-mobility; (f) Battery mode 3, with e-mobility.
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Figure 11. FCOEs for prosuming and consuming households [EUR/a] for different battery operation modes (1/2/3),

network cost allocation schemes (vol/peak), and 50% prosumer penetration ratio under consideration of widespread

e-mobility. (a) Battery mode 1 with e-mobility; (b) Battery mode 2 with e-mobility; (c) Battery mode 3 with e-mobility.

4. Discussion

Overall, this manuscript evaluates the impact of prosumer behavior at the individual
level (electricity bill), local level (distribution network stress), and the system level (total
system costs) (The following discussion section is taken from [1] and slightly adapted and
complemented). Volumetric network charges tend to favor battery operation modes that are
neither grid- nor market-oriented. Such battery operation modes can result in significantly
higher thermal stress on the distribution network nodes. Moreover, these modes can cause
overall higher system costs and CO, emissions due to an overall reduced RES integration
capacity. Moreover, volumetric network charges can amplify the gap between prosumer
and consumer household electricity bills. These inequalities could be mitigated by capacity-
based network charges, which could help redistribute the burdens that originate form
refinancing network operation and infrastructure costs between prosumers and consumers.
Moreover, peak capacity charges could constitute an incentive for different battery opera-
tion modes. Besides reducing potentially significant inequalities between prosumer and
consumer electricity bills, such grid-oriented battery operation modes could release the
distribution network for settings of predominantly negative residual load peaks as well as
for settings of predominantly positive residual load peaks. However, grid-oriented battery
operation modes do not, per se, result in corresponding positive market effects. On the
contrary, this paper suggests that there are conflicting objectives between network-oriented
and market-oriented battery operation. In this study, market-oriented battery operation
displays optimal RES integration, resulting in the lowest system costs and CO, emissions.
Explicit consideration of widespread e-mobility results in the same basic picture, which at
the same time is an important indication of the stability of the results in view of parametric
uncertainties (profile effects). Individual inequality effects, in particular, could be even
increased by e-mobility as the advantage of prosumer SC is leveraged through increasing
electrification of further end uses. We would like to emphasize that the analysis is in parts
highly stylized and exhibits several limitations that require further research. Most promi-
nently, a more detailed disaggregation of household groups and corresponding profiles, as
well as explicit load flow calculations, could be performed in further research.
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Abbreviations

The following abbreviations are used in this manuscript:

CNC  (Peak-coincident) network capacity charges
ETS Emissions Trading System

FCOE  Full costs of electricity

GHG  Greenhouse gas

LCOE Levelized cost of electricity

PV Photovoltaic

RES Renewable energy sources

SC Self-consumption

VNC  Volumetric network charges

Appendix A

Algorithm A1. Battery operation mode 1.

for i € range(0; 35,040) do
if ResLoad > 0 then
FeedIn =0
if ResLoad < Batt Power then
if BattFillLevel — ResLoad x TimeRes > 0 then
GridSupply =0
BattFillLevel = BattFillLevel — ResLoad x TimeRes
else
GridSupply = (ResLoad x TimeRes — BattFillLevel)/TimeRes
BattFillLevel = 0
end if
else
if BattFillLevel — BattPower x TimeRes > 0 then
GridSupply = ResLoad — BattPower
BattFillLevel = BattFillLevel — BattPower x TimeRes
else
GridSuppy = (ResLoad x TimeRes — FillLevelBatt)/TimeRes)
BattFillLevel = 0
end if
end if
else
GridSupply =0
if ResLoad < BattCharging then
if BattFillLevel — ResLoad x TimeRes < BattContent then

FeedIn =0
BattFillLevel = BattFillLevel — ResLoad x TimeRes
else

FeedIn = (BattFillLevel — ResLoad x TimeRes — BattContent)/TimeRes
BattFillLevel = BattContent
end if
else
if BattFillLevel + BattCharging x TimeRes < BattContent then
FeedIn = ResLoad — BattCharging
BattFillLevel = BattFillLevel 4 BattCharging x TimeRes
else
FeedIn = (FillLevelBatt — ResLoad x TimeRes — BattContent)/TimeRes
BattFillLevel = BattContent
end if
end if
end if
end for
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Appendix B

We demonstrate that our approach is in (asymptotical) accordance with the theoretical
functional n-dependency. The core idea is to generate n profiles from a sharp input profile
Psharp (t) by means of shifting the residual load profile values at every time step to the left
and right (in temporal dimension), with shift probabilities weighted by a Gaussian normal
distribution; see Equation (4). Mathematically, this means convolving the original, sharp
profile with a Gaussian function.

Now we transfer this formulation to the discrete case and switch from the continuous
time parameter ¢ to discrete time steps m, applying ¢ = /1. For given ¢ and my, we shift
from mgy — 60 until mg + 6. Moreover, we apply the series expansion of the exponential
function, leading to Equation (A1).

60 1 m2

n _ms
my) = arp (M +Mg) - e 22
psmooth( ) m:z:%a Ps arp( ) o

= Pt m:;\/ﬁpshm’p(m + mO) : (1 T o + O(ﬁ))

= % . (01(7110) + Cz(mo)% + O(%))

Finally, assume that 1 represents the x-coordinate of the extremum of the smoothed
sum profile. Note, however, that m( actually is a function of n. For the applied pro-
files in this study, however, we can check that m indeed remains relatively constant for
n >> 1. Hence

N

1
g(?’l) ~ pg’mooth (Wlo) ~ ﬁ (AZ)

Note that for the trivial calse n = 1 the simultaneity factor is 1 (as it should be).

For any larger n, the simultaneity factor decreases with 7 towards its limit g; see

Equation (A3).
lim (1) = geo (A3)

n—o00
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6 Conclusions

The analyses of the present work show that the large-scale emergence of prosumers affects
the energy system at different scales, ranging from effects for the individual household
and the local distribution network node, to effects for the wholesale market and wholesale
prices. On the one hand, the magnitude of these effects simply depends on the number of
prosumer households — and this number is likely to increase dramatically, both worldwide
and in Germany, in the upcoming years. For Germany, this is also a direct consequence
of respective legislative stipulations such as the solar duty for new residential buildings,
which has already been implemented in a few federal states, e.g., Berlin, Hamburg, and
Baden-Wiirttemberg.'® On the other hand, prosumers’ actual behavior with regard to
investing in and operating their distributed energy production and storage systems plays
a decisive role, which is largely determined by the regulatory framework. The analyses of
the present work suggest that the existing regulatory framework is inadequately prepared
to integrate prosumers in a system-beneficial manner within an ever-increasing decentral-
ization of the energy system. In this section, we discuss the main conclusions alongside
the different scales of the energy system, including providing answers to the specific ques-
tions H1, H2, N1, N2, S1, and S2 from Section 2.2. The respective passages in the text
are marked by appending the corresponding abbreviations of the questions in parentheses.

To begin, the effects for individual households are discussed.

6.1 Distributional effects from the emergence of

prosumnmers

The findings on distributional effects from the emergence of prosumers are framed by
empirical figures for the whole of Germany for 20002021, as presented in Paper A, Section
3. On the basis of the analysis of this paper, central deficiencies of the present regulatory
framework in view of distributional effects between prosuming and purely consuming

households are identified — and quantified.

13Solargesetz Berlin as of July 5, 2021 (Gesetz- und Verordnungsblatt fiir Berlin, 77. Jahrgang, Nr. 54,
15.07.2021); Hamburgisches Gesetz zum Schutz des Klimas (Hamburgisches Klimaschutzgesetz - Hm-
bKliSchG) as of February 20, 2020 (HmbGVBI. 2020, 148); Verordnung des Umweltministeriums zu
den Pflichten zur Installation von Photovoltaikanlagen auf Dach- und Parkplatzflichen (Photovoltaik-
Pflicht-Verordnung - PVP{-VO) (Baden-Wiirttemberg) as of October 11, 2021 (GBl. 2021, 847).
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Socioeconomic impacts of the EEG over the past 20 years

In the electricity sector alone, the net annual benefit for prosumers compared with
consumption-only households is EUR 458 on average for all of Germany (2021). That
is, in 2021, an average consumer household paid EUR 458 (75%) more for electricity sup-
ply than an average prosumer household, in consideration of both the benefits prosumers
receive via FITs and their annualized PV and battery investment costs (H1). This cost
delta is driven by the interplay of two different effects. First, especially from 2005 to
2012, an over-subsidization of PV investment costs occurred, i.e., feed-in tariffs were dis-
proportionaley high compared with the actual investment costs (margin effect). Second,
for small-scale systems installed after 2012, pure feed-in of produced electricity has no
longer been economically attractive. Instead, since 2012, there has been an economic in-
centive to maximize self-consumption (self-consumption effect), because (average) retail
electricity prices have been higher than FITs; see Figure 1-1. The magnitude of this self-
consumption effect has significantly increased since 2012, because it scales directly with
the spread between retail electricity price and FIT — which has risen to nearly 25 ct/kWh
on average in Germany (2021).% Current global developments, such as Russia’s war on
Ukraine and the associated consequences for the European energy supply, are leading to
permanently high electricity price levels in the medium term and thus to an increase in
the incentive for self-supply. These findings add to the vast existing literature on the
general distributional effects of RES support schemes and corresponding socioeconomic
effects, e.g., studies by Bird et al., 2013, Bertsch et al., 2017, and Sabadini and Madlener,
2021, and literature on the distributional effects of the EEG in particular, e.g., studies of
Grosche and Schroder, 2014, and Frondel et al., 2015. In contrast to the present thesis,
however, these existing works are based either on mere theoretical considerations or on
prototype residential households rather than a complete set of empirical data including
approximately 1.4 million households with small-scale PV as is used in Paper A, Section
3.

Present magnitude and future development of the distributional

consequences of the EEG

The current extent of the distributive effects of the EEG becomes apparent when consid-
ering cumulative sums over all households in Germany. As a consequence of the margin
effect and the self-consumption effect, in 2021, EUR 553 million shifted from consuming
households to prosuming households, and the self-consumption effect accounted for EUR

250 million — almost half — of this effect (45%). Moreover, should the present regulatory

14 Average retail electricity price (2021): 32.48 ct/kWh; average FIT (2021): 7.53 ct/kWh; source: BDEW
Bundesverband der Energie- und Wasserwirtschaft, 2022.
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framework not be adjusted, the distributional consequences of self-consumption would
further increase in the future for four reasons occurring in parallel. First, current leg-
islative stipulation such as the solar duty for new buildings and a market environment
with persistently high electricity (energy) prices drives the accelerated installation of new
small-scale PV capacities. Second, all newly installed small-scale PV systems are currently
operated for self-consumption maximization. Third, older small-scale PV units that phase
out of EEG support after 20 years continue to be operated to maximize self-consumption.
Fourth, achievable self-consumption amounts are further increased by electricity based
applications from the heat and mobility sectors, such as electric heat pumps and electric

cars.

Manifestation of distributive effects at higher levels of

aggregation

The socioeconomic inequalities between individual households that result from the EEG
persist also at higher levels of aggregation. At the NUTS3 level in particular, significant
differences arise in the average household electricity costs. Few municipalities, especially
in the southeast, have comparatively low average household electricity costs, while the
majority of municipalities bears higher average household electricity costs. This socioeco-
nomic dichotomy has essentially persisted over the past 20 years, demonstrating that the
spatially unequal allocation of regulatory benefits and costs is structural in nature (H2).
The uneven socioeconomic distribution is directly attributable to the regional differences
in installed small-scale PV capacities. In other words, the EEG has failed to ensure that
the existing technical (rooftop) potential for small-scale PV is exploited evenly across
Germany. In 2021, approximately one quarter (26%) of the 401 German municipalities
had a technical potential exploitation below 3%, whereas only one eighth (13%) of the
municipalities had exploited more than 10% of their technical potential, resulting in an
average potential exploitation of 5% for the whole of Germany. These results add to the
existing literature, e.g., studies of Tobben, 2017, Grover and Daniels, 2017, and Allan
and Mclntyre, 2017 for country case studies of the United Kingdom. These works are,
however, either limited to an incomplete consideration of the actual net benefit (e.g., they
do not consider investment costs; see Grover and Daniels, 2017) or have a lower spatial

resolution; see Tébben, 2017.

