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Abstract. In this paper we propose a bi-level equilibrium model that allows to analyze the
impact of di�erent regulatory frameworks on storage and network investment in distribution
networks. In our model, a regulated distribution system operator decides on network investment
and operation while he anticipates the decisions of private agents on storage investment and
operation. Since, especially in distribution networks, voltage stability and network losses have
a decisive influence on network expansion and operation, we use a linearized AC power flow
formulation to adequately account for these aspects. As adjustments of the current regulatory
framework, we consider curtailment of renewable production, the introduction of a network fee
based on the maximum renewable feed-in, and a subsidy scheme for storage investment. The
performance of the di�erent alternative frameworks is compared to the performance under rules
that are commonly applied in various countries today, as well as to a system-optimal (first-best)
benchmark. To illustrate the economic e�ects, we calibrate our model with data from the field
project Smart Grid Solar. Our results reveal that curtailment and a redesign of network fees
both have the potential to significantly reduce total system costs. On the contrary, investment
subsidization of storage capacity has only a limited impact as long as the distribution system
operator is not allowed to intervene in storage operation.

1. Introduction

In order to achieve the long-run national emission reduction, more and more conventional
generators are decommissioned and replaced by renewable technologies. Photovoltaic (PV) systems
are one of the key technologies in this context in many countries. Public support schemes have led
to an extensive expansion of PV capacities that are mainly connected to the electricity distribution
network.1 Moreover, the political targets call for further expansion. In Germany, e.g., a PV
expansion of 2.5 GW per year is legally prescribed (see EEG 2017). If the expansion continues
to take place predominantly in the distribution networks, this is expected to lead to substantial
problems with regard to congestion and voltage stability; see, e.g., von Appen et al. (2013),
Eftekharnejad et al. (2013), Eid et al. (2016). Current developments indeed indicate that while the
proportion of large PV systems installed is declining due to decreasing feed-in tari�s, a constant
expansion is predicted for the segment of small PV systems below 10 kWp.2 In total, 70 % of small
PV systems are installed on the roof of residential buildings3 and often used for self-consumption
by the local residents. Those residents are called prosumers since they produce and consume
electricity at the same time.4 The share of self-consumption is usually around 30 % and can
be significantly increased by combining the PV systems with storages of suitable capacities; see,
e.g., Castillo-Cagigal et al. (2011), Hoppmann et al. (2014), or Quoilin et al. (2016). A smart
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1In Germany, e.g., 98 % of the installed renewable generation capacity is currently connected to the distri-
bution network; see https : / / www . bmwi-energiewende . de / EWD / Redaktion / Newsletter / 2015 / 3 / Meldung /
infografik-verteilernetz.html.

2See https://www.bmwi.de/Redaktion/DE/Downloads/M-O/marktanalyse-photovoltaik-dachanlagen.pdf?__
blob=publicationFile&v=1.

3See https://www.bmwi.de/Redaktion/DE/Downloads/M-O/marktanalyse-photovoltaik-dachanlagen.pdf?__
blob=publicationFile&v=1.

4See To�er (1980).
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coordination between the storage and generation operation of such prosumers and the network
operation of the distribution system operator (DSO) might, in turn, enable a more e�cient network
operation. As a consequence, congestion, high voltage drops, and expensive network investment
might (partially) be avoided; see, e.g., Höflich et al. (2012), Zander et al. (2017), BDEW (2016),
Agora Energiewende (2014), or BMWi (2018).5

In liberalized electricity markets, a smart coordination between the behavior of di�erent agents
requires a market design that creates the right incentives for each individual. For distribution
networks, several possible market designs are presently discussed. One alternative is for example to
adjust the basic principles of network expansion planning. Distribution network expansion planning
is typically conducted under the paradigm that a feasible network operation has to exist for all
quantities fed into the network or purchased from the network. This does not take into account
the possibility of using short-run congestion management measures as curtailment of renewable
production; see, e.g., BNetzA (2014) or ÜNB (2016) for Germany. Höflich et al. (2012), amongst
others, propose to envisage curtailment of renewable production peaks in order to reduce the need
for network expansion in distribution networks. Another discussed measure is the introduction
of subsidy schemes for storage investment, which is already done in several countries.6 Also an
adaption of the network fee regime is currently discussed. In Germany, network fees are only paid
by consumers and thus, the current regulatory framework does not provide any incentives for the
location and operation of generation capacities. Frontier Economics (2008), von Hirschhausen
et al. (2012), Monopolkommission (2013), and Monopolkommission (2015) suggest that producers
should also pay a network fee in order to compensate the DSO for the costs that occur due to the
electricity fed into the network. Here, a feed-in fee (FIF) for renewable production based on the
highest feed-in quantity over an observation period would be an option.

Motivated by this ongoing scientific and political discussion on adjustments of the regulatory
framework in electricity distribution networks, we analyze the impact of di�erent market designs
(renewable energy sources (RES) curtailment, storage investment subsidies and feed-in fee for
production) on the behavior of the prosumers and the DSO as well as on the e�ciency of the overall
system. To really assess the impact of the market designs, one has to account for the fact that, due
to unbundling regulations (e.g., EnWG (2017) §6–10 in Germany), the operation of the network
has to be conducted separately from other activities like production and storage operation. Since
the DSO is regulated while consumers, producers, and storage operators are not, it is necessary to
consider the di�erent objectives of all involved decision makers as well as the temporal aspect of
the decisions in multi-level optimization models.

To account for this requirement we introduce a bi-level optimization model where a regulated
DSO decides at the first level on cost-minimal network investment and operation and anticipates
the decisions of the private agents on storage investment and operation as well as on electricity
feed-in and (self-)consumption at the second level. In order to consider aspects such as voltage
stability and network losses at the distribution network level, we use an AC power flow formulation.
Since the exact AC power flow equations are non-convex, a linearized approach is recommended to
include investment decisions in a bi-level optimization model. Therefore, we apply the AC power
flow relaxation introduced in Section C of the Online Supplement.

The proposed model allows to compare the outcome of a baseline scenario that mainly represents
the current market design in distribution networks to the outcome of several scenarios, each
corresponding to an alternative market design. As a first-best benchmark we determine the solution
of an integrated planner approach. To provide economically and politically relevant insights, we
calibrate our framework with real data from the project Smart Grid Solar. The project provides
extensive data on the consumption, the PV production, and the local network of a small village in
northern Bavaria, which have been collected in the context of a technical demonstration project.

5Due to unbundling regulations in liberalized electricity markets (e.g., EnWG (2017) §6–10 in Germany), network
operators are not allowed to own and operate storages; see European Commission (2019).

6For Germany see, e.g., BSW Solar (2016), for Australia see https : / / www . energymatters .
com . au / residential-solar / battery-system-rebates/, for Japan see https : / / www . iea . org /
policiesandmeasures / pams / japan / name-24448-en . php, for California see https : / / news . energysage . com /
california-energy-storage-incentives-sgip-explained/, for Ireland see http://www.citizensinformation.ie/
en/housing/housing_grants_and_schemes/Grants_for_solar_panels_and_battery_systems.html.

https://www.energymatters.com.au/residential-solar/battery-system-rebates/
https://www.energymatters.com.au/residential-solar/battery-system-rebates/
https://www.iea.org/policiesandmeasures/pams/japan/name-24448-en.php
https://www.iea.org/policiesandmeasures/pams/japan/name-24448-en.php
https://news.energysage.com/california-energy-storage-incentives-sgip-explained/
https://news.energysage.com/california-energy-storage-incentives-sgip-explained/
http://www.citizensinformation.ie/en/housing/housing_grants_and_schemes/Grants_for_solar_panels_and_battery_systems.html
http://www.citizensinformation.ie/en/housing/housing_grants_and_schemes/Grants_for_solar_panels_and_battery_systems.html


STORAGE INVESTMENT AND NETWORK EXPANSION IN DISTRIBUTION NETWORKS 3

We identify that there is a high e�ciency potential for distribution networks. Our results
show that a feed-in fee for production is able to incentivize the private agents to operate their
storages in a network-e�cient way and thus reduces the need of network expansion. Furthermore,
smart curtailment of renewable production realizes most of the high e�ciency potential. Our
computational study demonstrates, in particular, that just a few curtailment interventions are
su�cient to significantly avoid network expansion. Measures that do not a�ect operations, as a
subsidy for storage investment, have only limited e�ects.

1.1. Literature review. So far, most of the contributions to the analysis of storage and network
operation and expansion in distribution networks have used single-level optimization models to
determine the cost-minimizing system optimum. In Gayme and Topcu (2013), Awad et al. (2014),
for example, an optimal operation of storages is determined for a given network. Besides optimal
storage operation, Bose et al. (2012), Sjödin et al. (2012), Atwa and El-Saadany (2010), Castillo
and Gayme (2013), Sedghi et al. (2016), and Jannesar et al. (2018) also consider optimal storage
investment. Wogrin and Gayme (2015) analyze the placement and sizing of a storage portfolio over
a specific network. Combined optimal network and storage expansion is addressed in Koopmann
et al. (2013a), Sedghi et al. (2013), Koopmann et al. (2013b), Saboori et al. (2015), S. Samsatli
and N. J. Samsatli (2015), Hemmati et al. (2016), and Santos et al. (2017).7 All these models are
assuming the existence of an integrated planner who determines the system optimum but neglects
the objectives and the interaction of the individual agents.

One strand of literature considers storages that are operated in line with the objectives of the
DSO. But even if Deutsch and Graichen (2015), Bird et al. (2013), and Denholm and Sioshansi
(2009) argue that allowing the network operator to operate storages might be a useful measure
to avoid network expansion, this is not possible under current regulation. Due to the rules of
unbundling in liberalized electricity markets, decisions on storages and network have to be made by
di�erent agents; see European Commission (2019).

Another strand of literature considers the objectives of prosumers. The focus here is primarily
on optimizing self-consumption of self-produced electricity by operating storages accordingly; see,
e.g., Castillo-Cagigal et al. (2011), Hoppmann et al. (2014), Lorenzi and Silva (2016), Quoilin et al.
(2016), or Roberts et al. (2019). The profitability of installing storage capacities for this purpose
is addressed—under a feed-in tari� scheme and di�erent assumptions w.r.t. investment costs—in
SPE (2016), Prognos (2016), McKenna et al. (2013), Braun et al. (2009), Hoppmann et al. (2014),
Weniger et al. (2014), Linssen et al. (2017), and Merei et al. (2016). Parag and Sovacool (2016)
discuss market designs for storage-based self-consumption and propose strategies for integrating
prosumers into competitive electricity markets. Grübel et al. (2019) analyze arbitrage trading of
storages at the spot market. Schill et al. (2017b) and Schill et al. (2017a) model market trade
between prosumers, i.e., they determine the optimal storage investment under self-consumption
and under trading electricity with other prosumers. However, all the stated contributions do not
take into account network restrictions.

An isolated analysis of individual agents neglects the interaction between these agents. As
mentioned before, since the DSO is regulated while consumers, producers, and storage operators are
not, it is important to consider the di�erent objectives of all involved decision makers as well as the
temporal aspect by using multi-level models. These models also allow for an analysis of the impact
of di�erent market designs on the e�ciency of the overall system and have been widely analyzed to
assess the design of wholesale electricity markets, accounting for transmission networks; see, e.g.,
Sauma and Oren (2006), van der Weijde and Hobbs (2012), Baringo and Conejo (2012), O’Neill
et al. (2013), Jenabi et al. (2013), Oggioni and Smeers (2013), Huppmann and Egerer (2015), Egerer
et al. (2016), Grimm et al. (2016), and Ambrosius et al. (2018).

It is important to note, however, that the market environment di�ers significantly between
distribution and transmission networks. First, there is no electricity spot market trading with
subsequent redispatch in distribution networks. Instead, consumption is met by supply companies
at fixed electricity prices. Second, adequate models of the distribution network are more complex.

7There are also articles that focus on optimal configuration of distribution networks in terms of network and
generation capacity investment; see, e.g., El-Khattam et al. (2005) and Munoz et al. (2016). Huang and Söder (2017)
consider the same context and additionally include uncertain feed-in quantities of renewable production.
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While the “lossless DC approch” according to Schweppe et al. (1988) is commonly used to reflect
network restrictions in transmission networks, voltage levels, network losses, active, and reactive
power have to be taken into account in distribution networks when modeling the physics, i.e., an
AC power flow formulation like, e.g., in Co�rin and van Hentenryck (2014) and Co�rin et al. (2016)
is required. Considering additionally the individual objectives and the intertemporal aspect requires
complex and numerically challenging multi-level models.

For this reason, the impact of alternative market designs on distribution systems has been so far
mainly qualitatively discussed; see, e.g., Höflich et al. (2012), Cossent et al. (2009), Pèrez-Arriaga
and Smeers (2003), Camacho and Pèrez-Arriaga (2007), van der Welle and de Joode (2011), Prica
and Ilic (2007), Li (2007), Ruester et al. (2014), and Brandstätt et al. (2011). Only a few studies
quantitatively analyze the interaction between a regulated DSO and private agents by using multi-
level models. An early contribution by Wong et al. (2009) treats network investment by the DSO
and uncoordinated generation investment by private investors on the upper level. The network
and generation are then scheduled on the lower level. A bi-level model for distribution network
expansion planning considering renewable production is proposed in Asensio et al. (2017). The
upper level addresses the problem of network investment while demand quantities of consumers
are determined on the lower level. Rider et al. (2013) present a bi-level model for determining
optimal location and contract pricing of distributed generation in radial distribution networks.
The location and the contract prices of the distributed generation capacities are determined on
the upper level, whereas on the lower level, the reaction of an integrated distribution company is
modeled. A tri-level model for investment in feeders by the DSO with subsequent operation of
distributed generation and network is presented in Zeng et al. (2016).8

To the best of our knowledge, there is no literature that considers the case that storages might
be privately invested and operated while the network is planned and operated by a regulated DSO.
Thus, we contribute to the existing literature by studying this case with a computable equilibrium
model that accounts for inter temporal storage operation constraints and reflects network restrictions
properly. We increase the significance of our results by calibrating our model with real data from a
small village in northern Bavaria. Moreover, our computational framework enables us to analyze
the impact of di�erent regulatory frameworks on the e�ciency of the overall system.

1.2. Outline of the paper. This paper is organized as follows: Section 2 introduces necessary
assumptions and the model used throughout this paper. Section 3 presents the data used and the
di�erent market designs that are considered in our analysis. In Section 4, the results of the studied
scenarios are discussed and compared to the outcome of the first-best benchmark. We conclude
with a summary of our findings in Section 5, where we also derive implications for practice and
further research.

2. The bi-level optimization model

In what follows, we present the model used throughout this paper. We start by providing
helpful background information on the organization of distribution networks in liberalized market
environments. Furthermore, we introduce and justify necessary model assumptions; see Section 2.1.
Afterward, in Section 2.2, we state the basic notation and describe the economic agents together
with their decision spaces. In Section 2.3, we explain our bi-level optimization model for distribution
networks that accounts for the individual objectives of all agents as well as the temporal aspect.
Finally, in Section 2.4, we provide an Integrated Planner Approach that yields a first-best benchmark.

2.1. Background. In liberalized electricity markets, generation, storage, and network expansion
and operation are determined by di�erent agents.9 While private agents decide on generation and
storage, the regulated network operators decide on the network. At the lowest network level, the
distribution network, the DSO organizes the regional redistribution of generated electricity to the

8In the literature, there exist other bi-level optimization models that address the interaction of retail companies
and prosumers; see, e.g., Carrión et al. (2009), Nguyen et al. (2016), and Grimm et al. (2019a).

9In Germany, the regulatory framework is defined in the German energy act (EnWG) §6-10.
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end consumers.10 Consumers usually pay a uniform and time-independent retail price to their
respective supply company. Those prices may vary from supply company to supply company, are
applied to the kWh of purchased electricity and already include the network fees for all network
levels. The supply company collects the network fees and passes it to the network operators. No
network fees are charged for renewable generators. Those generators either receive a fixed feed-in
tari� for each kWh of electricity feed-in or directly market the electricity and additionally receive
a market premium. Prosumers, i.e., end consumers who operate their own renewable generators,
can (partially) use their production for self-consumption to reduce their electricity costs. By
self-consuming the electricity produced by their own PV systems, prosumers avoid the costs of
purchasing electricity and the included fees and taxes but are not remunerated for the feed-in of
the renewables. Since, in most countries, the electricity price is higher than the renewable feed-in
tari�, there is an incentive to maximize self-consumption.11 To further increase self-consumption,
prosumers may invest in storage capacities if the resulting cost savings outweigh the investment
costs and e�ciency losses of the storage.

In what follows, we use a bi-level optimization model in order to assess the impact of di�erent
market regimes on storage and network investment. This bi-level model reflects the market design
of distribution systems illustrated in Figure 1. The figure illustrates the stylized sequence of events,
the decisions taken by the di�erent agents (upper part of the boxes), and the market regimes we
analyze (lower part of the boxes).

t

network expansion
(DSO)

RC: RES
curtailment

storage
investment
(prosumers)

S: storage
investment

subsidy

|T | periods of storage operation,
feed-in of self-produced electricity, and
self-consumption (prosumers) as well

as network operation (DSO)

FIF: Feed-in fee for
production

Figure 1. Timing of network and storage investment in distribution networks

The regulated DSO decides on cost-minimizing network expansion (top left box in Figure 1).
This is a valid assumption since network operators are typically regulated.12 Under the market
regime RC, the DSO additionally takes renewable curtailment into account when planning network
expansion (bottom left box in Figure 1). In order to determine the necessary network expansion, the
DSO anticipates the decisions of the prosumers on storage investment (top middle box in Figure 1)
and on the subsequent |T | time periods of storage operation, feed-in of self-produced electricity, and
self-consumption. Moreover, the DSO already considers the operation of his distribution network
(top right box in Figure 1). While determining their storage investment, prosumers anticipate their

10In Germany, the tasks of the DSOs are regulated in the EnWG. DSOs have to optimize, strengthen and expand
the network in line with the network requirements (§ 11, EnWG). Furthermore, the DSOs have to operate the
network users safely and reliably (§ 11, EnWG), connect the network users, and calculate the network fees (§ 11,
EnWG). Moreover, the DSOs have to secure the operation of metering points (§ 21 (b), EnWG) and support network
operators of higher voltage levels with adequate measures (§ 14, EnWG).

11In Germany, for example, the feed-in tari� was significantly higher than the electricity price for end consumers
in the first years of PV electricity support, whereas support for newly installed generators is currently considerably
lower than the electricity price. In 2016, the prosumers of the considered field project paid an average electricity
price of e 0.2586 per kWh, while the feed-in tari� of a newly installed PV generator with a capacity of 10 kWp was
e 0.1197 per kWh.

12Network expansion is a long-term decision. Therefore, it is supposed that network investment is done once at
the beginning of the considered time horizon. We ensure comparability to other cost values by using net present
values.
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subsequent storage operation, feed-in quantities, and self-consumption.13 If storage investment
is subsidized (market regime S), each prosumer only considers the investment costs reduced by
the subsidy when deciding on investment in storage capacity (bottom middle box in Figure 1).
Finally, the prosumers determine storage operation, feed-in quantities, and self-consumption based
on their previous storage investment. At the same time, the DSO ensures a secure and e�cient
network operation based on the behavior of the prosumers and his previous network expansion.14

Regime FIF implements network fees (bottom right box in Figure 1) for the maximal renewable
feed-in. While the network fee is only paid for consumption under the current market design in
Germany, here, a fee is introduced that is paid by generators for the highest feed-in quantity over
an observation period. To account for the additional revenues from the feed-in fee, the network fee
for consumption is reduced accordingly. As baseline scenario B we consider the same timing but
without any of the additional regimes mentioned above.15 to adequately reflect network restrictions
in distribution networks. In order to assess the e�ciency of the baseline scenario and the alternative
market regimes, we also compare their outcomes to an integrated planner solution, in which a social
planner simultaneously takes all decisions.

Note, both the retail price and the included fees and taxes are exogenous in all scenarios. Since
the considered system is comparatively small, it is assumed that the system has a neglectable
impact on markets and upstream network levels. For this reason, the e�ects of the decisions of
the individual agents on prices and network fees are not taken into account. Also positive e�ects
leading, e.g., to less congestion of the upstream network levels are not quantified.

2.2. Economic agents and their decisions. Next, we introduce the relevant notation and present
the di�erent economic agents together with their decision spaces. For the sake of completeness, we
provide an overview of all sets, parameters, and variables used in our models in Section A of the
Online Supplement. Here and in what follows, the considered time horizon T = {t1, . . . , t|T |} is
assumed to be equidistantly discretized.

DSO. The regulated DSO is responsible for the secure, e�cient, and cost-minimal operation and
expansion of his distribution network. The distribution network is modeled as a directed and
connected graph G = (N , L) with node set N and arc set L ™ N ◊ N . The set of nodes is further
distinguished into the set Nnet of inner network nodes at which no production and no consumption
of electricity takes place and the set Npro of nodes at which consumers, producers, and prosumers
are located. At network node 1 œ N , the local power transformer is located. Any active or reactive
power flow into or out of the system passes node 1 and is controlled by the DSO. The set of arcs
represents the distribution lines and is further distinguished into the set Lex of existing lines and
the set Lnew of candidate lines that can be build by the DSO.16 For all l œ Lnew, the binary variable
zl indicates if line l is built (zl = 1) or not (zl = 0). The costs incurred if line l is built are denoted
by cinv

l .17 Each distribution line l œ L is charaterized by its conductance Gl, its susceptance Bl,
and its maximal permitted current Imax

l . According to standard notation, we denote the active
power flow on line l œ L in time period t œ T by Pt,l, the reactive power flow by Qt,l, and the
current by It,l. To ensure the secure, e�cient, and cost-minimal operation and expansion of his
network, the DSO controls these network variables. Moreover, he controls the nodal voltages Vt,n.

13We assume that the prosumers act with perfect foresight on all their future decisions. This is due to the fact
that the behavior of prosumers is not independent over time, i.e., the storage level of time period t influences the
storage operation of time period t + 1.

14The target of a secure and e�cient network operation is a valid assumption with regard to standard regulations;
see, e.g., EnWG for Germany.

15The timing of decisions is an adjusted version of the timing in Grimm et al. (2016) and Grimm et al. (2018).
The significant di�erences compared to the timing used in the stated contributions are the following. Here, we do not
consider spot market trading at a power exchange with subsequent cost-based redispatch but end consumers that
face a uniform electricity price independent of the time of consumption. In addition, storage investment is considered
instead of generation investment. Finally, in contrast to the “lossless DC approach” applied in Grimm et al. (2016)
and Grimm et al. (2018) for transmission networks, we use the AC power flow model presented in Section C of the
Online Supplement

16If there exists a line between two nodes n, m œ N in the real network, this line is represented in the model by
two directed arcs from n to m and from m to n.

17Since the modeling is based on a directed graph, the following applies for all arcs l œ Lnew: If line l = (n, m) is
built, then, line (m, n) is built, too. If line l = (n, m) is not built, then, line (m, n) is not built either.
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In order to influence the behavior of prosumers in a network-e�cient way, the DSO also determines
the amount of the granted storage subsidy (market regime S) and the amount of the feed-in fee
(market regime FIF).