Generality of effects

In Paper B, Section 4, the analysis of empirical data from Paper A is based on a more

general theoretical foundation. Using a linear optimization model of an electricity market
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that is loosely informed by the German market size with regard to electricity (and resi-
dential heat) demands and number of households, it can be demonstrated that prosumer
households will optimize themselves at the expense of other households by increasing
their self-consumption ratios. This statement is of general applicability because it is
derived from a relatively small set of basic regulatory assumptions that have been ab-
stracted from the existing EEG. In this context, key variables such as the level of FITs
and volumetric price components such as network charges are directly derived from cor-
responding system quantities. By construction, this analysis excludes potential margin
effects associated with FITs. Nevertheless, it can be shown that even for such ”ideal”
FITs under perfect market foresight, distributional effects occur due to the indirect in-
centive to maximize self-consumption. In particular, the analysis shows that the current
form of volumetric network charges, which could be circumvented by self-consumption,
contributes substantially to the redistributive nature of self-consumption maximization,

accounting for approximately 60% of the effect.

Natural limits of decentralization

Prosumers not only try to maximize their self-consumption by the corresponding oper-
ation of their flexibilities, but also direct their investment decisions accordingly. From
the individual household perspective, for prosumer households with PV, battery storage,
electric heat pumps, and thermal storage, self-consumption ratios of approximately 60%
seem to be economically optimal, assuming average sizes for the capacities of installed
applications; see Section 4. Higher self-consumption ratios could only be realized by in-
vesting in ever larger storage capacities, which is not economically viable. It should be
noted that the numerical value of 60% serves as a broad orientation, depending on the
parameters chosen, and may alter for different parametric assumptions in general and
for individual household settings in particular. Regardless of the specific numerical value,
the relevant finding is that the decentralization of the energy system has natural limits
based on economic principles, illustrated by the U-shape of Figure 1-2. In other words,
future energy systems will continue to have a hybrid character, consisting of centralized
generation, storage, transport, and distribution infrastructures on the one hand and de-
centralized generation and storage systems, including millions of small-scale units, on the
other hand. This illustrates the need for distributed RES systems to communicate and
interface with the surrounding systems in a coordinated manner — this issue is addressed

in Section 6.2.



6 Conclusions {9

6.2 System effects from large-scale prosumer

penetration

Having analyzed the impacts of prosumers at the household level, we now focus on the
effects on the system as a whole. Paper B, Section 4, demonstrates that prosumers
represent an important source of investment in RES and may provide private financing
capital. For reasonably low electric — and in case of large-scale heat pump penetration also
thermal — storage investment costs, self-consumption maximization is mainly achieved via

investments in corresponding storage capacities.

System effects of prosumer investment decisions

By investing in storage capacities, prosumers can produce and integrate RES into the
energy system. Thus, striving for high self-consumption ratios could contribute not only
to the system integration of RES but also to the reduction of CO, emissions. High levels of
self-consumption could allow the system to reduce its operating costs — mainly by saving
fuel and corresponding CO, costs and, to a smaller extent, also by saving start-up costs
of thermal power plants — but at the same time lead to storage redundancies. From a
system perspective, the operating cost advantage is overcompensated for by the resulting
higher investment costs, leading to an overall increase in total system costs. For a future
energy system, oriented to the size of Germany, the presence of 20 million prosumers
could therefore lead to an annual system cost increase of EUR 380 million (0.42% of
the assumed total system cost basis). However, as noted, this increase in system costs
is borne by prosumer households themselves. Moreover, the analysis shows that such
additional costs inevitably arise only at very high self-consumption rates — 60% under
the parametric assumptions of Paper B. Conversely, the overall electricity market can, in
principle, tolerate moderately high self-consumption levels without incurring additional
system costs. Under the parametric assumptions of Paper B, a self-consumption ratio of
47% is the tipping point at which additional system costs arise (S1). These results add
to Schill et al., 2017, finding of similar increases in total system costs as a consequence
of non system-oriented prosumer behavior. Again, the precise numerical values (which
depend on the chosen parameterization) are less important than the relative relationship
between system-optimal and household-optimal self-consumption ratios. Above a certain
threshold (here, 47%), the maximization of self-consumption stimulated by the regulatory

framework (here, up to 60%) inevitably leads to additional costs in the overall system.
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Consideration of strategic behavior in operation

So far, it has been assumed that prosumers strategically optimize their own investment
behavior, but make their flexibilities available to the system during operation to serve
the system as a whole. Such a system-beneficial prosumer behavior is often — directly or
indirectly — assumed in the existing literature — although this assumption could signifi-
cantly overestimate the actual flexibilities provided by prosumers. In other words, what
is important is not only how much self-consumption prosumers strive for but also how
they achieve it with respect to the algorithms and heuristics they apply to operate their
flexibilities. Therefore, a major additional value of the analysis of Paper B is the study
of strategic prosumer behavior in operation and the quantification of its impact on the
overall system. Paper B demonstrates that different flexibility operating modes result in
significantly different system cost increases. If the prosumer flexibilities are operated in
a completely inflexible manner from a system perspective, the system cost increase can
almost quadruple, resulting in a total system cost increase of EUR 1,150 million (1.30%
of the total system cost base), EUR 770 million of which is directly attributable to ef-
fects from non-optimal operation (S2). This system cost increase mainly results from a
reduced overall RES integration because prosumers primarily optimize the integration of
(small-scale) PV. Other RES, such as on- and off-shore wind, with other variable produc-
tion profiles, however, may be integrated into the system much less effectively. Thermal
power plants with correspondingly high fuel and CO4 costs must consequently be deployed
more frequently, leading to corresponding additional system costs. Moreover, individual
optimization of prosumers could induce additional stress on dispatchable power plants
that need to balance total demand and generation, resulting in higher start-up costs and
higher pump storage activity. This may even lead to a situation that is counterintuitive at
first glance, where additional (distributed) storage capacity is installed at the same time
as total CO, emissions increase.’®> A comparable analysis including a detailed break-down
of the total system cost effects caused by the strategic behaviour of prosumer households

has not been carried out before.

Robustness of results

A parameter variation analysis conducted in Paper B, Section 4, demonstrates that the
magnitude of resulting system effects depends on four classes of model assumptions: over-

all system flexibility (including central storage systems and interconnections to other coun-

5Note that unlike the European Union Emissions Trading Scheme (EU ETS), this analysis uses a COq
price rather than a COg emissions cap. In the EU ETS, a maximum cap is set on the total amount
of CO2 and COs equivalents that can be emitted. Thus, the effect of increasing CO5 emissions in the

analysis is to be interpreted as a (local) increase within a subsystem of the EU ETS, i.e., as a shift
within the EUT ETS.
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tries); variable RES production and demand profiles; the number of prosuming households;
and overall parametric uncertainties, including specific cost assumptions and technology
characteristics (power plant efficiencies, full load hours, etc.). The analysis demonstrates
that the system effects become relevant at 10 million prosuming households (25% of all
households), causing an increase in total system costs of EUR 140 million, corresponding
to 0.16% of the respective total system cost base. Particularly regarding the influence of
profiles, the robustness of these results is further reinforced by the analyses of Paper C,
Section 5. In contrast to Paper B, which is based on representative synthetic load pro-
files'® in Paper C the effects of prosumer behavior are derived on the basis of measured
quarterhour data of real households. Moreover, system cost differences in Paper C include
only the effects of flexibility operation, the effects of investment decisions are excluded.
As a result, a total system cost difference of approximately EUR 400 million between
market-beneficial and purely household-beneficial prosumer behavior is found. This value
is of the same order of magnitude as — but lower than — the corresponding value from
Paper B (EUR 770 million), which is consistent with the fact that Paper C is limited to
PV and batteries as prosumer technologies, whereas Paper B additionally includes electric

heat pumps and thermal storage.

Integrating prosumers into the market

In Germany in particular, the interplay of high electricity prices; comparatively low
feed-in tariffs; and the granting of exemptions from levies, surcharges, and taxes on self-
consumption leads to a special regulatory treatment of self-consumption, which results in
prosumers increasingly disconnecting themselves from the system. Hence, to fully exploit
the system benefits of prosumers and prevent additional costs, the decisive factor is how
strongly prosumers are actually integrated into the market. In this context, Parag and So-
vacool, 2016, for instance, qualitatively consider possible schemes to integrate prosumers
into the market or to create new local markets on the basis of a peer-to-peer approach.
From a system perspective, full integration of prosumers into the wholesale market would
be cost-optimal — neglecting possible integration costs (which are outside the scope of
the present thesis). Moreover, such full prosumer integration would, in principle, be com-
patible with the desire for moderate to high self-consumption, but it would have to be
accompanied by a major paradigm shift. This is because it requires prosumers, in princi-
ple, to relinquish some of their control over their distributed systems so that their systems
can operate flexibly in interaction with the surrounding energy system. A realistic com-
promise between the present, quasi-absent market integration and the desired full market

integration of prosumers could be the application of intelligent algorithms. On the one

16S0-called HO-profiles; see BDEW Bundesverband der Energie- und Wasserwirtschaft, 2000.
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hand, these algorithms could guarantee a maximization of annual self-consumption, and,
on the other hand, they could preserve a large part of the — short-term — flexibility that
the distributed prosumer households could provide. Given the parametric assumptions of
Paper B, Section 4, the application of these smart algorithms could create a total financial
benefit for the system of EUR 770 million per year, which precisely corresponds to the
cost difference of completely inflexible (EUR 1,150 million) and flexible (EUR 380 mil-
lion) operation of the distributed prosumer systems. Evaluating the necessary investment
required to implement these algorithms on a large scale is beyond the scope of this thesis.
However, it should be noted that a large proportion of these cost effects could presumably
be realized by scalable software solutions — without the need for installation of additional

hardware.

6.3 Local network effects

As a third level of scale, Paper C, Section 5, focuses in particular on the effects at the
distribution network level. Here, the main objective is to understand the relevant effects on
the distribution network in the context of effects at the aggregation level below (household
level) and the aggregation level above (wholesale market level). To this end, the situations
of maximum residual load on a local network node are evaluated for different prosumer
behavior, i.e., different battery operation modes. Although the approach is simplified in
some respects — the assumption of a radial network topology, the assumption of high R
(resistance) / X (reactance) ratios, and the use of measured data of a prototype household

— some insights into the basic structure of future network stress situations can be derived.

Stress situations on the local distribution network

Situations of extremal peak-coincident network capacity utilization are an indicator for
the thermal stress level of the local network node. Here, the resulting capacity utilization
depends on both the height of profile peaks of the individual households and the simul-
taneity of occurrence of these indiviual profile peaks. Therefore, a crucial part of the work
of Paper C, Section 5, consists of a detailed study of corresponding simultaneity factors
for PV production and household load profiles. The results show that for moderate (25%)
and medium (50%) prosumer shares, referring to the percentages of households that act
as prosumer households in a future energy system for the size of Germany, the thermal
network stress is typically induced by load peaks. This situation changes for higher pro-
sumer shares (75%), when the network stress is predominantly caused by feed-in peaks of
surplus prosumer electricity from PV. Different prosumer behavior leads to significant dif-

ferences in peak-coincident network capacity utilization. In contrast to the two preceding
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works (Papers A and B, Sections 3 and 4, respectively), Paper C, Section 5, not only as-
sesses the differences between household-oriented and market-oriented behavior, but also
focuses on network-oriented behavior as a third option for strategic prosumer behaviour.
By construction, grid-oriented battery operation results in the lowest possible network
utilization peaks. By contrast, household-oriented behavior, which is implemented as
a static prosumer heuristic to maximize self-consumption, results in up to 32% higher
network utilization than that in a grid-oriented strategy (N1). Market-oriented battery
operation to minimize total system (wholesale market) costs relieves the network better
than self-consumption maximization, but it still results in an — albeit moderately — higher

(5%) network capacity utilization.