Prosumers. Prosumers are private households that are connected to the distribution network and
who both consume and produce electricity with the aim of maximizing their profits. Each prosumer
may own multiple generators. The set of all generators owned by the prosumer n œ Npro is denoted
by Gall

n . The overall consumption dt,n and production
q

gœGall

n
yt,g is exogenously determined for

all time periods t œ T . If the DSO is allowed to curtail production (market regime RC), then, the
curtailed quantity at generator g œ Gall

n is given by ydown
t,g . The prosumers may (partly) consume

their produced electricity directly. This self-consumption reduces the amount of electricity that is
drawn from or fed into the distribution network, i.e., the residual consumption dres

t,n and the residual
production yres

t,g . If and how much electricity is self-consumed depends on the retail price pr and the
feed-in tari�s ppv

g . The highest feed-in quantity at node n œ Npro over the time horizon is denoted
by ȳn (market regime FIF).

In order to increase profits from self-consumption, the prosumers may operate storages. The
set Sall

n of all storage technologies at prosumer n œ Npro is further distinguished into the set Sex
n

of existing technologies and the set Snew
n of candidate technologies. An existing storage s œ Sex

n

is characterized by its maximum power �v̄ex
s and its installed capacity v̄ex

s . For a candidate
storage s œ Snew

n , investment costs of cpow
s and ccap

s arise for each kW of maximum power �v̄new
s

and for each kWh of installed capacity v̄new
s . The maximum power is an upper bound for the

storage inflow vin
t,s and outflow vout

t,s in each time period t œ T while the installed capacity is an
upper bound for the storage level vt,s. Each storage s œ Sall

n has an e�ciency of ‘s. The higher the
e�ciency, the lower is the power loss during charging and discharging.

network
expansion

(DSO)

network
operation

(DSO)

storage operation,
self-consumption,

feed-in of self-produced
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Figure 2. Interdependencies of the decisions of the DSO and the prosumers

2.3. The interaction of the DSO and the prosumers. In this section, we discuss the inter-
dependencies of the agents’ decisions; see Figure 2. We initially focus on market regimes B and
RC (solid lines in Figure 2). Afterward, we consider market regimes S and FIF (solid and dashed
lines in Figure 2). The two main decisions of the DSO are on network expansion and on network
operation while the two main decisions of each prosumer are on storage investment and on storage
operation involving decisions about self-consumption and feed-in. How the DSO operates his
network depends on his previous network expansion as well as on the residual demand (demand
minus self-consumption) and the residual production (production minus self-consumption) of the
prosumers. The network expansion itself depends on the subsequent operation of the network over
the considered time horizon as well as on the residual demand and production of the prosumers. In
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turn, the behavior of the DSO does not influence any of the investment or operation decisions of the
prosumers. The interdependency between the investment and operation decisions of the prosumers
is bidirectional: Prosumers invest in storage power and capacity depending on whether profits are
gained from the resulting increase in self-consumption.18 Conversely, operation of storages depends
on the available power and capacity and thus, on the previous investment decisions of prosumers.
In case of market regimes S and FIF, the DSO additionally determines the amount of the storage
investment subsidy or the feed-in fee in anticipation of the behavior of the prosumers. Taking into
account the amount of the subsidy or the feed-in fee, the prosumers decide on storage investment
and operation.

We capture the timing reflected in Figure 1 and the interdependencies of decisions reflected in
Figure 2 in an optimization model, where the connection of both levels depends on the respective
market design. In baseline scenario B and market regime RC, the DSO decides on cost-minimizing
network expansion and operation at the 1st Level anticipating the outcome of the 2nd Level. At the
2nd Level, the prosumers optimize their profits, storage investment and operation, self-consumption,
and feed-in. Under these market designs, the two levels can be solved sequentially since only the
decisions of the DSO depend on the decisions of the prosumers but not vice versa. In case of market
regimes S and FIF, the DSO also decides on the storage investment subsidy or the feed-in fee.
Thereby, the decisions of the DSO influence the decisions of the prosumers resulting in a bi-level
optimization problem where both levels depend on each other.

A schematic representation of the bi-level optimization model is shown in Figure 3. In what
follows, we present the two levels of the bi-level model in detail.

1st Level: Network Operation and Investment
DSO chooses network investment and operation (and storage subsidy or
feed-in fee in market regimes S and FIF) in order to

min costs (regulated DSO)
s.t. linearized AC power flow equations

bus voltage limits
voltage phase angle di�erences
network losses
link between apparent power, voltage, and current
current restrictions
network investment restrictions

2nd Level: Storage Investment and Prosumer Behavior
Prosumers choose storage investment and operation (depending
on the storage subsidy or feed-in fee in S and FIF) in order to

max profits (prosumers)
s.t. self-consumption and feed-in

storage charging and discharging restrictions
storage level restrictions

Figure 3. Schematic representation of the bi-level optimization model

For baseline scenario B and market regime RC applies: Since the decisions of the prosumers
do not depend on the decisions of the DSO, the two levels can be solved sequentially starting
with the 2nd Level and afterward computing the 1st Level with fixed variables from the 2nd Level.

18Note that, on the one hand, an increased self-consumption reduces the overall feed-in profits since self-
consumption reduces the quantity of self-produced electricity fed into the distribution network. On the other hand,
it also reduces the costs of consumption.



STORAGE INVESTMENT AND NETWORK EXPANSION IN DISTRIBUTION NETWORKS 9

However, in the market regimes S and FIF, the two levels cannot be solved sequentially due to the
interdependencies of both levels.19 The solution strategies for these market designs are discussed in
Section 3.2.

2nd Level: Storage Investment and Prosumer Behavior. At the 2nd Level, the prosumers
decide on the investment in storage power and capacity as well as on their (self-)consumption, their
feed-in, and the operation of their storages in all subsequent time periods t œ T . The objective
of the prosumers is to maximize their profits. Therefore, the objective function ÂPB is defined
as the feed-in revenues minus the expenses for electricity consumption minus the costs of storage
investment:

ÂPB =
ÿ

nœNpro

Q
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ÿ
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ÿ
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n

ppv
g yres

t,g ≠
ÿ
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ÿ

sœSnew

n
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R

b . (1)

Due to self-consumption, the electricity drawn from or fed into the distribution network does
not necessarily correspond to current demand or production. Therefore, Equations (2) determine
the resulting residual consumption dres

t,n and production yres
t,g for all prosumers n œ Npro, generators

g œ Gall
n , and time periods t œ T . The residual production is furthermore constrained by the current

output of the generator while the residual demand cannot exceed the actual consumption of the
prosumer:20

dt,n ≠
ÿ
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n

yt,g +
ÿ
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n

!
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t,s ≠ vout
t,s

"
= dres

t,n ≠
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n
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t,g , for all n œ Npro, t œ T , (2a)

dres
t,n Æ dt,n, for all n œ Npro, t œ T , (2b)

yres
t,g Æ yt,g, for all n œ Npro, g œ Gall

n , t œ T . (2c)
For each time period t œ T , charging and discharging is restricted for both existing and candidate

storages by their maximum power.
vin

t,s, vout
t,s Æ �v̄ex

s , for all n œ Npro, s œ Sex
n , t œ T , (3a)

vin
t,s, vout

t,s Æ �v̄new
s , for all n œ Npro, s œ Snew

n , t œ T . (3b)
The storage level at the end of period t œ T is given by the storage level at the end of the

previous period plus the respective charging of the period minus the discharging. Additionally, the
e�ciency losses during charging and discharging are taken into account in this calculation. The
initial storage level vt

1

≠1,s is a fixed input parameter. Furthermore, neither existing nor candidate
storages can have a storage level higher than the installed capacity at any point in time t œ T .

vt,s = vt≠1,s + ‘svin
t,s ≠ (1/‘s)vout

t,s , for all n œ Npro, s œ Sall
n , t œ T , (4a)

vt,s Æ v̄ex
s , for all n œ Npro, s œ Sex

n , t œ T , (4b)
vt,s Æ v̄new

s , for all n œ Npro, s œ Snew
n , t œ T . (4c)

Finally, we have to impose non-negativity for all variables of the 2nd Level.
yres

t,g Ø 0, for all n œ Npro, g œ Gall
n , t œ T , (5a)

dres
t,n Ø 0, for all n œ Npro, t œ T , (5b)

v̄new
s , �v̄new

s Ø 0, for all n œ Npro, s œ Snew
n , (5c)

vt,s, vin
t,s, vout

t,s Ø 0, for all n œ Npro, s œ Sall
n , t œ T . (5d)

Thus, the linear maximization problem at the 2nd Level reads:
max ÂPB

!
yres

t,g , dres
t,n, v̄new

s , �v̄new
s

"

s.t. (2) ≠ (5).
19In this section, only the mathematical formulation of the baseline scenario is provided. For a detailed overview

of all market regimes, we refer to Section D of the Online Supplement.
20Note that, due to e�ciency losses, one retail price and fixed feed-in tari�s over time, no electricity purchased

from the distribution network is stored, i.e., Equation (2b) holds. Here, storages are exclusively used for optimizing
self-consumption.
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1st Level: Network Operation and Investment. To analyze the interaction of network
expansion and locational choice of storages, the network topology and all associated physical
network restrictions must be taken into account in the optimization model. Since most of the
physical constraints, e.g., Kirchho�’s second law - are nonlinear, there is the need to simplify
these highly complex conditions for application in economic equilibrium models. The “lossless DC
approach” according to Schweppe et al. (1988) is most frequently used for this purpose; see, e.g.,
Romero et al. (1995), Binato et al. (2001), and da Silva et al. (2001).

The “lossless DC approach” requires three simplifying assumptions for reducing the transmission
constraints to a set of linear conditions, which are analyzed in Purchala et al. (2005) for their
legitimacy. The first assumption is that the resistance of a network line is significantly smaller than
the reactance and that therefore the resistance can be neglected. Purchala et al. (2005) show that
the higher the voltage level, the more permissible this assumption becomes. Second, in order to
further simplify, it is assumed that voltage levels are the same at all network nodes, what is almost
impossible to ensure in electricity networks. However, Purchala et al. (2005) show that for small
deviations of voltages, the average error made by this assumption is limited to 5 %. The third
assumption of the “lossless DC approach” are small phase angle di�erences at adjacent network
nodes. An application to the Belgian high-voltage network shows that this assumption does not
cause significant errors for meshed transmission networks; see Purchala et al. (2005). Based on these
assumptions, the “lossless DC approach” reflects only active power flows but neglects network losses,
reactive power flows as well as di�erent voltage levels; see Schweppe et al. (1988). In general, the
averaged accuracy of the “lossless DC approach” for high-voltage networks is about 5 % compared
to AC power flow approaches, what is an acceptable accuracy for economic analysis that focuses on
transmission networks; see Purchala et al. (2005).

Nevertheless, the assumption that the resistance is significantly smaller than the reactance and
that there is a uniform voltage level is an illegitimate simplification for distribution networks; see,
e.g., Majumder et al. (2010), Zhu (2002), Keane and O’Malley (2005), Niknam et al. (2010), and
Malekpour and Niknam (2011). In particular, the low ratio of resistance to reactance in distribution
networks increases the need to consider network losses, reactive power flows, and voltage levels; see,
e.g., Ackermann et al. (1999), Ackermann et al. (2001), and Purchala et al. (2005). Thus, in order
to reflect the physical restrictions adequately, these aspects are considered in our applied AC power
flow model. So far in literature, there are several AC power flow approximations and relaxations
that address these requirements; see, e.g., Co�rin et al. (2016) and Co�rin et al. (2017). However,
these power flow models are nonlinear and thus, not numerically tractable in the context of long-run
multi-level equilibrium problems. To allow for a computational analysis of real instances over
multiple time periods, a linear AC power flow model is recommended as, e.g., in Co�rin and van
Hentenryck (2014), Mhanna et al. (2016), and Section C of the Online Supplement. In particular,
the selected AC power flow model must be applicable to the case of endogenous network expansion.
Therefore, we use in our model the linear AC power formulation21 as proposed in Section C of the
Online Supplement, which is developed by linearizing the convex quadratic relaxation of the AC
Optimal Power Flow Problem introduced by Co�rin et al. (2016).22

At the 1st Level, the DSO decides on network expansion anticipating that there must always
exist a feasible AC power flow for all residual loads of the prosumers. Due to regulations, the
DSO minimizes total costs that are composed of the network investment costs plus the costs for
balancing the network losses over all time periods. To be able to compare the performance of all
market designs, we add the—on this level fixed—profits of the prosumers to the objective of the

21There has been a lot of research on mixed-integer optimization problems in the last decades. As a consequence,
fast and reliable solvers are available also for big instances. Furthermore, global optimality of the computed
equilibrium is ensured.

22In accordance with standard load factor regulations, we limit the daily average current on each network line by
70 % of the maximum permitted current. If this daily average restriction is adhered to, then, a short-term exceeding
of the maximum permitted current will not be damaging as long as this exceeding remains within prespecified bounds;
see DIN VDE 0276-1000 (1995) and IEC 60287 (2015). In our model, an exceeding of maximal 33 % is allowed,
which is in line with Aazami and Haghifam (2013) and Hedman et al. (2010). In order to ensure that the whole
system is still operated safely, the TSO can also exceed existing network capacities; see dynamic line rating (DLR) in
European Standard DIN EN 50182 (2001).
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DSO.23 Since the DSO does not realize any revenues, minimizing costs is equivalent to maximizing
profits. Thus, the system benefit ÂDSO is given by the following objective function:

ÂDSO =
ÿ

nœNpro

Q

a
ÿ

tœT

ÿ

gœGall

n

ppv
g yres

t,g ≠
ÿ

tœT

prdres
t,n ≠

ÿ

sœSnew

n

(ccap
s v̄new

s + cpow
s �v̄new

s )

R

b

≠ 1
2

ÿ

tœT

ÿ

lœL

Gl

G2
l + B2

l

peex
t lt,l ≠ 1

2
ÿ

lœLnew

cinv
l zl

(6)

Hence, the mixed-integer linear maximization problem at the 1st Level is the following:
max ÂDSO (lt,l, zl)
s.t. (C.3), (C.7) ≠ (C.29).

2.4. First-best benchmark: The Integrated Planner Approach. In this section, we present
the Integrated Planner Approach, in which a social planner optimally invests in and operates both the
storages and the distribution network. In the course of this, he also determines (self-)consumption
and feed-in for all considered time periods t œ T . His objective is to maximize the benefits of
the overall system. The Integrated Planner Approach is a standard approach in electricity market
literature to determine the optimum of a system; see, e.g., Romero et al. (1995), Jenabi et al.
(2013), or Eßer-Frey and Fichtner (2011) for transmission networks and El-Khattam et al. (2005),
Atwa and El-Saadany (2010), or Viral and Khatod (2012) for distribution networks. In the system
optimum, the interaction between di�erent market participants is not taken into account. For this
reason, the outcome of the Integrated Planner Approach cannot be used to forecast the development
of an electricity system under current or alternative market designs. Instead, the Integrated Planner
Approach yields a first-best benchmark that indicates the maximal e�ciency potential of the system.
Moreover, the comparison of the outcomes of di�erent market designs to this benchmark evaluates
the e�ciencies of the respective market designs.

Here, the objective function ÂIP of the integrated planner, i.e., the accumulated system revenues
and expenses, is defined as the feed-in revenues minus the expenses for electricity consumption
minus the costs for storage investment, network investment, and balancing the network losses:
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As already mentioned, the integrated planner decides on network expansion and storage invest-
ment while simultaneously accounting for the physical restrictions of the distribution network,
(self-) consumption, feed-in, and storage operation. Therefore, the integrated planner faces the
following mixed-integer maximization problem:

max ÂIP
!
yres

t,g , dres
t,n, v̄new

s , �v̄new
s , lt,l, zl

"

s.t. (2) ≠ (5), (C.3), (C.7) ≠ (C.29).

3. Data and scenarios

In this section, we present the data used to calibrate the bi-level optimization model. Afterward,
we introduce the scenarios analyzed in this paper.

23The profits of the prosumers are determined at the 2nd Level. For this reason, these profits are fixed at the
1st Level. Nevertheless, including these profits in the objective function of the DSO enables to compare the system
benefits of di�erent market designs since then and only then all costs and revenues that arise in the system are
considered.
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3.1. Data. We use data from the field project Smart Grid Solar in order to quantify the impact
of alternative market designs in distribution networks. Smart Grid Solar was a research project
funded by the Bavarian Ministry of Economic A�airs and Media, Energy and Technology and the
European Regional Development Fund. In the project, various partners from industry and the
public sector worked together with research institutions and local network operators under the
coordination of the Bavarian Centre for Applied Energy Research (ZAE). The project lasted from
2012 to 2017. During this five year period the participating project partners installed a smart
grid infrastructure in a small village in northern Bavaria. The infrastructure was operated and
monitored in order to identify and solve technical and economic problems as well as benefits and
potentials of smart grid systems. During the operation of the installed smart grid infrastructure,
data on PV production and consumption has been collected. Furthermore, data on the network
topology of the observed distribution network in northern Bavaria was made available.24

We use this data together with additional data from the literature to calibrate our framework.
We focus on a future distribution system and therefore adapt the data accordingly to represent an
exemplary year around 2035.

Network. We consider the network presented in Figure 4. The network reflects the distribution
network of the addressed village in northern Bavaria. Nodes where consumption and/or production
takes place are denoted by Di, i.e., Npro = {D1, . . . , D19}. For reasons of simplification, we assume
that there is at most one (possibly aggregated) prosumer at each node of the network. Inner network
nodes without any consumption or production are denoted by Ni, i.e., Nnet = {N1, . . . , N15}. The
local power transformer LPT is located at node 1. Any flow of electricity into or out of the system
passes this node. In total, the set of network nodes is equal to the union of prosumer nodes, inner
network nodes, and the transformer, i.e., N = Npro fi Nnet fi {1}. Thus, we address with n œ Npro a
prosumer as well as a node of the distribution network. The existing distribution lines correspond to
the continuous lines in Figure 4. Due to massive expansion of photovoltaic systems, five candidate
lines for network expansion were identified. These are the dashed lines in Figure 4. A detailed
overview of types, lengths, and physical characteristics of all existing and candidate distribution
lines can be found in Section E of the Online Supplement. The considered investment costs for
network expansion are based on estimations of Sillaber (2016) and amount to e 110 per meter.
The annuity of the resulting expansion costs is an input parameter of our bi-level optimization
model, assuming an interest rate of 6 % and an amortization period of 40 years.25 Table 1 gives an
overview of the annuities of each candidate line.

Table 1. Line investment costs as annuities

Line Start node - End node Investment costs as annuity (e)

L1 LPT - N2 906.54
L2 LPT - D11 1,111.24
L3 D11 - N3 51.18
L4 N13 - N4 270.50
L5 N12 - D16 504.45

In accordance to DIN EN 50160 (2010), we limit the maximum voltage deviation at each node
to 10 % of the nominal voltage, which is 230 V. The DSO is deemed to purchase electricity on the
wholesale market to compensate for network losses. The hourly wholesale prices used in our model
reflect the forecasted wholesale prices for the year 2035 for the German electricity market according
to current market rules. To determine the forecasted prices for 2035, we apply the GATE model,
an economic equilibrium model that analyzes the long-run development in the German electricity
system; see Grimm et al. (2016) and Grimm et al. (2018).

24For further information on the project Smart Grid Solar see http://www.smart-grid-solar.de/index.html.
25Depending on the country, there are various assumptions about these values; see https://www.eon.com/

content/dam/eon/eon-com/investors/presentations/facts-and-figures-2018.pdf.

http://www.smart-grid-solar.de/index.html
https://www.eon.com/content/dam/eon/eon-com/investors/presentations/facts-and-figures-2018.pdf
https://www.eon.com/content/dam/eon/eon-com/investors/presentations/facts-and-figures-2018.pdf
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Demand. In the project Smart Grid Solar, data about demand of active and reactive power has
been measured in a resolution of 15 seconds at all nodes by using smart meters. To be able to
simultaneously optimize the (long-run) investment incentives and (short-run) operation decisions in
our computable equilibrium model, a significant reduction of the considered temporal resolution is
necessary. Therefore, the demand values are aggregated to hourly values and three representative
weeks of the year 2015 are selected. We choose a typical winter week (14.12.2015-20.12.2015), a
typical summer week (20.07.2015-26.07.2015), and a typical autumn week (14.09.2015-20.09.2015).
The autumn week is weighted by a factor of two in order to also reflect a typical spring week.
Independently of the time of consumption, consumers pay a retail price of e 0.2586 for each kWh
of active power purchased from the network.26 This retail price already includes the network fees
paid by the consumers per kWh.

PV production. The installed photovoltaic capacities are presented in Table 2. The active power
production of these PV systems has also been measured in a resolution of 15 seconds by using smart
meters. Similar to the demand data, we aggregate these values to hourly data and select the same
three representative weeks of the year 2015 for our case study. The operators of the PV systems
are compensated for each produced kWh of active power in accordance with the EEG 2014 feed-in
tari�s. These feed-in tari�s are presented in Table 2 and depend on the size as well as on the date
of installation.27 Since data on hourly reactive power provision is not available for the considered
distribution network, we assume that each PV generator works at a constant power factor of 0.975.

Storage. So far, there do not exist any storage technologies in the studied distribution network.
Storages may be newly installed by all prosumers that own a photovoltaic system. As storage
technology, we consider type SolStore LI 6.5.28 This type of storage was installed in households
as part of the project Smart Grid Solar and has an e�ciency of 85 %, which is equivalent to a
charging and discharging e�ciency of 92.2 %. In accordance with Bürger et al. (2016), we only
account for capacity investment costs29 that amount to e 425 per installed kWh.30

The annuity of investment costs is an input parameter of our bi-level optimization model,
assuming an interest rate of 3 % and an amortization period of 20 years. The initial storage level is
assumed to be zero.

3.2. Scenarios. In this section, we present all scenarios considered in this article. In general, we
have two di�erent kinds of scenarios: market design scenarios MD, in which current or alternative
market designs for the distribution level are analyzed, and benchmark scenarios FB, in which
optimal system configurations are determined.

Baseline (MDB). Scenario MDB mainly reflects the current market rules in distribution networks
of liberalized electricity markets. All of the other market designs described below extend scenario
MDB. For this reason, we refer to this scenario as our baseline scenario. We refer the reader back
to Figure 1, which presents the timing of the baseline market design and furthermore illustrates at
which points in time the extensions of the alternative market designs influence the behavior of the
individual agents. In what follows, we emphasize those parts of the current regulatory framework
that are later altered in the alternative market designs.

In the baseline scenario, private households decide on investment in storage capacities as well as
on hourly storage operation, (self-)consumption, and feed-in in order to maximize their profits. For

26This price corresponds to the electricity price of the local electricity supplier over the considered time period;
see https://www.stadtwerke-hof.de/energie/strom/strompreise-ueberblick.html, accessed 05.12.2016.

27The tari�s are chosen as if the PV systems have been installed on December 1, 2016.
28For further information see https://shop.ibc-solar.de/products/de/shop/PV/Speicher/IBC_Speicher/

IBC-SolStore-6-5-Li/?card=794.
29With this assumption, we follow the related literature on battery storage investment; see, e.g., Chen et al.

(2009) and Zerrahn and Schill (2017). According to the data sheet of the used storage technology (see https :
/ / shop . ibc-solar . de / products / de / shop / PV / Speicher / IBC _ Speicher / IBC-SolStore-6-5-Li / ?card = 794 _
Speicher/IBC-SolStore-6-5-Li/?card=794), the maximum power is higher than the capacity. Thus, due to the
hourly resolution in our model, the maximum power is never binding in the case study.