Trade-offs between network and market perspectives

Network-beneficial storage operation could result in an increase in total system costs.
Given the parametrization of Paper C, Section 5, the system cost delta between market-
and network-oriented battery operation is EUR 400 million, corresponding to 0.8% of
the total system cost base. The paper contributes to revealing and quantifying the pos-
sible trade-offs between individual, network, and market optimization — under realistic
consideration of the incentives provided by the underlying regulatory framework (N2).
The analysis of Paper C is further supported by findings from Paper B, Section 4, which
also evaluates the maximum of (hourly) feed-in peaks of prosumer households. The main
finding is that maximization of self-consumption by means of investment in distributive
storage can actually relieve the distribution network by approximately 18%!7 — if the
distributed flexibilities are operated system-beneficially. However, if prosumers apply a
predetermined, static heuristic to achieve maximum self-consumption ratios, the stress
level on the local network could increase by 7% (4.27 kW per household) — independently
of the installed storage capacities. These findings are in line with existing literature, e.g.,
Moshovel et al., 2015, and Neetzow et al., 2019. However, in contrast to the present
work, in these studies, the discussed network effects are not considered in the overall
context of corresponding wholesale market impacts. As an interim conclusion, future
large, distributed storage capacities taken by themselves cannot indicate the extent to
which the local distribution network is relieved or put under additional stress. However,
if future large numbers of prosumers seek to maximize their self-consumption ratios in an
inconsiderate manner, the stress level of the local network could increase noticeably, and

additional network operation and infrastructure costs could be incurred.

1"Reduction in maximum feed-in peaks from 4 kW to 3.27 kW per household.
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6.4 Overall conclusions and policy implications

Having identified major deficiencies of the present regulatory framework, this work aims
to outline possible modifications for a better, i.e., system-serving and cost-avoiding, large-
scale integration of prosumer households. The approach is twofold.

First, we analyze a potential change to the network charge design in view of effective-
ness and possible trade-offs to be considered. A modification of the network charge design
provides a reasonable starting point for adjustments of the regulatory framework. This
is because network charges represent the largest single regulatory price component of the
residential electricity price, accounting for more than 20% of the retail electricity price
in the first half of 2022 (8.08 ct/kWh of 37.14 ct/kWh); see BDEW Bundesverband der
Energie- und Wasserwirtschaft, 2022. Network charges consequently have a significant
redistributive effect between households. Moreover, future large-scale prosumer penetra-
tion will lead to significant impacts on local distribution networks — and prosumers will
be able to affect the actual stress levels on local network nodes through their behavior. It
therefore seems reasonable to start at this point of the regulatory design and replace the
present, mostly static design with new mechanisms.

Second, and finally, we take the discussion to a higher level of abstraction to discuss
fundamental guiding principles that should direct the design of the future regulatory

framework.

Consideration of a new network charge design

To begin, Paper C, Section 5, analyzes a new network charge design that is based on
peak-coincident network capacity utilization rather than volumetric allocation of network
costs to the energy withdrawn from the network; see Perez-Arriaga and Knittel, 2016, for
a detailed depiction. Two main ideas underlie this approach. First, the present (volumet-
ric) network charge design violates the cost-by-cause principle in that grid infrastructure
and operation costs are not based on marginal costs or operational usage. This means
that the individual benefit of a (prosumer) household avoiding network charges does not
result one-to-one in overall lower network costs. On the contrary, the analyses of the
present work show that higher self-consumption ratios, i.e., less amounts of electricity
withdrawn from the public grid by prosumers, could even lead to an increase in stress
levels on the local network — depending on the mode of operation of the distributed
flexibilities. Therefore, peak-coincident network charges could accurately depict the cor-
relation between actual use of the network infrastructure and associated costs because,
in theory, the local network would be ideally sized for the amount of maximum residual

load. The current distortion could be illustrated with an extreme example: In the present
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volumetric scheme, a prosumer household that would draw electricity from the public grid
for only one hour a year — and would have the security of doing so at any time — pays
only negligible network fees. However, this could change in a design based on capacitive
grid charges. Both Paper B, Section 4, and Paper C, Section 5, provide estimates for
the magnitude of the redistributive potential of (changes to) the network charge design.
Based on the parametric assumptions in Paper B, the share of network charges in the re-
distributive effect between prosumers and consumers is more than half (57%) of the total
effect. Paper C further substantiates this finding and quantifies the extent to which peak-
coincident network charges could reduce existing differences between household electricity
costs. Prosumer households could face annual network fees more than EUR 300 (EUR
303 per year) higher than with volumetric charges, while consumer households could be
relieved by this amount (EUR 294 per year), resulting in a financial convergence of nearly
EUR 600 per year.

Second, in addition to mere redistributive effects, a network charge design based on
capacity rather than volume could set appropriate incentives for prosumer households
to operate their flexibilities to relieve the distribution network. The analysis in Paper
C, Section 5, indicates that the effects could be significant for local network nodes to
which a large number of prosumer households are connected to, that is, incentivizing grid-
oriented storage operation could relieve the local network by up to one third compared
with a static prosumer heuristic. As previously discussed in Section 6.2, such intelligent
flexibility operation, which relies on local systems communicating with their surrounding
environment, implies a paradigm shift with respect to current notions of autonomy and
control of distributed energies. Nevertheless, already today both investment and opera-
tion decisions are strongly based on financial motives, see Allan and McIntyre, 2017, for
instance, suggesting that a modified regulatory framework with appropriate incentives

may contribute to the needed behavioral changes.

Third, and finally, the coherent depiction of individual (household), local (network),
and global (market) effects illustrates the trade-offs of potential interventions in the ex-
isting system that must be carefully weighed. Specifically, the introduction of capacitive
network charges and, accordingly, incentivized network-serving behavior could result in
additional costs at the wholesale market level. More importantly, the associated redis-
tributive effects'® could, at worst, make private investment in small-scale RES less eco-
nomically attractive — which must be avoided in order not to jeopardize the necessary PV
installation rates. Resolving or mitigating these partly conflicting goals is one of the most
challenging issues in modifying the regulatory framework and is beyond the scope of the

present work. In fact, the aspects discussed in the three journal contributions of which

8That is, a reduction in the burden on consumers and an additional burden on prosumers.
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the present thesis is composed, represent only a few of many considerations in the field

of research on future energy market designs.

Guiding principles of the future regulatory framework

Thus, in addition to the specific discussion of capacity-based network charges, more gen-
eral, fundamental guiding principles for the future design of the regulatory framework can
be derived from the findings of this work.

The first guiding principle is transparency: All three papers highlight that there is
a lack of quantitative evaluation of the socioeconomic impacts of the present regulatory
framework, with regard to both redistributive effects and economic effectiveness. For a
quantitative assessment of the policy instruments in place, currently isolated data must
be systematically linked. This encompasses technical data of installed PV and storage ca-
pacities from the Marktstammdatenregister (market master data registry; see Bundesnet-
zagentur, 2022); socioeconomic data, including PV and storage investments costs, feed-in
tariffs, network charges, and retail prices; and operational data such as self-consumption
ratios. On this basis, predefined quantitative socioeconomic measures could be evaluated
on an ongoing basis, which would allow for an assessment of the existing regulatory in-
struments and possible adjustments as needed. With regard to the energy transition in
Germany, the existing lack of transparency is confirmed by the German Federal Court of
Audit (Bundesrechnungshof), noting, for instance, a lack of measurability in the monitor-
ing of the German energy transition; see Bundesrechnungshof, 2021.

The second guiding principle is directness: The analyses of the present work show
that a large part of the redistributive effects of the existing regulatory framework is of an
indirect nature because, in fact, the direct incentive of FITs is the full feed-in of produced
energy, not self-consumption. However, the interplay of falling FITs and rising retail
electricity prices has created a prosumer business model that is based on an ever-increasing
decoupling from the overall system. Regulatory instruments must consequently consider
the full context. The present work has worked through the interplay between wholesale
prices, FITs, network charges, retail prices, and self-consumption. Understanding the
interferences of the regulatory instruments aids in modifying the regulatory framework
to increase its directness and to eliminate unintended effects. These unintended effects
of the indirect nature of incentives have been widely illustrated in the existing literature,
e.g., in the analysis of Fid et al., 2014 on the effects of cross subsidies from tariff designs
to promote residential PV. Furthermore, in terms of spatial impact, the interplay between
global (federal) legislation and actual local impacts should be monitored more closely in
the future. This is because, according to the analysis of the present thesis for the country

case of Germany, distributed RES installations are currently concentrated in a few areas,
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leaving large portions of the landscape unused to date.

The third guiding principle is cost causation. This principle is closely connected to
the principle of directness. The cost causation principle is violated in crucial areas of
the current regulatory framework. One important example is the refinancing of network
infrastructure costs via volumetric network charges. After all, the dimensioning of the
network infrastructure and thus the corresponding cost basis is determined only in part
by the volume of energy transmitted, but to a considerable extent by the peak capacity
utilization. The lack of incentives to avoid power peaks in the present regulatory frame-
work, e.g., the non-priced feed-in of excess energy from prosuming households, leads to
misdirected incentives, e.g., pure self-consumption maximization instead of grid-relieving
modes of battery operation. In addition, grid costs are unfairly distributed at the expense
of traditional consumers, which — in the worst case — could in turn jeopardize the gen-
eral acceptance of the energy transition. The cost causation principle is reflected many
times in the existing literature, e.g., with Kirby et al., 2006, stating that "tariffs for reg-
ulation and imbalance services shoud (...) properly allocate those costs to those entities
that cause the balancing authority to incur the costs”, and Perez-Arriaga and Knittel,
2016, stating that prices and regulated charges for power systems “should send efficient
economic signals to agents in the system”.

The fourth and final guiding principle is flexibility. So far, the regulatory framework
creates static incentives for self-consumption maximization. Prosumers hence operate
their distributed systems by predetermined heuristics that largely lack flexible interaction
with the surrounding system. At the same time, the influence of prosumer behavior is no
longer confined to the original electricity market; but it now encompasses heating (elec-
tric heat pumps) and transportation (electric cars) as well. This makes it increasingly
important to integrate prosumers smartly into the energy system. In this context, it
is particularly important to understand sector integration as not only a technical chal-
lenge but also a regulatory challenge; see Wietschel et al., 2018, for instance. One of the
main problems at present is that different energy sectors — namely private households,
trade/commerce/services, industry, and transporation'® — and different energy sources —
namely fossil fuels (including hard coal, lignite, petroleum and natural gas), renewable
energy sources, electricity, and district heat?® — are treated differently in terms of levies,
surcharges, and taxation due to a large number of individual provisions based on the
concept of a largely centralized energy system. Therefore, it is important to recognize
that successful integration of millions of prosumers into a decentralized energy system
requires a change to the existing regulatory framework in terms of enabling and incen-

tivizing system-serving flexibility, as outlined, for instance, by Parag and Sovacool, 2016.

YEnergy sector definition according to AGEB AG Energiebilanzen, 2022.
20Energy source definition according to AGEB AG Energiebilanzen, 2022.
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With regard to Germany, BDEW Bundesverband der Energie- und Wasserwirtschaft,
2017 recognizes the potential of flexibility provided by different stakeholdes within a
sector-integrated energy market and regards corresponding adjustments of the regulatory

framework to be indispensable.

6.5 Limitations and recommendations for future

research

This section discusses the limitations of the present work and possible areas for future
research. First, the present work is limited in terms of the level of detail in the dis-
aggregation of household groups. All three papers generally distinguish only two
household groups: prosumer households (prosumers) and non-prosumer households (con-
sumers). This rather stylized approach is sufficient to analyze effects of structural nature
(see Sections 4 and 5, in particular) and determine robust estimates for effects at average
household level (see Section 3). However, future research should take these analyses fur-
ther with a more detailed breakdown of household demands and load profiles to increase
to robustness of the quantitative results. Greater differentiation between different house-
hold groups could well affect quantitative results at all three scales of the energy system
— household, network, and wholesale market. At the household level, a more detailed rep-
resentation of prosumer households would likely lead to a greater variance in the actual
achievable self-consumption ratios. As demonstrated in this work, these self-consumption
ratios are, in turn, the scaling factor for the economic advantage of prosumer households
over consumer households. Moreover, the actual extent of socioeconomic inequality is de-
termined by other variables that are represented by average values in this thesis but could
be mapped at higher resolution in future research. This refers to the spatial resolution
of installed battery storage capacities, regional differences in investment costs, and spa-
tial variations in retail prices caused by regionally different network charges. Similarly,
a more detailed household disaggregation would affect the results at the local network
and system levels. For the network level analysis, the peak-coincident network capacity
utilization strongly depends on the actual load profiles of the households connected in
the local node’s vicinity. Therefore, a more detailed break-down of both prosumer and
consumer household profiles could make the results presented in Section 5 more robust
by quantifying the possible ranges of peak-coincident network utilization. Even though
cross-shifts in the self-consumption of individual households should partially resolve sta-
tistically at the aggregated system level, a more detailed depiction of household groups
could also affect the results at the wholesale market level. This applies to all effects

caused by structural differences that cannot be resolved by aggregation, such as the struc-
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tural differences in the building stock and the associated technical potentials for PV and
achievable self-consumption ratios. In particular, based on the work of the present thesis,
it is reasonable to expect that the existing regulatory market framework actually leads to
far greater economic inequalities among certain household groups than suggested by the
aggregate values examined in the present thesis.

Second, regarding the analysis of local network effects, future research could conduct
explicit load flow calculations on the basis of the results of this work. Doing so would
allow for a deeper understanding of the actual stress levels that might be induced through
the respective prosumer battery operation. The network analysis of the present work is
limited by a few simplifications such as the assumption of a radial network topology and
consideration of thermal stress on components only, neglecting other aspects, for instance,
phase voltage unbalance. In particular, it can be assumed that the spatial variance of the
peak (residual) load situations due to prosumers can be considerably high. This would
mean that local distribution networks in certain areas could reach their capacity limits
much earlier than suggested by the highly stylized analyses of the present thesis — this
should be substantiated by further research.

Third, this work has a clear focus on the electricity sector, analyzing the combination
of distributed PV and residential battery storage systems in detail. In addition, relevant
prosumer applications of other sectors such as electric heat pumps (Section 4) and electric
cars (Section 5) are partially considered in this work. However, future research could
provide more detail, particularly on the impact of widespread e-mobility. In Paper
5 electric cars are primarily considered as an additional load source, whereas widespread
e-mobility could also represent an important source of flexibility in the future energy
system, for instance by means of dynamic charging schemes or vehicle-to-grid applications.
This possibility becomes particularly evident when the technical flexibility potential of e-
mobility is illustrated in comparison to the typical dimensions of stationary household
battery storages. Today (2022), a typical battery of an electric car is well within the
range of 60 kWh, whereas current stationary battery storage contents are smaller by
about a power of ten. Moreover, future research should consider the necessary technical
and regulatory prerequesites regarding communication interfaces and standards between
home energy management systems (inverters) and electric vehicles (charging sations). The
multiple uses of electric vehicles as transport, energy storage and system service providers
are expected to further increase the influence of prosumers in the future. This could
exacerbate the effects analyzed in the present thesis at all scales of the energy system and
should be further explored by future research.

Fourth, the present work focusses on the quantification of the monetary benefit for the
energy system when millions of prosumer households operate their distributed flexibilities

in a system-oriented way. To quantify the actual net benefit to the system, future research
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should determine the specific technical requirements and associated costs for
implementation. Section 6.2 argues that scalable software solutions could realize large
parts of the system benefit — this argument should be substantiated by further research.

Fifth, the results of this thesis heavily depend on the actual control algorithms of the
distributed systems. Sections 4 and 5 analyze different control algorithms that serve as ex-
treme strategies for operating the distributed flexibilities, that is, chronological charging
(household-oriented), peak shaving (network-oriented), or fully wholesale market price
reactive (market-oriented). Throughout this thesis, perfect foresight is assumed for all
control algorithms. Future research could analyze the implications of a more realistic
representation of future control algorithms, including the effects of limited fore-
casts of the variable PV production, household load, and wholesale market prices. To
do so, these control algorithms should ideally seek an optimal trade-off between the in-
terests of individual prosumers, such as ensuring a minimum level of required annual
self-consumption that must not be undercut, and system benefits, such as reducing grid
load at peak times and reaction to the real-time wholesale market price signal. Doing
so would allow a deeper understanding of the interdependencies between households, the

local network, and the overall system.



Bibliography 101

Bibliography

Ackermann, T., G. Andersson, and L. S6der (2000). “Distributed generation: a definition.”
In: Electric Power Systems Research 57, pp. 195-204.

AGEB AG Energiebilanzen (2022). Fvaluation Tables of the Energy Balance for Germany.
Energy data for the years 1990 to 2021). URL: https://ag-energiebilanzen.de/wp-conte
nt/uploads/2020/09/awt_ 2021 _e.pdf (visited on 09/22/2022).

Alanne, K. and A. Saari (2006). “Distributed energy generation and sustainable develop-
ment.” In: Renewable and Sustainable Energy Reviews 10.6, pp. 539-558.

Allan, G. J. and S. G. Mclntyre (2017). “Green in the heart or greens in the wallet? The
spatial uptake of small-scale renewable technologies.” In: Energy Policy 102.6, pp. 108
115.

Bauknecht, D., M. Vogel, and S. Funcke (2015). “Energiewende — Zentral oder dezentral?”
In: Diskussionspapier im Rahmen der Wissenschaftlichen Koordination des BMBF
Férderprogramms: Umwelt- und Gesellschaftsvertrdgliche Transformation des Energiesys-
tems. doi: 10.13140/RG.2.1.3044.1681.

Bayod-Rujula, A. A., A. Burgio, J. A. Dominguez-Navarro, L. Mendicino, D. Menniti, A.
Pinnarelli, N. Sorrentino, and J. M. Yusta-Loyo (2017). “Prosumers in the regulatory
framework of two eu members: Italy and spain.” In: 2017 IEEE 14th International
Conference on Networking, Sensing and Control (ICNSC). IEEE, pp. 25-30.

BDEW Bundesverband der Energie- und Wasserwirtschaft (2000). Anwendung der Reprisen-
tativen VDEW-Lastprofile step - by - step. URL: https://www.bdew.de/energie/standa
rdlastprofile-strom/ (visited on 08/06/2022).

BDEW Bundesverband der Energie- und Wasserwirtschaft (2017). Positionspapier: 10
Thesen zur Sektorkopplung. BDEW, Berlin.

BDEW Bundesverband der Energie- und Wasserwirtschaft (2022). BDEW-Strompreisanalyse
Juli 2022. Haushalte und Industrie. URL: https://www.bdew.de/media/documents /22
0727 BDEW-Strompreisanalyse Juli 2022.pdf (visited on 08/06,/2022).

Bertsch, V., J. Geldermann, and T. Lithn (2017). “What drives the profitability of house-
hold PV investments, self-consumption and self-sufficiency?” In: Applied Energy 204.1—
2, pp. 1-15.

Bird, L., J. McLaren, J. Heeter, C. Linvill, J. Shenot, R. Sedano, and J. Migden-Ostrander
(2013). Regulatory considerations associated with the expanded adoption of distributed
solar. Tech. rep. National Renewable Energy Lab.(NREL), Golden, CO (United States).

Borenstein, S. (2017). “Private net benefits of residential solar PV: The role of electricity
tariffs, tax incentives, and rebates.” In: Journal of the Association of Environmental
and Resource Economists 4.51, S85-S122.


https://ag-energiebilanzen.de/wp-content/uploads/2020/09/awt_2021_e.pdf
https://ag-energiebilanzen.de/wp-content/uploads/2020/09/awt_2021_e.pdf
https://www.bdew.de/energie/standardlastprofile-strom/
https://www.bdew.de/energie/standardlastprofile-strom/
https://www.bdew.de/media/documents/220727_BDEW-Strompreisanalyse_Juli_2022.pdf
https://www.bdew.de/media/documents/220727_BDEW-Strompreisanalyse_Juli_2022.pdf

102 Bibliography

Bremdal, B. A. (2011). “Prosumer oriented business in the energy market (IMPROSUME
Publication Series# 2).” In: Narvik University College and Norwegian Center of Exper-
tise for Smart Energy Markets, Narvik, Norway and Halden, Norway.

Broering, H. and R. Madlener (2017). “Simulation and Evaluation of the Economic Merit
of Cloud Energy Storage for Prosumers: The Case of Germany.” In: Energy Procedia
105, pp. 3507-3514.

Bundesrechnungshof (2021). Bericht nach § 99 BHO zur Umsetzung der Energiewende
im Hinblick auf die Versorgungssicherheit und Bezahlbarkeit bei Elektrizitdt. URL: http
s:/ /www.bundesrechnungshof.de/SharedDocs/Downloads/DE /Berichte /2021 /versorg
ungssicherheit-und-bezahlbarkeit- von-strom-volltext.pdf?__ blob=publicationFile&v
=1 (visited on 11/25/2023).

Bundesministerium fiir Wirtschaft und Klimaschutz (2022a). EEG: Daten und Fakten.
URL: https://www.erneuerbare-energien.de /EE /Navigation /DE / Recht- Politik / Das
_ EEG/DatenFakten/daten-und-fakten.html (visited on 09/28/2022).

Bundesministerium fiir Wirtschaft und Klimaschutz (2022b). Zahlen und Fakten: En-
ergiedaten. Nationale und internationale Entwicklung. URL: https://www.bmwi.de/Red
aktion/DE/Artikel/Energie/energiedaten-gesamtausgabe.html (visited on 09/28/2022).
latest update 01,/20/2022.

Bundesnetzagentur (2022). Marktstammdatenregister. Gesamtdatenauszug (02/2022). URL:
https://www.marktstammdatenregister.de/MaStR /Datendownload (visited on 02/08/2022).

Chao, H.-p. (2011). “Demand response in wholesale electricity markets: the choice of
customer baseline.” In: Journal of Regulatory Economics 39.1, pp. 68-88.

Chen, C., S. Kishore, Z. Wang, M. Alizadeh, and A. Scaglione (2012). “How will demand
response aggregators affect electricity markets? — A Cournot game analysis.” In: 2012
5th International Symposium on Communications, Control and Signal Processing. IEEE,
pp. 1-6.

Doulamis, N. D., A. D. Doulamis, and E. Varvarigos (2018). “Virtual Associations of
Prosumers for Smart Energy Networks Under a Renewable Split Market.” In: IFEE
Transactions on Smart Grid 9.6, pp. 6069-6083.