30The cost interval for storage investment in Bürger et al. (2016) refers to the year 2030. Since the investment
costs chosen in our case study are close to the lower bound of this cost interval, we assume that these costs are still
valid for 2035.

https://www.stadtwerke-hof.de/energie/strom/strompreise-ueberblick.html
https://shop.ibc-solar.de/products/de/shop/PV/Speicher/IBC_Speicher/IBC-SolStore-6-5-Li/?card=794
https://shop.ibc-solar.de/products/de/shop/PV/Speicher/IBC_Speicher/IBC-SolStore-6-5-Li/?card=794
https://shop.ibc-solar.de/products/de/shop/PV/Speicher/IBC_Speicher/IBC-SolStore-6-5-Li/?card=794_Speicher/IBC-SolStore-6-5-Li/?card=794
https://shop.ibc-solar.de/products/de/shop/PV/Speicher/IBC_Speicher/IBC-SolStore-6-5-Li/?card=794_Speicher/IBC-SolStore-6-5-Li/?card=794
https://shop.ibc-solar.de/products/de/shop/PV/Speicher/IBC_Speicher/IBC-SolStore-6-5-Li/?card=794_Speicher/IBC-SolStore-6-5-Li/?card=794
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Table 2. Installed PV capacities

Node Installed capacity (kWp) Feed-in tari� (e/kWh) Annual production (kWh)

D1 7.480 0.1231 7,539.854
D2 16.720 0.1197 18,035.634
D3 14.400 0.1197 16,111.970
D4 6.885 0.1231 5,722.712
D10 7.350 0.1231 7,257.719
D11 117.050 0.1197 93,403.431
D12 24.655 0.1197 25,438.005
D13 30.240 0.1197 30,153.731
D16 54.360 0.1071 54,130.871
D19 10.660 0.1197 9,843.481

each kWh of electricity purchased from the network, a contractually fixed retail price has to be paid
to the supply company. This retail price is assumed to be constant over all considered time periods
and already includes the network fees paid by the consumers for using the network. Each producer
receives a fixed feed-in tari� for every kWh of PV-produced electricity fed into the network. None
of the producers pays network fees for feeding-in electricity.

The DSO anticipates the behavior of the private households and decides on network expansion
as well as on the hourly operation of his network in order to minimize his costs. In accordance with
the current regulation in Germany, the DSO is in MDB neither allowed to consider curtailment
of renewables during the network expansion planning nor to curtail during the operation of his
network; see ÜNB (2013). Furthermore, the DSO is not allowed to invest in or operate storages
under the current unbundling regime of liberalized electricity markets; see European Commission
(2019).

We already explained in Section 2.3 both levels underlying scenario MDB in detail. For the
mathematical formulation see Section D of the Online Supplement.

RES Curtailment (MDRC). In scenario MDRC, the DSO is allowed to curtail renewables in order
to avoid network congestion. Moreover, the DSO is allowed to anticipate e�cient RES curtailment
during network expansion planning. As a consequence, the DSO must not expand the network to
transmit the “last kWh of renewable feed-in”. In particular, the network operator uses renewable
curtailment in order to balance production and consumption without the need of switching on
generators outside the considered system.31 Otherwise, all rules of MDB are still valid.

To model scenario MDRC, we adjust the bi-level optimization problem introduced in Section 2.3.
Prosumers whose feed-in quantities are (partially) curtailed are completely compensated for their
forgone revenues. Therefore, the 2nd Level remains unchanged. The DSO has to compensate each
prosumer in case of curtailment. Therefore, he incurs additional costs for each curtailed kWh in the
amount of the feed-in tari� of the prosumer. These costs are added to the objective function of
the DSO at the 1st Level.32 For the mathematical formulation of both levels see Section D of the
Online Supplement.

Storage investment subsidy (MDS). Here, we consider a subsidy scheme for storage investment.
The DSO subsidizes the storage investment of the prosumers, although the prosumers use the

31In Germany, the network operator is responsible for passing through the produced renewable quantities to the
spot market. Even in countries in which renewable trade is conducted by private agents, the DSO must be able to
announce in advance the quantities that will be curtailed.

32It is immediately clear that taking into account an e�cient RES curtailment may lead to reduced costs for the
DSO because the DSO prefers RES curtailment to network expansion if and only if this is the more cost-e�ective
measure for solving network problems. As an additional positive e�ect, the EEG surcharge is reduced since then, the
compensation of curtailed quantities is no longer financed by the EEG surcharge. Nevertheless, the DSO curtails
renewables if and only if this measure is, like network expansion, 100 % accountable according to the Incentive
Regulation Ordinance (ARegV). Furthermore, RES curtailment is currently in conflict with §11 EEG.
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Figure 4. The considered distribution network

storages only for optimizing their self-consumption, i.e., the DSO has no possibility to influence the
operation of the subsidized storages.33 Otherwise, all rules of MDB are still valid.

As mentioned, such a subsidy is intended to increase the self-consumption of the prosumers.
This may lead to reduced residual loads in peak hours which in turn may lead to a reduced need for

33Subsidy schemes for storage investment are currently initialized in many countries around the world;
see, e.g., BSW Solar (2016) for Germany, https : / / www . energymatters . com . au / residential-solar /
battery-system-rebates/ for Australia, https://www.iea.org/policiesandmeasures/pams/japan/name-24448-en.
php for Japan, https : / / news . energysage . com / california-energy-storage-incentives-sgip-explained/ for
California, and http://www.citizensinformation.ie/en/housing/housing_grants_and_schemes/Grants_for_
solar_panels_and_battery_systems.html for Ireland.

https://www.energymatters.com.au/residential-solar/battery-system-rebates/
https://www.energymatters.com.au/residential-solar/battery-system-rebates/
https://www.iea.org/policiesandmeasures/pams/japan/name-24448-en.php
https://www.iea.org/policiesandmeasures/pams/japan/name-24448-en.php
https://news.energysage.com/california-energy-storage-incentives-sgip-explained/
http://www.citizensinformation.ie/en/housing/housing_grants_and_schemes/Grants_for_solar_panels_and_battery_systems.html
http://www.citizensinformation.ie/en/housing/housing_grants_and_schemes/Grants_for_solar_panels_and_battery_systems.html
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network expansion.34 To model scenario MDS, we slightly adjust the two levels of the optimization
problem introduced in Section 2.3. By granting the subsidy, the optimization problem becomes
a bi-level problem, where the variables of the upper level have an impact on the lower level and
vice versa. The granted subsidy is determined by the DSO and a�ects the storage investment costs
of the prosumers but it does not a�ect any constraints of both the 2nd Level and the 1st Level.
Therefore, the subsidy is included into the model by reducing the storage investment costs in the
objective function of the 2nd Level respectively. Note that the objective function of the 1st Level
remains unchanged since the subsidy represents a transfer from the DSO to the prosumers. Thus,
the benefits of the electricity system are not a�ected. For the mathematical formulation of both
levels see Section D of the Online Supplement.

Due to the time dependencies of storage operation and the considered long-run horizon, we
cannot reformulate the underlying bi-level model based on KKT conditions as it is often done in
the literature (see, e.g., Grimm et al. (2019a) and Wu et al. (2018)).35 Therefore, we iterate over
exogenously given subsidy rates (discretized subsidy from 0 % to 100 % of storage investment costs
per kWh). In fact, the DSO will only grant a subsidy rate if this rate leads to lower network costs
as compared to the case without a subsidy. By this approach, the granted subsidy becomes an
input parameter in each iteration and the bi-level problem can be solved sequentially.

Feed-In Fee for production (MDFIF). Grimm et al. (2019b) already investigated the introduction of
a network fee for conventional generators on a transmission network level. They conclude that the
integration of renewable energies in such a network fee scheme might lead to additional e�ciency
gains. As the majority of renewable energies are connected to the distribution network, an analysis
has to be made at this network level. Thus, in scenario MDFIF, the current network fee scheme is
adjusted. While, in the baseline scenario, the network fee is already included in the retail price
and paid proportionally for consumption, here, parts of the network fees are collected upon feed-in.
The feed-in fee is charged for the maximum feed-in quantity over the considered observation period.
The overall network fees should cover all costs of the DSO. Thus, if additional network fees are
collected for feed-in, the network fees for consumption and therefore the retail price must be reduced
respectively. Otherwise, all rules of MDB are valid.

The feed-in fee for production is intended to incentivize all private households with generation
capacities to invest in storage capacities and, furthermore, to operate these storages such that their
highest feed-in and therefore their feed-in fees are reduced.36 Again, this may lead to reduced
residual loads which in turn may lead to a reduced need for network expansion.

To model scenario MDFIF, we adjust the bi-level optimization model presented in Section 2.3
in the following way: Since the network fees lower the retail price and, furthermore, introduce
costs for the maximum feed-in of electricity, we have to adjust the objective function of the 2nd
Level accordingly. In order to determine the highest feed-in quantity over the time horizon, we add
Equation (8) to the constraints of the 2nd Level:

ÿ

gœGall

n

yres
t,g Æ ȳn, for all n œ Npro, t œ T . (8)

Higher network fees for prosumers due to an additional feed-in fee for production may lead to
acceptance problems. To avoid these problems, the DSO has to ensure by the choice of the feed-in
fee and the reduction of the retail price that the prosumers’ profit is neutral as compared to the
baseline scenario. For this purpose, the retail price for electricity consumption is reduced by the
share of network fees that is achieved by the additionally introduced feed-in fee for production.
In order to receive a comparable system benefit value for the entire system, we also consider the
reduced retail price as well as the feed-in fee in the objective function of the 1st Level. For the
mathematical formulation of both levels see Section D of the Online Supplement.

34However, the subsidy of the storage investment needs to be 100 % accountable in accordance with the Incentive
Regulation Ordinance. Otherwise, the DSO would not consider this option.

35Former implementations have shown that the resulting single-stage optimization problem cannot be solved by
current state-of-the-art solvers.

36Thus, in MDFIF, the collection of network fees is done such that the persons who are actually more likely to
cause network charges do also pay for them. This may lead to greater social justice.
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Again, we use an iterative approach which terminates when profit-neutrality of introducing a
feed-in fee for prosumers is achieved. An outer loop iterates over an exogenously given discretized
interval for the feed-in fee cres œ R+. Given cres, an inner loop determines a profit-neutral feed-in
fee ĉres and reduced retail price p̂corr. The inner loop algorithm works as follows: After first solving
the bi-level optimization problem with the unchanged retail price pr and feed-in fee cres, a reduced
retail price p̃corr is determined by dividing the total amount of all paid feed-in fees by the annual
residual demand.37 Afterward, the bi-level optimization problem is solved again with the reduced
retail price p̃corr and feed-in fee cres. If this reduced retail price leads to other decisions of the
prosumers, e.g., other storage investment, the feed-in fee is reduced to c̃res = cres ≠ ‘. The inner
loop algorithm is iterated until the profits of the prosumers correspond to those of the baseline
scenario. In the end, ĉres and p̂corr of the iteration step with the highest system benefit determines
the solution.38

First-best benchmarks FBB and FBRC. As first-best benchmark FBB, we compute the optimal
configuration of the considered distribution network by applying the Integrated Planner Approach
introduced in Section 2.4. By comparing the results of the di�erent market designs to this system
optimum, we are able to analyze the e�ciency of the di�erent regulatory frameworks. In order to
guarantee comparability of the FB and MD scenarios, it has to be ensured that the same rules
with regard to RES curtailment are applied. For the case of no RES curtailment, the e�ciency
potential is determined by the di�erence of the system benefits of FBB and MDB. For the case that
RES curtailment and network expansion are traded o� against each other, the e�ciency potential
is given by the di�erence of the system benefits of FBRC and MDRC. Note that the first-best
benchmark FBRC is an adjusted version of the Integrated Planner Approach presented in Section 2.4.
Similarly to the market design MDRC, we additionally have to allow for curtailment of renewables
and, moreover, to consider the incurred costs in the objective function. For the mathematical
formulation of both FB scenarios see Section D of the Online Supplement.