Eid, C., J. Reneses Guillén, P. Frias Marin, and R. Hakvoort (2014). “The economic effect
of electricity net-metering with solar PV: Consequences for network cost recovery, cross
subsidies and policy objectives.” In: Energy Policy 75, pp. 244-254.

Frondel, M., S. Sommer, and C. Vance (2015). “The burden of Germany’s energy transi-
tion: An empirical analysis of distributional effects.” In: Economic Analysis and Policy
45.4, pp. 89-99.

Grosche, P. and C. Schroder (2014). “On the redistributive effects of Germany’s feed-in
tariff.” In: Empirical Economics 46.4, pp. 1339-1383.


https://www.bundesrechnungshof.de/SharedDocs/Downloads/DE/Berichte/2021/versorgungssicherheit-und-bezahlbarkeit-von-strom-volltext.pdf?__blob=publicationFile&v=1
https://www.bundesrechnungshof.de/SharedDocs/Downloads/DE/Berichte/2021/versorgungssicherheit-und-bezahlbarkeit-von-strom-volltext.pdf?__blob=publicationFile&v=1
https://www.bundesrechnungshof.de/SharedDocs/Downloads/DE/Berichte/2021/versorgungssicherheit-und-bezahlbarkeit-von-strom-volltext.pdf?__blob=publicationFile&v=1
https://www.bundesrechnungshof.de/SharedDocs/Downloads/DE/Berichte/2021/versorgungssicherheit-und-bezahlbarkeit-von-strom-volltext.pdf?__blob=publicationFile&v=1
https://www.erneuerbare-energien.de/EE/Navigation/DE/Recht-Politik/Das_EEG/DatenFakten/daten-und-fakten.html
https://www.erneuerbare-energien.de/EE/Navigation/DE/Recht-Politik/Das_EEG/DatenFakten/daten-und-fakten.html
https://www.bmwi.de/Redaktion/DE/Artikel/Energie/energiedaten-gesamtausgabe.html
https://www.bmwi.de/Redaktion/DE/Artikel/Energie/energiedaten-gesamtausgabe.html
https://www.marktstammdatenregister.de/MaStR/Datendownload

Bibliography 103

Grover, D. and B. Daniels (2017). “Social equity issues in the distribution of feed-in tariff
policy benefits: A cross sectional analysis from England and Wales using spatial census
and policy data.” In: Energy Policy 106.3, pp. 255-265.

Kirby, B., M. Milligan, and Y.-H. Wan (2006). Cost-causation-based tariffs for wind ancil-
lary service impacts. Tech. rep. National Renewable Energy Lab.(NREL), Golden, CO
(United States).

Klein, M., A. Ziade, and L. de Vries (2019). “Aligning prosumers with the electricity
wholesale market — The impact of time-varying price signals and fixed network charges
on solar self-consumption.” In: Energy Policy 134, p. 110901.

Lu, Q.-y., Y. Tan, L.-j. Duan, and Y.-g. Yang (2019). “Virtual Power Plant Model for the
Cluster of Household Prosumers Based on Minkowski Sum.” In: 2019 IEEE Innovative
Smart Grid Technologies - Asia (ISGT Asia), pp. 4323-4327.

Masson, G., J. I. Briano, and M. J. Baez (2016). “Review and analysis of PV self-
consumption policies.” In: IEA photovoltaic power systems programme (PVPS) 1.28.
Matthes, F. C., F. Flachsbarth, M. Vogel, and V. Cook (2018). Dezentralitit, Regional-
isierung und Stromnetze. Meta-Studie iber Annahmen, Erkenntnisse und Narrative fir

die Renewables Grid Initiative. Oko-Institut e.V., Freiburg.

McKenna, R., E. Merkel, and W. Fichtner (2017). “Energy autonomy in residential build-
ings: A techno-economic model-based analysis of the scale effects.” In: Applied Energy
189, pp. 800-815.

Moshovel, J., K.-P. Kairies, D. Magnor, M. Leuthold, M. Bost, S. Géhrs, E. Szczechowicz,
M. Cramer, and D. U. Sauer (2015). “Analysis of the maximal possible grid relief from
PV-peak-power impacts by using storage systems for increased self-consumption.” In:
Applied Energy 137, pp. 567-575.

Neetzow, P., R. Mendelevitch, and S. Siddiqui (2019). “Modeling coordination between
renewables and grid: Policies to mitigate distribution grid constraints using residential
PV-battery systems.” In: Energy Policy 132, pp. 1017-1033.

Parvania, M., M. Fotuhi-Firuzabad, and M. Shahidehpour (2013). “Optimal Demand
Response Aggregation in Wholesale Electricity Markets.” In: IEEE Transactions on
Smart Grid 4.4, pp. 1957-1965.

Parag, Y. and B. K. Sovacool (2016). “Electricity market design for the prosumer era.”
In: Nature Energy 1.4, p. 16032.

Perez-Arriaga, 1. J. and C. Knittel (2016). “Utility of the future: An MIT Energy Initia-
tive response to an industry in transition.” In: URL: energy.mit.edu /uof (visited on
09/01/2021).

Pokojski, M., W. Horenkamp, W. Hube, J. Jager, M. Kleinmaier, W. Kiihn, D. Nestle,
R. Pickhan, T. Raphael, J. Scheffler, C. Schulz, C. Schwaegerl, D. Wielsch, and R.


energy.mit.edu/uof

104 Bibliography

Witzmann (2007). VDE-Studie Dezentrale Energieversorgung 2020. Energietechnische
Gesellschaft im VDE (ETG), Frankfurt.

Ramyar, S., A. L. Liu, and Y. Chen (2020). “Power Market Model in Presence of Strategic
Prosumers.” In: IEEE Transactions on Power Systems 35.2, pp. 898-908.

Ruhi, N. A.] K. Dvijotham, N. Chen, and A. Wierman (2018). “Opportunities for Price
Manipulation by Aggregators in Electricity Markets.” In: IEEE Transactions on Smart
Grid 9.6, pp. H687-5698.

Sabadini, F. and R. Madlener (2021). “The economic potential of grid defection of energy
prosumer households in Germany.” In: Advances in Applied Energy 4.5, p. 100075.

Schill, W.-P., A. Zerrahn, F. Kunz, and C. Kemfert (2017). “Decentralized solar pro-
sumage with battery storage: System orientation required.” In: DIW Economic Bulletin,
ISSN 2192-7219, Deutsches Institut fiir Wirtschaftsforschung (DIW), Berlin Vol. 7, Iss.
12/13, pp. 141-151. URL: https://www.econstor.eu/handle/10419/157342.

Schick, C., N. Klempp, and K. Hufendiek (2021). “Impact of Network Charge Design in
an Energy System with Large Penetration of Renewables and High Prosumer Shares.”
In: Energies 14.21, p. 6872.

Schick, C., N. Klempp, and K. Hufendiek (2022). “Role and Impact of Prosumers in a
Sector-Integrated Energy System With High Renewable Shares.” In: IEEE Transactions
on Power Systems 37.4, pp. 3286-3298.

Schick, C. and K. Hufendiek (2023). “Assessment of the regulatory framework in view of
effectiveness and distributional effects in the context of small-scale PV—The German
experience.” In: Energy Policy 172, p. 113310. URL: https://www.sciencedirect.com/sc
ience/article/pii/S0301421522005298.

Tobben, J. (2017). “Regional Net Impacts and Social Distribution Effects of Promoting
Renewable Energies in Germany.” In: Fcological Economics 135.1, pp. 195-208.

United Nations (2022). “The Sustainable Development Goals Report 2022.” In: URL: ht
tps://unstats.un.org/sdgs/report /2022 / The- Sustainable- Development- Goals- Report
-2022.pdf (visited on 11/25/2023).

van der Stelt, S., T. AlSkaif, and W. van Sark (2018). “Techno-economic analysis of house-
hold and community energy storage for residential prosumers with smart appliances.”
In: Applied Energy 209, pp. 266-276.

Weinand, J. M., F. Scheller, and R. McKenna (2020). “Reviewing energy system modelling
of decentralized energy autonomy.” In: Energy 203, p. 117817.

Wietschel, M., P. Plotz, B. Pfluger, M. Klobasa, A. Effer, M. Haendel, J. Miller-Kirchenbauer,
J. Kochems, L. Hermann, B. Grosse, L. Nacken, M. Kiister, J. Pacem, D. Naumann, C.
Kost, R. Kohrs, U. Fahl, S. Schafer-Stradowsky, D. Timmermann, and D. Albert (2018).
Sektorkopplung: Definition, Chancen und Herausforderungen. ger. Working Paper Sus-


https://www.econstor.eu/handle/10419/157342
https://www.sciencedirect.com/science/article/pii/S0301421522005298
https://www.sciencedirect.com/science/article/pii/S0301421522005298
https://unstats.un.org/sdgs/report/2022/The-Sustainable-Development-Goals-Report-2022.pdf
https://unstats.un.org/sdgs/report/2022/The-Sustainable-Development-Goals-Report-2022.pdf
https://unstats.un.org/sdgs/report/2022/The-Sustainable-Development-Goals-Report-2022.pdf

Bibliography 105

tainability and Innovation S01/2018. urn:nbn:de:0011-n-4845758. Karlsruhe. URL: http
./ /hdLhandle.net/10419/175374.
Wirth, H. (2021). “Recent Facts about Photovoltaics in Germany.” In: URL: https://ww

w.ise.fraunhofer.de /en /publications /studies /recent- facts-about-pv-in-germany.html

(visited on 06/10,/2022).


http://hdl.handle.net/10419/175374
http://hdl.handle.net/10419/175374
https://www.ise.fraunhofer.de/en/publications/studies/recent-facts-about-pv-in-germany.html
https://www.ise.fraunhofer.de/en/publications/studies/recent-facts-about-pv-in-germany.html




Forschungsberichte des Instituts flir Energiewirtschaft und Rationelle
Energieanwendung

Bezugsadresse: Universitat Stuttgart

Institut fur Energiewirtschaft und Rationelle Energieanwendung
- Bibliothek -

Tel.: 0711/ 685 87861

Fax: 0711/ 685 87873

E-Mail: bib@ier.uni-stuttgart.de

Bestellungen sind auch Gber Internet moglich:
https://www.ier.uni-stuttgart.de

Band 157

Band 156

Band 155

Band 154

Band 153

Band 152

Band 151

P.M. Wenzel
Energy efficiency and environmental assessment of cooling towers
2024, 223 Seiten

L. Brodecki

Modellierung und Bewertung von Energieautarkie in stadtischen
Energiesystemen

2024, 226 Seiten

A. Gillich

Techno-economic Analysis of an Instrument Mix to Decarbonize the
Electricity Sector

2024, 97 Seiten

G. Sawvidis

Umgang mit zeitlich hoher Auflésung in Elektrizitatsmarktmodellen im
Zusammenhang mit der Bewertung von Flexibilitaten

2024, 87 Seiten

L. C. Chamorro Romero

On the Process Integration of Organic Rankine Cycles and Absorption
Chillers into Heat Exchanger Networks

2023, 266 Seiten

P. Korkmaz

Integrating Environmental, Macro-economic, and Uncertainty Aspects
into Energy System Analysis

2023, 178 Seiten

H. Godin

A model-based framework for the assessment of energy-efficiency and
CO2-mitigation measures in multi-cylinder paper drying

2022, 129 Seiten


mailto:bib@ier.uni-stuttgart.de
https://www.ier.uni-stuttgart.de/

Band 150 A. Dobbins
System analysis of the significance of energy poverty on household energy
use and emissions in Germany
2022, 222 Seiten