4. Results for a German case study

In order to quantify the impact of di�erent market designs on distribution networks, we now
present the outcomes of the market designs discussed in Section 3.2. Table 3 shows the total
system costs of the baseline scenario and the first-best benchmarks. The total system costs are
composed of the costs for the already existing network and PV systems, the costs for the expansion
of distribution lines, the private storage investment, and the operational costs, i.e., network losses.

Table 3. Annual investment and operational costs of the considered distribution
system for the baseline scenario MDB and the first-best scenarios FB

MDB FB
(e/year) (e/year)

Existing network and PV systems 36,215.1 36,215.1
Network expansion 826.1 321.7
Storage investment 668.7 668.7
Operational costs (network) 285.8 299.5

Total system costs 37,995.7 37,505.0

In the following, we outline the indicators that we use to compare the outcomes of the considered
scenarios: the system benefit, the profits of the prosumers, the costs of the DSO as well as the
installed candidate lines and storage capacities. The system benefit is given by the feed-in revenues
minus the costs for purchasing electricity from the network, minus the storage and line investment

37As the feed-in fee is exogenously given, the optimization problem can again be solved sequentially.
38Even if this approach does not ensure a global optimal solution, the results of our case study show that the

major part of the e�ciency potential is already realized by the identified choice cres = 2 e/kWh. This indicates that
the iterative solution strategy is well suited to identify the high e�ciency potential of adjustments in network fee
schemes.
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costs, and minus the costs for balancing network losses. Thus, the system benefit corresponds to
the optimal objective function value of the 1st Level for MD scenarios and to the optimal objective
function value of the Integrated Planner Approach for FB scenarios. The profits of the prosumers
are determined by the feed-in revenues minus the costs for purchasing electricity from the network
minus the storage investment costs and corresponds to the optimal objective function value of the
2nd Level for all MD scenarios. The costs of the DSO consist of the costs for network expansion
plus the costs for balancing network losses. Depending on the market design, storage subsidy costs
or curtailment costs are added respectively. For all MD scenarios, the costs of the DSO are equal
to the di�erence of the optimal objective function values of the 2nd Level and the 1st Level. Note
that it is not possible to specify profits of the prosumers or costs of the DSO for the FB scenarios
since these scenarios do not di�erentiate between the di�erent agents.

Here and in what follows, we use MDB as reference scenario for assessing the long-run impact
of the di�erent market designs. The main results are presented in Table 4. The table shows the
di�erence —fi in the system benefit with respect to the reference value of scenario MDB in e per
year (first column of Table 4). A positive di�erence indicates a system benefit gain compared to the
system benefit of MDB whereas a negative di�erence displays a loss in the system benefit. Moreover,
Table 4 contains the di�erence —fipro in the profits of the prosumers w.r.t. the reference value of
scenario MDB as well as the di�erence —cDSO in the costs of the DSO (second and third column of
Table 4). Note that a positive di�erence —fipro indicates an increase in the profits of the prosumers
compared to MDB, a negative di�erence —cDSO indicates a cost reduction for the DSO compared
to MDB. Furthermore, Table 4 shows the expanded network lines, the installed storage capacities,
and the overall annual self-consumption (fourth, fifth, and sixth column of Table 4). Additionally,
we give a detailed overview of the costs and revenues of the prosumers in Table 5. In this table,
the electricity costs of the prosumers are divided into one component for acquisition and sales (25
%) and another for all included taxes and fees (75 %).39 On the one hand, the prosumers of the
considered system can reduce their costs by increasing self-consumption, i.e., by saving the retail
price including all taxes and fees minus the feed-in tari�. On the other hand, the revenue from
taxes and fees is evidently reduced in the overall national system by increasing self-consumption.
This, in turn, may lead to an increase in individual fees or taxes to keep the national revenues
constant. Since we cannot model this aspect, we explicitly identify and discuss the impact of the
di�erent market regimes on the taxes and fees paid by the prosumers; see column “Electricity costs
for taxes & fees” in Table 5.

The costs and revenues of the DSO are presented in Table 6. In Table 5 and 6, the values of the
FB scenarios are only used as a benchmark for comparison with the MD scenarios. Note that these
FB values only represent comparative values and do not correspond to any real costs or revenues of
prosumers or the DSO since there is no distinction between individual players in the FB scenarios.

In Section 4.1, we compare the baseline scenario MDB to the first-best benchmark scenarios FBB
and FBRC to quantify the total e�ciency potential. Afterward, we analyze the proposed alternative
regulatory frameworks and discuss their impact on the e�ciency of the considered distribution
system.

4.1. Baseline scenario vs. first-best benchmark: e�ciency potential. We start with the
discussion of the first-best benchmarks FBB and FBRC. By definition, the FB scenarios increase
the system benefit to the maximum possible value. Considering curtailment of renewables in the
first-best benchmark FBRC does not lead to a further increase of the system benefit compared to
FBB; see Table 4. In fact, the outcomes of both first-best scenarios are identical; see Tables 4, 5,
and 6. This is due to the fact that a system-optimal investment and operation of storages does not
make an additional curtailment of renewables necessary. Instead of curtailing, it is more e�cient to
store the surplus production and consume it at a later point in time.

A comparison of the system benefits of the baseline scenario MDB and the FB scenarios shows
that the overall e�ciency potential of the distribution system amounts to e 490.7 per year; see

39The shares of the two components are based on data for the year 2015 from https://www.bdew.de/service/
daten-und-grafiken/strompreis-fuer-haushalte/. In scenario MDFIF, the electricity price is e 0.0113 per kWh
lower than in the other scenarios due to reduced network fees but these savings in electricity costs are o�set by
additional expenses resulting from the feed-in fee; see the discussion in Section 3.2.

https://www.bdew.de/service/daten-und-grafiken/strompreis-fuer-haushalte/
https://www.bdew.de/service/daten-und-grafiken/strompreis-fuer-haushalte/
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Table 4. Overview of the system benefit, the profits of the prosumers, the costs
of the DSO, network investment, storage investment, and annual self-consumption

—fi —fipro —cDSO Lines Storage Self-consumption
(e/year) (e/year) (e/year) (ID) (kWh) (kWh)

MDB 0.0 0.0 0.0 L3, L4, L5 23.4 20,012.8
MDRC 475.4 0.0 -475.4 L3, L4 23.4 20,012.8
MDS -76.9 455.7 532.6 L3, L4, L5 37.9 22,589.4
MDFIF 482.8 1.0 -481.8 L3, L4 22.3 19,746.2

FBB 490.7 — — L3, L4 23.4 20,012.8
FBRC 490.7 — — L3, L4 23.4 20,012.8

Table 5. Overview of the costs (-) and revenues (+) of the prosumers

Electricity Electricity Feed-in Storage Subsidy Feed-in
costs for costs for compensation investment fee

acquisition & sales taxes & fees
(e/year) (e/year) (e/year) (e/year) (e/year) (e/year)

MDB -2,098.7 -6,296.1 28,499.2 -668.7 0.0 0.0
MDRC -2,098.7 -6,296.1 28,499.2 -668.7 0.0 0.0
MDS -1,932.1 -5,796.4 28,161.2 -1,082.7 541.3 0.0
MDFIF -2,115.9 -5,978.0 28,535.5 -636.3 0.0 -368.5

FBB (-2,098.7) (-6,296.1) (28,499.2) (-668.7) (0.0) (0.0)
FBRC (-2,098.7) (-6,296.1) (28,499.2) (-668.7) (0.0) (0.0)

Table 6. Overview of the costs (-) and revenues (+) of the DSO

Network expansion Network losses RES Curtailment Subsidy
(e/year) (e/year) (e/year) (e/year)

MDB -826.1 -285.8 0.0 0.0
MDRC -321.7 -313.7 -1.1 0.0
MDS -826.1 -277.1 0.0 -541.3
MDFIF -321.7 -308.4 0.0 0.0

FBB (-321.7) (-299.5) (0.0) (0.0)
FBRC (-321.7) (-299.5) (0.0) (0.0)

Table 4. Furthermore, considering the total system costs of e 37,995.7 per year (see Table 3), we
have a cost saving potential of 1.3 % and of 27.6 % for those investment and operational costs that
can be influenced (e 1,780.6 per year); see investment and operational costs in Table 3). The latter
value illustrates that there is a high e�ciency potential for distribution networks.

The e�ciency potential between MDB and the FB scenarios is mainly due to possible savings
in network expansion costs. Table 4 shows that, in baseline scenario MDB, the optimal network
expansion is to build three of the candidate lines. This leads to network expansion costs of e 826.1
per year; see Table 6. In contrast, only two lines are built in the FB scenarios, which causes costs



20 V. GRIMM, J. GRÜBEL, B. RÜCKEL, C. SÖLCH, G. ZÖTTL

of e 321.7 per year; see Table 6. Since there are no di�erences between the storage investment in
MDB and FB, the network expansion costs in FB are avoided by a more e�cient operation of the
installed storages. In MDB, prosumers have no incentive to consider the state of the network when
operating the storages. On the contrary, in the FB scenarios, storages are more e�ciently operated
since less electricity is fed into the network in critical peak hours and stored directly instead. As a
result, network expansion is avoided. The stored electricity is then consumed at a later point in
time. This, again, reduces the load of the distribution network in these subsequent hours. Summing
up our findings gained by comparing the reference scenario and the first-best scenarios, we obtain
the following results:

Result 1 (for MDB vs. FB).
(i) The outcomes of the baseline and first-best scenarios show an e�ciency potential of 1.3 % of

the annual system costs in the considered distribution network. Moreover, of those costs that
can be influenced, even 27.6 % can potentially be saved.

(ii) The e�ciency potential mainly stems from savings in network expansion costs. Due to a more
e�cient operation of storages in the FB scenarios, the feed-in in critical peak hours is reduced
and therefore, less network expansion is required. Consequently, network investment costs are
avoided.

4.2. Alternative Market Regimes. In this section, the proposed di�erent regulatory frameworks
are analyzed and compared to the outcomes of the reference scenario MDB. As shown above, there
is a substantial e�ciency potential for the considered distribution network. The performance of the
alternative market designs is evaluated by comparing their increase in the system benefit to the
maximum e�ciency potential of e 490.7 per year.

RES curtailment (MDRC). If, in addition to network expansion, curtailment of renewables is also
allowed to avoid network congestion, then a significant part of the maximum e�ciency potential is
realized (e 475.4 per year); see first column in Table 4. Compared to the baseline scenario MDB,
RES curtailment does not have any further impact on the profits of the prosumers; see Table 5.
This is due to the fact that the prosumers are compensated for the curtailed quantities as if they
had fed-in. Hence, in scenario MDRC, the e�ciency gain results only from the significant cost
reduction of the DSO; see Table 6. This cost reduction is mainly driven by a reduction of network
expansion costs compared to the reference scenario MDB. An e�cient RES curtailment at relevant
prosumer nodes in a relatively small number of high feed-in periods leads, on the other hand, to
annual RES curtailment costs of only e 1.1 for the DSO. Already at such low costs, the load on the
network can be significantly reduced in peak periods by RES curtailment. Note that the curtailed
electricity cannot be stored since the DSO is not allowed to intervene in the storage operations
of the prosumers. As feed-in peaks are responsible for the extensive network expansion in MDB,
shaved peaks in MDRC ensure that the installation of a long, expensive network line (candidate line
L5) can be avoided compared to MDB. In scenario MDRC, candidate lines L3 and L4 are installed.
This corresponds to the optimal network expansion in FB.

Summing up our findings, we obtain the following results:

Result 2 (MDB vs. MDRC).
(i) Allowing for optimal RES curtailment and trading o� the costs of RES curtailment against the

network expansion costs during network planning yields a high total e�ciency gain. Network
expansion costs can be reduced substantially compared to the reference scenario MDB.