Band 149 D. Chudinzow
Modelling the energy yield of bifacial photovoltaic plants and their
integration into European power supply systems
2022, 92 Seiten

Band 147 D. Turek
Die Standortwahl von Rechenzentren unter Berticksichtigung der Total
Cost of Ownership: ein Framework zur multikriteriellen
Entscheidungsanalyse
2022, 141 Seiten

Band 146 N. Seckinger
Methodische Weiterentwicklung dynamischer, prospektiver
Treibhausgasemissionsfaktoren zur Analyse von Technologien der
Sektorkopplung
2022, 242 Seiten

Band 145 M. Unger
Systematische Analyse von Druckluftleckagen
August 2021, 186 Seiten

Band 144 N. Li, G. Huang, R. Friedrich, U. Vogt, S. Schirmann, D. Straub
Messung und Bewertung der Schadstoffemissionen von Holzfeuerungen
in Innenrdumen
Juli 2019, 44 Seiten

Band 143 N. Li
Long-term Exposure of European Population Subgroups to PM2.5 and
NO2
August 2020, 152 Seiten

Band 142 M. Miller
Wege zur Ermittlung von Energieeffizienzpotenzialen von Informations-
und Kommunikationstechnologien
Februar 2020, 391 Seiten

Band 141 R. Flatau
Integrierte Bewertung interdependenter EnergieeffizienzmalRnahmen —
Eine modellgesttitzte Analyse am Beispiel von Querschnittstechnologien
Juli 2019, 216 Seiten



Band 140

Band 139

Band 138

Band 137

Band 136

Band 135

Band 134

Band 133

Band 132

B. Fleischer

Systemeffekte von Bioenergie in der Elektrizitats- und
Fernwarmewirtschaft — Eine modellgestitzte Analyse langfristiger
Energiewendeszenarien fir Deutschland

April 2019, 190 Seiten

B. Mousavi

Analysis of the relative roles of supply-side and demand-side measures in
tackling global climate change — Application of a hybrid energy system
model

Januar 2019, 167 Seiten

S. Bothor
Prognose von Netzverlusten
August 2019, 152 Seiten

C. Schieberle

Development of a stochastic optimization approach to determine
costefficient environmental protection strategies: Case study of policies
for the future European passenger transport sector with a focus on
railbound and on-road activities

Mai 2019, 218 Seiten

J. Welsch

Modellierung von Energiespeichern und Power-to-X im deutschen und
europdaischen Energiesystem

Dezember 2018, 158 Seiten

M. Stenull

Stand und Entwicklungspotenziale der landwirtschaftlichen
Biogasnutzung in Baden-Wurttemberg — ein regionalspezifischer
Vergleich

Juni 2017, 171 Seiten

J. Brunke

Energieeinsparpotenziale von energieintensiven Produktionsprozessen
in Deutschland: Eine Analyse mit Hilfe von
Energieeinsparkostenkurven

August 2017, 353 Seiten

S. Wolf

Integration von Warmepumpen in industrielle Produktionssysteme —
Potenziale und Instrumente zur Potenzialerschlielung

Juli 2017, 177 Seiten

S. Marathe

Recognising the Change in Land Use Patterns and its Impacts on Energy
Demand and Emissions in Gauteng, South Africa

April 2017, 202 Seiten



Band 131

Band 130

Band 129

Band 128

Band 127

Band 126

Band 125

Band 124

Band 123

T. Haasz

Entwicklung von Methoden zur Abbildung von Demand Side
Management in einem optimierenden Energiesystemmodell —
Fallbeispiele fiir Deutschland in den Sektoren Industrie, Gewerbe,
Handel, Dienstleistungen und Haushalte

April 2017, 177 Seiten

M. Steurer

Analyse von Demand Side Integration im Hinblick auf eine effiziente und
umweltfreundliche Energieversorgung

April 2017, 230 Seiten

S. Bubeck

Potenziale elektrischer Energieanwendungstechniken zur rationellen
Energieanwendung

Januar 2017, 255 Seiten

R. Beestermoller

Die Energienachfrage privater Haushalte und ihre Bedeutung fiir den
Klimaschutz — Volkswirtschaftliche Analysen zur deutschen und
europdaischen Klimapolitik mit einem technologiefundierten Allgemeinen
Gleichgewichtsmodell

Januar 2017, 211 Seiten

M. Ohl

Analyse der Einsatzpotenziale von Warmeerzeugungstechniken in
industriellen Anwendungen

August 2016, 202 Seiten

W. Genius

Grine Bilanzierung - Internalisierung von Umwelt- und
Gesundheitsschaden im Rahmen der Input-Output-Rechnung
April 2015, 243 Seiten

E. Heyden

Kostenoptimale Abwarmertckgewinnung durch integriert-iteratives
Systemdesign (KOARIiS) - Ein Verfahren zur energetisch-6konomischen
Bewertung industrieller Abwarmepotenziale

2016, 121 Seiten

K. Ohlau

Strategien zur wirksamen Minderung von Fluglarm in Deutschland -
Minderungsmafnahmen und langfristige Perspektiven

2015, 192 Seiten

T. Telsnig

Standortabhangige Analyse und Bewertung solarthermischer
Kraftwerke am Beispiel Stidafrikas

September 2015, 285 Seiten



Band 122 M. HenRler
Ganzheitliche Analyse thermochemischer Verfahren bei der Nutzung
fester Biomasse zur Kraftstoffproduktion in Deutschland
April 2015, 243 Seiten

Band 121 B. Fais
Modelling policy instruments in energy system models - the example of
renewable electricity generation in Germany
Januar 2015, 194 Seiten

Band 120 M. Blesl
Kraft-Warme-Kopplung im Warmemarkt Deutschlands und Europas —
eine Energiesystem- und Technikanalyse
August 2014, 204 Seiten

Band 119 S. Kempe
Raumlich detaillierte Potenzialanalyse der Fernwarmeversorgung in
Deutschland mit einem hoch aufgelosten Energiesystemmodell
Juli 2014, 204 Seiten

Band 118 B. Thiruchittampalam
Entwicklung und Anwendung von Methoden und Modellen zur
Berechnung von raumlich und zeitlich hochaufgeldsten Emissionen in
Europa
April 2014, 238 Seiten

Band 117 T. Kober
Energiewirtschaftliche Anforderungen an neue fossil befeuerte
Kraftwerke mit CO2-Abscheidung im liberalisierten europaischen
Elektrizitatsmarkt
Marz 2014, 158 Seiten

Band 116 S. Wissel
Ganzheitlich-integrierte Betrachtung der Kernenergie im Hinblick auf
eine nachhaltige Energieversorgung
Februar 2014, 230 Seiten

Band 115 R. Kuder
Energieeffizienz in der Industrie — Modellgestiitzte Analyse des
effizienten Energieeinsatzes in der EU-27 mit Fokus auf den
Industriesektor
Februar 2014, 286 Seiten

Band 114 J. Tomaschek
Long-term optimization of the transport sector to address greenhouse gas
reduction targets under rapid growth — Application of an energy system
model for Gauteng province, South Africa
Dezember 2013, 263 Seiten



Band 113

Band 112

Band 111

Band 110

Band 109

Band 108

Band 107

Band 106

Band 105

B. Rihle

Kosten regionaler Energie- und Klimapolitik - Szenarioanalysen mit
einem Energiesystemmodell auf Bundeslanderebene

November 2013, 196 Seiten

N. Sun

Modellgestutzte Untersuchung des Elektrizitatsmarktes -
Kraftwerkseinsatzplanung und -investitionen

August 2013, 173 Seiten

J. Lambauer

Auswirkungen von Basisinnovationen auf die Energiewirtschaft und die
Energienachfrage in Deutschland - Am Beispiel der Nano und
Biotechnologie

Marz 2013, 303 Seiten

R. Barth

Okonomische und technisch-betriebliche Auswirkungen verteilter
Elektrizitatserzeugung in Verteilungsnetzen - eine modellgestitzte
Analyse am Beispiel eines Mittelspannungsnetzes

Marz 2013, 234 Seiten

D. Bruchof

Energiewirtschaftliche Verkehrsstrategie - Mdglichkeiten und Grenzen
alternativer Kraftstoffe und Antriebe in Deutschland und der EU-27
Marz 2012, 226 Seiten

E. D. Ozdemir

The Future Role of Alternative Powertrains and Fuels in the German
Transport Sector - A model based scenario analysis with respect to
technical, economic and environmental aspects with a focus on road
transport

Januar 2012, 194 Seiten

U. Kugler

StraBenverkehrsemissionen in Europa - Emissionsberechnung und
Bewertung von Minderungsmal3nahmen

Januar 2012, 236 Seiten

M. Blesl, D. Bruchof, U. Fahl, T. Kober, R. Kuder, B. Gétz, A. Vo
Integrierte Szenarioanalysen zu Energie- und Klimaschutzstrategien in
Deutschland in einem Post-Kyoto-Regime

Februar 2011, 200 Seiten

O. Mayer-Spohn

Parametrised Life Cycle Assessment of Electricity Generation in Hard-
Coal-Fuelled Power Plants with Carbon Capture and Storage
Dezember 2009, 210 Seiten



Band 104

Band 103

Band 102

Band 101

Band 100

Band 99

Band 98

Band 97

Band 96

A. Kdnig

Ganzheitliche Analyse und Bewertung konkurrierender energetischer
Nutzungspfade fur Biomasse im Energiesystem Deutschland bis zum
Jahr 2030

Juli 2009, 194 Seiten

C. Kruck

Integration einer Stromerzeugung aus Windenergie und Speicher-
systemen unter besonderer Bertcksichtigung von Druckluft-
Speicherkraftwerken

Mai 2008, 162 Seiten

U. Fahl, B. Ruhle, M. Blesl, I. Ellersdorfer, L. Eltrop, D.-C. Harlinghausen, R.
Kdster, T. Rehrl, U. Remme, A. Vol3

Energieprognose Bayern 2030

Oktober 2007, 296 Seiten

U. Remme, M. Blesl, U. Fahl

Global resources and energy trade: An overview for coal, natural gas, oil
and uranium

Juli 2007, 108 Seiten

S. Eckardt

Energie- und Umweltmanagement in Hotels und Gaststatten:
Entwicklung eines Softwaretools zur systematischen Prozessanalyse und
Management-unterstiitzung

Mai 2007, 152 Seiten

U. Remme

Zukunftige Rolle erneuerbarer Energien in Deutschland:
Sensitivitatsanalysen mit einem linearen Optimierungsmodell
August 2006, 336 Seiten

L. Eltrop, J. Moerschner, M. Hérdtlein, A. Konig
Bilanz und Perspektiven der Holzenergienutzung in Baden-Wurttemberg
Mai 2006, 102 Seiten

B. Frey

Modellierung systemubergreifender Energie- und Kohlenstoffbilanzen in
Entwicklungslandern

Mai 2006, 148 Seiten

K. Sander
Potenziale und Perspektiven stationdrer Brennstoffzellen
Juni 2004, 256 Seiten



Band 95

Band 94

Band 93

Band 92

Band 91

Band 90

Band 89

Band 88

Band 87

M. A. dos Santos Bernardes

Technische, 6konomische und 6kologische Analyse von
Aufwindkraftwerken

Marz 2004, 228 Seiten

J. Bagemihl

Optimierung eines Portfolios mit hydro-thermischem Kraftwerkspark im
bérslichen Strom- und Gasterminmarkt

Februar 2003, 138 Seiten

A. Stuible

Ein Verfahren zur graphentheoretischen Dekomposition und
algebraischen Reduktion von komplexen Energiesystemmodellen
November 2002, 156 Seiten

M. Blesl

Raumlich hoch aufgeléste Modellierung leitungsgebundener Energiever-
sorgungssysteme zur Deckung des Niedertemperaturwarmebedarfs
August 2002, 282 Seiten

S. Briem, M. Blesl, M. A. dos Santos Bernardes, U. Fahl, W. Krewitt, M. Nill,
S. Rath-Nagel, A. Vol3

Grundlagen zur Beurteilung der Nachhaltigkeit von Energiesystemen in
Baden-Wirttemberg

August 2002, 138 Seiten

B. Frey, M. Neubauer
Energy Supply for Three Cities in Southern Africa
Juli 2002, 96 Seiten

A. Heinz, R. Hartmann, G. Hitzler, G. Baumbach

Wissenschaftliche Begleitung der Betriebsphase der mit
Rapstlmethylester befeuerten Energieversorgungsanlage des Deutschen
Bundestages in Berlin

Juli 2002, 212 Seiten

M. Sawillion

Aufbereitung der Energiebedarfsdaten und Einsatzanalysen zur
Auslegung von Blockheizkraftwerken

Juli 2002, 136 Seiten

T. Marheineke

Lebenszyklusanalyse fossiler, nuklearer und regenerativer Stromerzeu-
gungstechniken

Juli 2002, 222 Seiten



Band 86 B. Leven, C. Hoeck, C. Schaefer, C. Weber, A. Vol}
Innovationen und Energiebedarf - Analyse ausgewahlter Technologien
und Branchen mit dem Schwerpunkt Stromnachfrage
Juni 2002, 224 Seiten

Band 85 E. Laege
Entwicklung des Energiesektors im Spannungsfeld von Klimaschutz
und Okonomie - Eine modellgestiitzte Systemanalyse
Januar 2002, 254 Seiten

Band 84 S. Molt
Entwicklung eines Instrumentes zur Lésung grof3er energiesystem-
analytischer Optimierungsprobleme durch Dekomposition und
verteilte Berechnung
Oktober 2001, 166 Seiten

Band 83 D. Hartmann
Ganzheitliche Bilanzierung der Stromerzeugung aus regenerativen
Energien
September 2001, 228 Seiten

Band 82 G. Kihner
Ein kosteneffizientes Verfahren fur die entscheidungsunterstiitzende
Umweltanalyse von Betrieben
September 2001, 210 Seiten

Band 81 I. Ellersdorfer, H. Specht, U. Fahl, A. Vol3
Wettbewerb und Energieversorgungsstrukturen der Zukunft
August 2001, 172 Seiten

Band 80 B. Leven, J. Neubarth, C. Weber
Okonomische und 6kologische Bewertung der elektrischen
Warmepumpe im Vergleich zu anderen Heizungssystemen
Mai 2001, 166 Seiten

Band 79 R. Kruger, U. Fahl, J. Bagemihl, D. Herrmann
Perspektiven von Wasserstoff als Kraftstoff im offentlichen Stral3en-
personenverkehr von Ballungsgebieten und von Baden-Wirttemberg
April 2001, 142 Seiten

Band 78 A. Freibauer, M. Kaltschmitt (eds.)
Biogenic Greenhouse Gas Emissions from Agriculture in Europe
Februar 2001, 248 Seiten

Band 77 W. Ruiffler
Integrierte Ressourcenplanung fur Baden-Wirttemberg
Januar 2001, 284 Seiten



Band 76

Band 75

Band 74

Band 73

Band 72

Band 71

Band 70

Band 69

Band 68

S. Rivas

Ein agro-6kologisches regionalisiertes Modell zur Analyse des
Brennholzversorgungssystems in Entwicklungslandern
Januar 2001, 200 Seiten

M. Hardtlein

Ansatz zur Operationalisierung 6kologischer Aspekte von "*Nachhaltig-
keit™ am Beispiel der Produktion und Nutzung von Triticale (xTritico-
secale Wittmack)-Ganzpflanzen unter besonderer Berucksichtigung
der luftgetragenen N-Freisetzungen

September 2000, 168 Seiten

T. Marheineke, W. Krewitt, J. Neubarth, R. Friedrich, A. Vo
Ganzheitliche Bilanzierung der Energie- und Stoffstréme von Energie-
versorgungstechniken

August 2000, 118 Seiten

J. Sontow

Energiewirtschaftliche Analyse einer gro3technischen Windstrom-
erzeugung

Juli 2000, 242 Seiten

H. Hermes

Analysen zur Umsetzung rationeller Energieanwendung in kleinen und
mittleren Unternehmen des Kleinverbrauchersektors

Juli 2000, 188 Seiten

C. Schaefer, C. Weber, H. Voss-Uhlenbrock, A. Schuler, F. Oosterhuis, E.
Nieuwlaar, R. Angioletti, E. Kjellsson, S. Leth-Petersen, M. Togeby, J.
Munksgaard

Effective Policy Instruments for Energy Efficiency in Residential Space
Heating - an International Empirical Analysis (EPISODE)

Juni 2000, 146 Seiten

U. Fahl, J. Baur, I. Ellersdorfer, D. Herrmann, C. Hoeck, U. Remme, H.
Specht, T. Steidle, A. Stuible, A. VVol3

Energieverbrauchsprognose fir Bayern

Mai 2000, 240 Seiten

J. Baur

Verfahren zur Bestimmung optimaler Versorgungsstrukturen fur die
Elektrifizierung landlicher Gebiete in Entwicklungslandern

Mai 2000, 154 Seiten

G. Weinrebe

Technische, 6kologische und 6konomische Analyse von
solarthermischen Turmkraftwerken

April 2000, 212 Seiten



Band 67

Band 66

Band 65

Band 64

Band 63

Band 62

Band 61

Band 60

Band 59

C.-O. Wene, A. VoB, T. Fried (eds.)

Experience Curves for Policy Making - The Case of Energy
Technologies

April 2000, 282 Seiten

A. Schuler

Entwicklung eines Modells zur Analyse des Endenergieeinsatzes in
Baden-Wirttemberg

Marz 2000, 236 Seiten

A. Schéfer
Reduction of CO2-Emissions in the Global Transportation Sector
Mérz 2000, 290 Seiten

A. Freibauer, M. Kaltschmitt (eds.)

Biogenic Emissions of Greenhouse Gases Caused by Arable and
Animal Agriculture - Processes, Inventories, Mitigation

Marz 2000, 148 Seiten

A. Heinz, R. Stllpnagel, M. Kaltschmitt, K. Scheffer, D. Jezierska
Feucht- und Trockengutlinien zur Energiegewinnung aus biogenen
Festbrennstoffen. Vergleich anhand von Energie- und
Emissionsbilanzen sowie anhand der Kosten

Dezember 1999, 308 Seiten

U. Fahl, M. Blesl, D. Herrmann, C. Kemfert, U. Remme, H. Specht, A. Vo3
Bedeutung der Kernenergie fur die Energiewirtschaft in Baden-
Wirttemberg - Auswirkungen eines Kernenergieausstiegs

November 1999, 146 Seiten

A. GreBmann, M. Sawillion, W. Krewitt, R. Friedrich

Vergleich der externen Effekte von KWK-Anlagen mit Anlagen zur
getrennten Erzeugung von Strom und Warme

September 1999, 138 Seiten

R. Lux

Auswirkungen fluktuierender Einspeisung auf die Stromerzeugung
konventioneller Kraftwerkssysteme

September 1999, 162 Seiten

M. Kayser

Energetische Nutzung hydrothermaler Erdwarmevorkommen in
Deutschland - Eine energiewirtschaftliche Analyse -

Juli 1999, 184 Seiten



Band 58 C. John
Emissionen von Luftverunreinigungen aus dem StrafRenverkehr in
hoher raumlicher und zeitlicher Auflésung - Untersuchung von
Emissionsszenarien am Beispiel Baden-Wirttembergs
Juni 1999, 214 Seiten

Band 57 T. Stelzer
Biokraftstoffe im Vergleich zu konventionellen Kraftstoffen -
Lebensweganalysen von Umweltwirkungen
Mai 1999, 212 Seiten

Band 56 R. Lux, J. Sontow, A. Vol3
Systemtechnische Analyse der Auswirkungen einer windtechnischen
Stromerzeugung auf den konventionellen Kraftwerkspark
Mai 1999, 322 Seiten

Band 55 B. Biffar
Messung und Synthese von Warmelastgangen in der Energieanalyse
Mai 1999, 236 Seiten

Band 54 E. Fleiner
Statistische Methoden der Energiebedarfsanalyse im Kleinverbraucher-
sektor
Januar 1999, 306 Seiten

Band 53 A. Freibauer, M. Kaltschmitt (Hrsg.)
Approaches to Greenhouse Gas Inventories of Biogenic Sources in
Agriculture
Januar 1999, 252 Seiten

Band 52 J. Haug, B. Gebhardt, C. Weber, M. van Wees, U. Fahl, J. Adnot, L. Cauret,
A. Pierru, F. Lantz, J.-W. Bode, J. Vis, A. van Wijk, D. Staniaszek, Z. Zavody
Evaluation and Comparison of Utility's and Governmental DSM-
Programmes for the Promotion of Condensing Boilers
Oktober 1998, 156 Seiten

Band 51 M. Blesl, A. Schweiker, C. Schlenzig
Erweiterung der Analysemoglichkeiten von NetWork - Der
Netzwerkeditor
September 1998, 112 Seiten

Band 50 S. Becher
Biogene Festbrennstoffe als Substitut fur fossile Brennstoffe - Energie-
und Emissionsbilanzen
Juli 1998, 200 Seiten



Band 49

Band 48

Band 47

Band 46

Band 45

Band 44

Band 43

Band 42

Band 41

P. Schaumann, M. Blesl, C. Bohringer, U. Fahl, R. Kiihner, E. L&ge, S. Molt,
C. Schlenzig, A. Stuible, A. Voi}

Einbindung des ECOLOG-Modells "E3Net" und Integration neuer
methodischer Ansatze in das IKARUS-Instrumentarium (ECOLOG II)
Juli 1998, 110 Seiten

G. Poltermann, S. Berret
1SO 14000ff und Oko-Audit - Methodik und Umsetzung
Mérz 1998, 184 Seiten

C. Schlenzig

PlaNet: Ein entscheidungsunterstitzendes System fur die Energie- und
Umweltplanung

Januar 1998, 230 Seiten

R. Friedrich, P. Bickel, W. Krewitt (Hrsg.)
External Costs of Transport
April 1998, 144 Seiten

H.-D. Hermes, E. Thone, A. VoB, H. Despretz, G. Weimann, G. Kamelander,
C. Ureta

Tools for the Dissemination and Realization of Rational Use of Energy in
Small and Medium Enterprises

Januar 1998, 352 Seiten

C. Weber, A. Schuler, B. Gebhardt, H.-D. Hermes, U. Fahl, A. Vol§
Grundlagenuntersuchungen zum Energiebedarf und seinen
Bestimmungsfaktoren

Dezember 1997, 186 Seiten

J. Albiger

Integrierte Ressourcenplanung in der Energiewirtschaft mit Ansatzen
aus der Kraftwerkseinsatzplanung

November 1997, 168 Seiten

P. Berner

Mal3nahmen zur Minderung der Emissionen fllchtiger organischer
Verbindungen aus der Lackanwendung - Vergleich zwischen
Abluftreinigung und priméren MafRnahmen am Beispiel Baden-
Warttembergs

November 1997, 238 Seiten

J. Haug, M. Sawillion, U. Fahl, A. Vol}, R. Werner, K. Weil3, J. Résch,
W. Wolfle

Analysis of Impediments to the Rational Use of Energy in the Public
Sector and Implementation of Third Party Financing Strategies to
improve Energy Efficiency