(ii) For an optimal RES curtailment, a relatively small number of interventions are su�cient that
cause only low annual RES curtailment costs (e 1.1) for the DSO.

(iii) This adjustment of the regulatory framework can be considered as moderate since it has no
impact on the behavior of the prosumers, who are completely compensated for their foregone
revenues, but o�ers the DSO additional flexibility.

Storage investment subsidy (MDS). Iterating over predefined storage subsidy rates shows that it is
not optimal for the DSO to grant any subsidy. The reason for this is that the potential savings
in network operation and investment are always lower than the sum of subsidies granted. Thus,
the optimal solution of MDS is equal to the optimal solution of MDB. Nevertheless, to discuss
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e�ects of a storage subsidy in detail, we consider a subsidy that is in line with the so-called “10,000
Häuser Programm”40. In this German funding programme, up to 50 % of the investment costs are
subsidized. Therefore, we fix the DSO subsidy in our discussion to 50 % of the storage investment
costs of the prosumers.

The results reveal that such a subsidy of storage investment leads to an e�ciency loss of e 76.9
per year; see first column in Table 4. While prosumers benefit from the subsidy, the DSO has higher
costs than in MDB; see Table 4. The profits of the prosumers is e 455.7 per year higher than in
MDB, while the costs of the DSO are e 532.6 per year higher. In what follows, we discuss in detail
the reasons for the lower system benefit, the higher profits of the prosumers, and the higher costs
of the DSO.

The storage investment subsidy induces higher investment in storage capacities than in all
other market designs. In fact, 37.9 kWh are installed in scenario MDS compared to 23.4 kWh in
MDB. Moreover, the storage investment is even higher than in the FB scenarios (23.4 kWh) and
therefore ine�cient in comparison to the system optimum. Due to higher storage capacities, self-
consumption increases from 20,012.8 kWh in MDB to 22,589.4 kWh in MDS. The disproportionately
low ratio of additional self-consumption to additional installed storage capacities indicates that the
additional installed storage capacities are used less frequently.41 As a consequence of the higher
self-consumption, prosumers withdraw less electricity from the network and also feed less into the
network; see Table 5. Although this has a positive e�ect on the network load (see network losses),
the network expansion in MDS is not system-optimal. It is not possible to avoid the installation of
distribution lines compared to scenario MDB, see Table 6. This is due to the fact that prosumers
operate their storages with the objective of maximizing their own profits. Hence, due to a lack of
market signals, the prosumers do not take into account the e�ect of their storage operation on the
network. Since the DSO is not allowed to influence the operation of the storages, we still observe
high feed-in peaks in periods with high production of renewables. This congests the network to a
greater extent as in the FB scenarios, where the storages are operated in a system-optimal manner.
Thus, the same network expansion than in scenario MDB is necessary.

Summing up our findings, we obtain the following results:
Result 3 (MDB vs. MDS).

(i) A subsidy of storage investment can provide signals for prosumers to invest in additional
storage capacities compared to MDB. However, too high subsidies might incentivize excessive
storage capacity investment that is used less frequently.

(ii) Due to the fact that the DSO is not allowed to influence storage operation, an investment
subsidy cannot guarantee that the storages are operated in a way that network congestion
during critical peak hours is avoided. Hence, merely incentivizing excess storage investment is
not su�cient to guarantee optimal network expansion as in the FB scenarios.

Feed-in fee for production (MDFIF). The outcomes of scenario MDFIF show that the proposed
adjustment of the current network fee structure in distribution networks results in an e�ciency
gain of e 482.8 per year; see Table 4. Hence, almost the entire e�ciency potential is realized by
this moderate adjustment of the current regulatory framework. The results demonstrate that the
e�ciency gain is mainly driven by the avoidance of network expansion costs; see Table 6. In the
following, we discuss the impact of the feed-in fee for production on the behavior of the prosumers
and the DSO; see also Table 5 and 6.

Due to the feed-in fee for production, the prosumers face a respectively reduced retail price for
consumption (e 0.2473 for each kWh). This lowers their total electricity costs (e 8,093.9 in MDFIF
compared to e 8,394.8 in MDB). However, the reduced retail price results in a lower profitability
of self-consumption (19,746.2 kWh in MDFIF compared to 20,012.8 kWh in MDB). Thus, there is
slightly less storage capacity investment in MDFIF. Less self-consumption leads to an increased
feed-in and thus, to an increased feed-in compensation for the prosumers (e 28,535.5 in MDFIF
compared to e 28,499.2 in MDB). In turn, a prosumer has to pay the feed-in fee for his highest

40See, e.g., https://www.energieatlas.bayern.de/buerger/10000_haeuser_programm.html.
41While 23.4 kWh of installed storage capacities are used for 20,012.8 kWh of self-consumption in MDB, the

additionally installed 14.5 kWh of storage capacities increase self-consumption only by 2,576.6 kWh in MDS; see
Table 4.

https://www.energieatlas.bayern.de/buerger/10000_haeuser_programm.html
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feed-in quantity over the observed time horizon.42 Thus, the prosumer is incentivized to shave his
maximal feed-in quantity in order to reduce his feed-in fee. As a consequence, prosumers operate
their storages in order to smooth their feed-in quantities in MDFIF instead of only optimizing self-
consumption as it is done in MDB, where significantly higher feed-in peaks of renewable production
occur. By construction, the adjustment of the network fee structure in scenario MDFIF does not
result in any significant di�erence in the profits of the prosumers compared to MDB; see Table 4.

However, the above mentioned incentive for prosumers to smooth their feed-in quantities reduces
the network load in critical peak hours and, furthermore, leads to a more balanced network load
over all time periods. The system-optimal network expansion of the FB scenarios is also su�cient
to operate the network e�ciently in scenario MDFIF. In total, network expansion costs of e 504.4
per year can be avoided compared to MDB; see Table 6. This demonstrates that it is important
to operate storages such that network congestion is avoided in critical peak hours. However, this
requires e�cient incentives, which are provided by the feed-in fee in this market regime.

Summing up our findings, we obtain the following results:

Result 4 (MDB vs. MDFIF).
(i) In comparison with scenario MDB, we find less investment in storage capacities in MDFIF

due to lower incentives for self-consumption resulting from the reduced retail price.
(ii) However, the installed storages are operated more e�ciently with regard to the network, i.e.,

maximal feed-in quantities are reduced and network expansion is avoided. This mainly drives
the high e�ciency gain in scenario MDFIF.

A comparison of the results of the alternative market regimes shows that in particular the regimes
MDRC and MDFIF exploit the major part of the e�ciency potential; see Table 4. Furthermore, a
comparison of the share of taxes and fees paid by the prosumers of the considered system indicates
that either the same amount is paid as in the baseline scenario (MDRC) or even more (MDFIF, if
the feed-in fee is added); see Table 5. Hence, the e�ect of the two market designs might be slightly
underestimated. In contrast, in scenario MDS, which has even a negative impact on the system
benefit, less taxes and fees are paid than in the baseline scenario.

5. Conclusion

In this paper, we analyze the long-run impact of di�erent market designs on the system benefit
in distribution networks of liberalized electricity markets. We quantify the impact of the proposed
market designs on private storage investment and regulated network expansion by using a bi-level
optimization model, where prosumers decide on storage investment and operation at the lower level
and a regulated DSO decides on network expansion and operation at the upper level. For this
purpose, we first identify the e�ciency potential for a real distribution network by comparing the
outcomes of the reference scenario MDB to the system optimum FB. Second, we illustrate that the
model enables us to predict possible consequences of the alternative market designs on the behavior
of the di�erent agents. In addition, it permits us to assess how close the obtained market outcomes
are to the system optimum. Altogether, we demonstrate that the model allows for analyzing the
impact of di�erent proposals from the political and scientific debate on electricity markets at the
distribution level.

Our case study uses data from the field project Smart Grid Solar and takes into account the
preferential treatment of renewable production. Even though our analysis is conducted for a small
village in northern Bavaria, the results and conclusions are instructive for many rural regions in
Germany and other countries that shift towards a high share of renewables in distribution networks.
We find in the presented case study that the market outcome under the baseline scenario is far from
the system-optimal outcome. The results show an e�ciency potential of 1.3 % of the total annual
system costs and of 27.6 % of those investment and operational costs that can be influenced. This
e�ciency potential results for the following reason. While an integrated planner simultaneously
decides on storage investment and operation as well as on network expansion and operation, this is
not true for the baseline scenario. There, storage investment and operation is decided by private
prosumers and the network is expanded and operated by a regulated DSO. All of the agents

42The sum of all feed-in fees amounts to a total payment of e 368.5 per year.
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pursue their own objectives. For this reason, the storage investment and operation is not e�ciently
adjusted to the network requirements in the market scenario MDB compared to the FB scenario.
In particular, a substantially higher need for network expansion in the reference scenario follows.

Furthermore, our case study shows that a subsidy of storage investment may provide signals
for prosumers to invest in additional storage capacities. However, due to the fact that the DSO
cannot influence the operation of these storages, an investment subsidy cannot guarantee that
the storages are operated in a way that network congestion is avoided during critical peak hours.
Our results also show that network expansion cannot be avoided through storage subsidies. In
total, in scenario MDS even a loss of system benefit occurs. Moreover, it is crucial to determine
the amount of the subsidy e�ciently in order to avoid ine�ectiveness as well as over-investment
in storage capacities. The further results of our case study reveal that other measures might
be suited to improve the e�ciency of the considered distribution network even more, e.g., the
introduction of a feed-in fee for production or the consideration of RES curtailment as an alternative
to network expansion. Both are very e�cient adjustments of the current market design. In these
scenarios, the e�ciency gain amounts to approximately 1.3 % of the total annual system costs.
The e�ciency gain is driven mainly due to reduced network expansion.43 However, for the case of
a feed-in fee for production, it is regulatory challenging to determine a feed-in fee that prevents
both ine�ectiveness and over-incentives for prosumers. In summary, our results indicate that it
is possible to substantially reduce network expansion costs in distribution networks by adjusting
the current regulatory framework only moderately, while still maintaining a secure and e�cient
operation of the network.

For being able to analyze investment and operational decisions in our bi-level framework, some
aspects must be disregarded. In order to keep the analysis numerical tractable, we assume perfect
foresight among all market participants as well as non-elastic demands. Furthermore, we do not
include uncertainty of PV-produced electricity as it is done, e.g., in Ferruzzi et al. (2016), Baziar and
Kavousi-Fard (2013), and Cai et al. (2009).44 In addition, we neglect investment and operational
costs for necessary information and communications technology (ICT) infrastructure. Due to the
upcoming smart meter roll-out45, these costs might be considered as sunken costs that occur in all
scenarios. For this reason, the costs can be neglected in our analysis. Finally, let us note that we
pursue a net present value approach and focus on an exemplary year around 2035 for the calibration
of our model. It is beyond the scope of this paper to analyze dynamic investment decisions over
time. However, we are confident that the e�ects identified by our analysis are suitable to prove
that there exists a high e�ciency potential in distribution networks that might already be realized
by moderate adjustments of the current regulatory framework.

For future research, the model may be extended by additional aspects to analyze further proposals
of regulatory adjustments from the current electricity market discussion. Possible extensions are
model-endogenous investment in PV systems, inverter investment, or smart technologies. Moreover,
a shared use of storages by prosumers and the DSO seems to be a practical way to make an electricity
distribution system more e�cient. These adjustments, however, require extensive theoretical and
regulatory considerations beyond the scope of this paper, e.g., how this shared use goes in line
with the unbundling regulations or how a profit-neutral compensation for prosumers in case of
interventions in their storage operation by the DSO can be determined.
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STORAGE INVESTMENT AND NETWORK EXPANSION IN DISTRIBUTION
NETWORKS: THE IMPACT OF REGULATORY FRAMEWORKS

VERONIKA GRIMMa, JULIA GRÜBELa, BASTIAN RÜCKELb, CHRISTIAN SÖLCHb, AND
GREGOR ZÖTTLb

ONLINE SUPPLEMENT

A. Notation

Here, a complete overview of all sets, parameters, and variables used in our models is given.