August 1997, 122 Seiten



Band 40

Band 39

Band 38

Band 37

Band 36

Band 35

Band 34

Band 33

Band 32

Band 31

U. Fahl, R. Kriger, E. Lage, W. Riiffler, P. Schaumann, A. Vol}
Kostenvergleich verschiedener CO2-Minderungsmafnahmen in der
Bundesrepublik Deutschland

August 1997, 156 Seiten

M. Sawillion, B. Biffar, K. Hufendiek, R. Lux, E. Thdne

MOSAIK - Ein EDV-Instrument zur Energieberatung von Gewerbe und
mittelstandischer Industrie

Juli 1997, 172 Seiten

M. Kaltschmitt

Systemtechnische und energiewirtschaftliche Analyse der Nutzung
erneuerbarer Energien in Deutschland

April 1997, 108 Seiten

C. Bohringer, T. Rutherford, A. Pahlke, U. Fahl, A. Vol}
Volkswirtschaftliche Effekte einer Umstrukturierung des deutschen
Steuersystems unter besonderer Berucksichtigung von Umweltsteuern
Marz 1997, 82 Seiten

P. Schaumann

Klimavertragliche Wege der Entwicklung der deutschen Strom- und
Fernwarmeversorgung - Systemanalyse mit einem regionalisierten
Energiemodell

Januar 1997, 282 Seiten

R. Kihner

Ein verallgemeinertes Schema zur Bildung mathematischer Modelle
energiewirtschaftlicher Systeme

Dezember 1996, 262 Seiten

U. Fahl, P. Schaumann
Energie und Klima als Optimierungsproblem am Beispiel Niedersachsen
November 1996, 124 Seiten

W. Krewitt

Quantifizierung und Vergleich der Gesundheitsrisiken verschiedener
Stromerzeugungssysteme

November 1996, 196 Seiten

C. Weber, B. Gebhardt, A. Schuler, T. Schulze, U. Fahl, A. VVoB, A. Perrels,
W. van Arkel, W. Pellekaan, M. O'Connor, E. Schenk, G. Ryan

Consumers’ Lifestyles and Pollutant Emissions
September 1996, 118 Seiten

W. Riiffler, A. Schuler, U. Fahl, H.W. Balandynowicz, A. Vo
Szenariorechnungen fur das Projekt Klimavertragliche
Energieversorgung in Baden-Wurttemberg

Juli 1996, 140 Seiten



Band 30

Band 29

Band 28

Band 27

Band 26

Band 25

Band 24

Band 23

Band 22

Band 21

C. Weber, B. Gebhardt, A. Schuler, U. Fahl, A. Vol3

Energy Consumption and Air-Borne Emissions in a Consumer
Perspective

September 1996, 264 Seiten

M. Hanselmann

Entwicklung eines Programmsystems zur Optimierung der Fahrweise
von Kraft-Warme-Kopplungsanlagen

August 1996, 138 Seiten

G. Schmid

Die technisch-6konomische Bewertung von
Emissionsminderungsstrategien mit Hilfe von Energiemodellen
August 1996, 184 Seiten

A. Obermeier, J. Seier, C. John, P. Berner, R. Friedrich
TRACT: Erstellung einer Emissionsdatenbasis fur TRACT
August 1996, 172 Seiten

T. Hellwig

OMNIUM - Ein Verfahren zur Optimierung der Abwarmenutzung in
Industriebetrieben

Mai 1998, 118 Seiten

R. Laing

CAREAIR - ein EDV-gestitztes Instrumentarium zur Untersuchung von
Emissionsminderungsstrategien fur Dritte-Welt-Lander dargestellt am
Beispiel Nigerias

Februar 1996, 221 Seiten

P. Mayerhofer, W. Krewitt, A. Trukenmdller, A. Greimann, P. Bickel,
R. Friedrich

Externe Kosten der Energieversorgung

Mérz 1996, Kurzfassung, 40 Seiten

M. Blesl, C. Schlenzig, T. Steidle, A. VoR
Entwicklung eines Energieinformationssystems
Mérz 1996, 76 Seiten

M. Kaltschmitt, A. Vo

Integration einer Stromerzeugung aus Windkraft und Solarstrahlung in
den konventionellen Kraftwerksverbund

Juni 1995, Kurzfassung, 51 Seiten

U. Fahl, E. Lage, W. Riffler, P. Schaumann, C. Béhringer, R. Kruger, A. VoR§
Emissionsminderung von energiebedingten klimarelevanten Spurengasen
in der Bundesrepublik Deutschland und in Baden-W(urttemberg
September 1995, 454 Seiten



Band 20

Band 19

Band 18

Band 17

Band 16

Band 15

Band 14

Band 13

Band 12

M. Fischedick

Erneuerbare Energien und Blockheizkraftwerke im
Kraftwerksverbund -Technische Effekte, Kosten, Emissionen
Dezember 1995, 196 Seiten

A. Obermeier

Ermittlung und Analyse von Emissionen fllchtiger organischer Verbin-
dungen in Baden-Wirttemberg

Mai 1995, 208 Seiten

N. Kalume

Strukturmodule - Ein methodischer Ansatz zur Analyse von
Energiesystemen in Entwicklungslandern

Dezember 1994, 113 Seiten

Th. Mller

Ermittlung der SO2- und NOx-Emissionen aus stationdren Feuerungs-
anlagen in Baden-Wurttemberg in hoher raumlicher und zeitlicher
Auflésung

November 1994, 142 Seiten

A. Wiese

Simulation und Analyse einer Stromerzeugung aus erneuerbaren
Energien in Deutschland

Juni 1994, 223 Seiten

M. Sawillion, T. Hellwig, B. Biffar, R. Schelle, E. Théne

Optimierung der Energieversorgung eines Industrieunternehmens unter
Umweltschutz- und Wirtschaftlichkeitsaspekten - Wertanalyse-Projekt
Januar 1994, 154 Seiten

M. Heymann, A. Trukenmdiller, R. Friedrich

Development prospects for emission inventories and atmospheric
transport and chemistry models

November 1993, 105 Seiten

R. Friedrich

Ansatz zur Ermittlung optimaler Strategien zur Minderung von Luft-
schadstoffemissionen aus Energieumwandlungsprozessen

Juli 1992, 292 Seiten

U. Fahl, M. Fischedick, M. Hanselmann, M. Kaltschmitt, A. VoR
Abschéatzung der technischen und wirtschaftlichen Minderungspotentiale
energiebedingter CO2-Emissionen durch einen verstarkten Erdgaseinsatz
in der Elektrizitatsversorgung Baden-Wurttembergs unter besonderer
Bericksichtigung konkurrierender Nutzungsmaoglichkeiten

August 1992, 471 Seiten



Band 11

Band 10

Band 9

Band 8

Band 7

Band 6

Band 5

Band 4

Band 3

M. Kaltschmitt, A. Wiese

Potentiale und Kosten regenerativer Energietrager in Baden-
Wirttemberg

April 1992, 320 Seiten

A. Reuter

Entwicklung und Anwendung eines mikrocomputergestttzte Energiepla-
nungsinstrumentariums fur den Einsatz in Entwicklungslandern
November 1991, 170 Seiten

T. Kohler

Einsatzmdglichkeiten fir Heizreaktoren im Energiesystem der
Bundesrepublik Deutschland

Juli 1991, 162 Seiten

M. Mattis

Kosten und Auswirkungen von MaRnahmen zur Minderung der SO2-
und NOx-Emissionen aus Feuerungsanlagen in Baden-W(rttemberg
Juni 1991, 188 Seiten

M. Kaltschmitt

Moglichkeiten und Grenzen einer Stromerzeugung aus Windkraft und
Solarstrahlung am Beispiel Baden-W(rttembergs

Dezember 1990, 178 Seiten

G. Schmid, A. VoB, H.W. Balandynowicz, J. Cofala, Z. Parczewski

Air Pollution Control Strategies - A Comparative Analysis for Poland
and the Federal Republic of Germany

Juli 1990, 92 Seiten

Th. Miiller, B. Boysen, U. Fahl, R. Friedrich, M. Kaltschmitt, R. Laing, A.
VoR, J. Giesecke, K. Jorde, C. Voigt

Regionale Energie- und Umweltanalyse fiir die Region Neckar-Alb
Juli 1990, 484 Seiten

Th. Miiller, B. Boysen, U. Fahl, R. Friedrich, M. Kaltschmitt, R. Laing, A.
Vol, J. Giesecke, K. Jorde, C. Voigt

Regionale Energie- und Umweltanalyse fur die Region Hochrhein-
Bodensee

Juni 1990, 498 Seiten

D. Kluck

Einsatzoptimierung von Kraftwerkssystemen mit Kraft-Warme-
Kopplung

Mai 1990, 155 Seiten



Band 2 M. Fleischhauer, R. Friedrich, S. Haring, A. Haugg, J. Muller, A. Reuter,
A. Vol3, H.-G. Wystrcil
Grundlagen zur Abschatzung und Bewertung der von Kohlekraftwerken
ausgehenden Umweltbelastungen in Entwicklungslandern
Mai 1990, 316 Seiten

Band 1 U. Fahl
KDS - Ein System zur Entscheidungsunterstiitzung in Energiewirtschaft
und Energiepolitik
Marz 1990, 265 Seiten






Content

The decarbonization of the global energy system requires the deployment of distributed renewable en-
ergy sources (RES). This process involves an increasing number of active market participants, called
prosumers, who pro-duce and con-sume energy by means of distributed generation and storage sys-
tems. In Germany, approximately 1.4 million small-scale photovoltaics (PV) units below 10 kW have
been installed to date (2021), supported by the Renewable Energy Sources Act (EEG). Although prosum-
ers represent an important source of private RES investment, the current regulatory framework does
not yet provide sufficient incentives for these distributed systems to be integrated in a fully system-
serving way. On the contrary, for small-scale PV, the regulatory incentive over the past decade has been
solely to maximize self-consumption. The actual behavior of prosumers in response to the regulatory
framework consequently affects the energy system at different scales: Prosumer behavior can induce
(a) distributional effects at the household level, (b) (thermal) stress at the local network level, and (c)
additional system costs at the wholesale market level.

A deeper and quantitative understanding of these interferences between prosumers and the power
system at different scales is the objective of this cumulative thesis encompassing three peer-reviewed
journal papers. Based on empirical data and using statistical measures, the first paper examines the
household-level impacts of the EEG over the past 20 years. The results show significant regional differ-
ences in both the utilization of the technical rooftop potential and the allocation of net benefits from
the EEG. As a result, aggregated over the whole of Germany, the EEG leads to a cost shift of more than
half a billion euros to the detriment of traditional consumer households. The second study focusses on
system-level impacts from distributed PV, battery storage, heat pumps, and thermal storage. To realis-
tically depict the effects of strategic prosumer behavior, corresponding constraints are implemented in
a linear optimization model of the German electricity market. As a result, with future high RES and
prosumer shares, inconsiderate operation of distributed flexibility options, as incentivized by the pre-
sent regulatory framework, could incur additional system costs of more than EUR 1 billion. The third
paper concludes the analysis by studying possible local network effects associated with the widespread
emergence of prosumers. By coupling different control algorithms of distributed PV and battery systems
with a simultaneity analysis of the local network capacity utilization, it can be shown that network-ori-
ented operation of distributed flexibilities could significantly relieve the local distribution network. The
necessary change in prosumer behavior could be achieved via a new, capacity-based network charge
design. The assessment of the associated effects at the system and household levels form the conclud-
ing considerations of the study, demonstrating possible target conflicts between network- and system-
oriented flexibility operation.

Based on the findings of this thesis, we reason that the future design of the regulatory framework should
incorporate transparency, directness, cost causation, and flexibility as fundamental guiding principles.
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