Sets.

Symbol Description Unit

G Distribution network —
N Set of nodes of the distribution network —
Nnet Set of network nodes —
Npro Set of prosumer nodes —
L Set of distribution lines —
Lex Set of existing distribution lines —
Lnew Set of candidate distribution lines —
Gall

n Set of all generation technologies at node n ∈ N —
Sall

n Set of all storage technologies at node n ∈ N —
Sex

n Set of existing storage technologies at node n ∈ N —
Snew

n Set of candidate storage technologies at node n ∈ N —
T Set of time periods —
T day Subset of the set T of time periods that represents one day —
T Set of disjoint subsets of the set T of time periods that represent all days —
A Sampling points for outer approximation of squared variables —
B Sampling points for outer approximation of the cosine —
Γ Sampling points for outer approximation of the semicircle over the first

and fourth quadrant
—

Parameters.

Symbol Description Unit

dt,n Demand at node n ∈ Npro in time period t ∈ T kWh
yt,g Power generation at generator g ∈ Gall

n in period t ∈ T kWh
pr Retail price e/kWh
pcorr Retail price corrected by the feed-in fees for market design FIF e/kWh
peex

t EEX price of time period t ∈ T e/kWh
ppv

g Feed-in tariff of generator g ∈ Gall
n e/kWh

Date: August 30, 2019.
1
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Gl Conductance of line l ∈ L S
Bl Susceptance of line l ∈ L S
V min

t,n Minimum voltage at node n ∈ N in time period t ∈ T V
V max

t,n Maximum voltage at node n ∈ N in time period t ∈ T V

Wmin
t,l Minimum product of the voltages of the adjacent nodes of line l = (n,m) ∈ L

in time period t ∈ T
V 2

Wmax
t,l Maximum product of the voltages of the adjacent nodes of line l = (n,m) ∈ L

in time period t ∈ T
V 2

θmax
t,l Maximum voltage phase angle difference of the adjacent nodes of line l =

(n,m) ∈ L in time period t ∈ T
rad

Hcos,min
t,l Minimum value of the cosine of the voltage phase angle difference of the

adjacent nodes of line l = (n,m) ∈ L in time period t ∈ T
—

Hcos,max
t,l Maximum value of the cosine of the voltage phase angle difference of the

adjacent nodes of line l = (n,m) ∈ L in time period t ∈ T
—

Hsin,min
t,l Minimum value of the sine of the voltage phase angle difference of the

adjacent nodes of line l = (n,m) ∈ L in time period t ∈ T
—

Hsin,max
t,l Maximum value of the sine of the voltage phase angle difference of the

adjacent nodes of line l = (n,m) ∈ L in time period t ∈ T
—

Imax
l Maximum permitted current on line l ∈ L A
lmax
l Maximum permitted squared current on line l ∈ L A2

τ Share of the maximum permitted current on a line that the average current
is not allowed to exceed on a given day T day ⊆ T

—

µ Factor for the maximum allowed exceedance of the maximum permitted
current on a line

—

M Big M —
cres Feed-in fee for highest production at node n ∈ Npro e/kWh
cinv

l Investment costs for candidate line l ∈ Lnew e

ccap
s Investment costs for the capacity of candidate storage technology s ∈ Snew

n e/kWh
cpow

s Investment costs for the power of candidate storage technology s ∈ Snew
n e/kW

csub
s Investment subsidy for the capacity of candidate storage technology s ∈ Snew

n e/kWh
εs Efficiency of storage technology s ∈ Sall

n —
v̄ex

s Capacity of existing storage technology s ∈ Sex
n kWh

∆v̄ex
s Maximum power of existing storage technology s ∈ Sex

n kW

Variables.

Symbol Description Unit

yres
t,g Residual generation at generator g ∈ Gall

n in time period t ∈ T (active power) kWh
dres

t,n Residual demand at node n ∈ Npro in time period t ∈ T (active power) kWh
ydown

t,g Curtailment of generation at generator g ∈ Gall
n in time period t ∈ T kWh

ȳn Highest feed-in quantity at node n ∈ Npro kWh
Qt,g Reactive power production at generator g ∈ Gall

n in time period t ∈ T kWh
Qt,n Reactive power demand at consumer n ∈ Npro in time period t ∈ T kWh
Pt,l Active power flow on line l ∈ L in time period t ∈ T kWh
P abs

t,l Absolute value of the active power flow on line l ∈ L in time period t ∈ T kWh
Qt,l Reactive power flow on line l ∈ L in time period t ∈ T kWh
St,l Apparent power flow on line l ∈ L in time period t ∈ T kWh
P in

t Active power inflow at the local power transformer kWh
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P out
t Active power outflow at the local power transformer kWh
Qin

t Reactive power inflow at the local power transformer kWh
Qout

t Reactive power outflow at the local power transformer kWh
Vt,n Voltage at node n ∈ N in time period t ∈ T V

Wt,n Squared voltage at node n ∈ N in time period t ∈ T V 2

Wt,l Product of the voltages of the adjacent nodes of line l = (n,m) ∈ L in time
period t ∈ T

V 2

θt,n Voltage phase angle at node n ∈ N in time period t ∈ T rad
θt,l Voltage phase angle difference of the adjacent nodes of line l = (n,m) ∈ L

in time period t ∈ T
rad

Hcos
t,l Cosine of the voltage phase angle difference of the adjacent nodes of line

l = (n,m) ∈ L in time period t ∈ T
—

Hsin
t,l Sine of the voltage phase angle difference of the adjacent nodes of line

l = (n,m) ∈ L in time period t ∈ T
—

WRe
t,l Product of the voltage product and the cosine of the voltage phase angle

difference of the adjacent nodes of line l = (n,m) ∈ L in time period t ∈ T
V 2

W Im
t,l Product of the voltage product and the sine of the voltage phase angle

difference of the adjacent nodes of line l = (n,m) ∈ L in time period t ∈ T
V 2

It,l Current on line l ∈ L in time period t ∈ T A
lt,l Squared current on line l ∈ L in time period t ∈ T A2

zl Decision variable for building candidate line l ∈ Lnew —
v̄new

s Capacity of candidate storage technology s ∈ Snew
n kWh

∆v̄new
s Maximum power of candidate storage technology s ∈ Snew

n kW
vin

t,s Charging of storage technology s ∈ Sall
n in time period t ∈ T kWh

vout
t,s Discharging of storage technology s ∈ Sall

n in time period t ∈ T kWh
vt,s Level of charge of storage technology s ∈ Sall

n at the end of time period t ∈ T kWh

B. Storage investment and prosumer behavior model

For the sake of completeness, all equations of the 2nd Level are listed again; cf. Section 2.3 of
the paper.

Residual demand and production.

dt,n −
∑

g∈Gall
n

yt,g +
∑

s∈Sall
n

(
vin

t,s − vout
t,s
)

= dres
t,n −

∑
g∈Gall

n

yres
t,g , for all n ∈ Npro, t ∈ T (B.1a)

dres
t,n ≤ dt,n, for all n ∈ Npro, t ∈ T (B.1b)
yres

t,g ≤ yt,g, for all n ∈ Npro, g ∈ Gall
n , t ∈ T

(B.1c)

Storage power limits.
vin

t,s, vout
t,s ≤ ∆v̄ex

s , for all n ∈ Npro, s ∈ Sex
n , t ∈ T (B.2a)

vin
t,s, vout

t,s ≤ ∆v̄new
s , for all n ∈ Npro, s ∈ Snew

n , t ∈ T (B.2b)

Storage efficiency losses and capacity limits.
vt,s = vt−1,s + εsv

in
t,s − (1/εs)vout

t,s , for all n ∈ Npro, s ∈ Sall
n , t ∈ T (B.3a)

vt,s ≤ v̄ex
s , for all n ∈ Npro, s ∈ Sex

n , t ∈ T (B.3b)
vt,s ≤ v̄new

s , for all n ∈ Npro, s ∈ Snew
n , t ∈ T (B.3c)
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Non-negativity limits.
yres

t,g ≥ 0, for all n ∈ Npro, g ∈ Gall
n , t ∈ T (B.4a)

dres
t,n ≥ 0, for all n ∈ Npro, t ∈ T (B.4b)

v̄new
s , ∆v̄new

s ≥ 0, for all n ∈ Npro, s ∈ Snew
n (B.4c)

vt,s, vin
t,s, vout

t,s ≥ 0, for all n ∈ Npro, s ∈ Sall
n , t ∈ T (B.4d)

Feed-in limit for scenario MDFIF.∑
g∈Gall

n

yres
t,g ≤ ȳn, for all n ∈ Npro, t ∈ T (B.5)

C. Network operation and investment model

Our network formulation is strongly related to the convex quadratic relaxation of the AC Optimal
Power Flow Problem (AC-OPF) from Coffrin et al. (2016). This relaxation is obtained from the AC
optimal power flow equations by replacing parts of quadratic terms with linear relaxations using
McCormick envelopes and by using polyhedral approaches to convexify trigonometric functions.
To allow for an inclusion of the economical background in our application, a linear network
representation is required. Therefore, we further linearize the remaining convex quadratic terms
in the formulation of Coffrin et al. (2016). At the end of this section, we comment in more detail
on our reasons for further linearizing Coffrin’s approach and compare both formulations based on
data of our case study. Before, we derive the AC-OPF relaxation used in this paper and underline,
at the appropriate points, the changes made in comparison to Coffrin et al. (2016). For ease of
notation, we initially restrict our argumentation to the set of existing distribution lines and drop
the time index. The generalization is straightforward and addressed at the appropriate places in
this section. Starting point for the derivation are the AC power flow equations∑

n∈N

S̄sup
n −

∑
n∈N

S̄dem
n =

∑
l=(n,m)∈Lex

S̄l, for all n ∈ N , (C.1a)

S̄l = Ȳ ∗l V̄nV̄
∗

n − Ȳ ∗l V̄nV̄
∗

m, for all l = (n,m) ∈ Lex. (C.1b)

Here, V̄ stands for the voltage, Ȳ for the admittance, and S̄ for the apparent power. All variables
and parameters that describe imaginary quantities are labelled by ¯[ · ]. The imaginary unit is
denoted by j and the complex conjugate of a variable or parameter by [ · ]∗. Upper and lower
bounds of variables are given by [ · ]max and [ · ]min. The index [ · ]sup refers to the supply of
the respective variable or parameter and the index [ · ]dem to the demand. The AC power flow
equations result physically from the combination of Kirchhoff’s current law∑

n∈N

Īsup
n −

∑
n∈N

Īdem
n =

∑
l=(n,m)∈Lex

Īl, for all n ∈ N ,

Ohm’s law
Īl = Ȳl

(
V̄n − V̄m

)
, for all l = (n,m) ∈ Lex,

and the AC power definition
S̄l = V̄nĪ

∗
l , for all l = (n,m) ∈ Lex;

see, e.g., Coffrin et al. (2016).

First AC power flow equation: Power conservation for active and reactive power. The
first AC power flow equation (C.1a) implements power conservation. The real part of apparent
power corresponds to the active power and the imaginary part to the reactive power. Hence,
writing out the power conservation for active and reactive power—represented, as customary, by
the variables P and Q—and considering multiple time periods yields

P sup
t,n − P dem

t,n =
∑

l=(n,m)∈Lex

Pt,l, for all n ∈ N , t ∈ T , (C.2a)
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Qsup
t,n −Qdem

t,n =
∑

l=(n,m)∈Lex

Qt,l, for all n ∈ N , t ∈ T . (C.2b)

In both cases, supply minus demand has to be balanced at each node and in each time period by
the respective flows. Applying the notation introduced at the 2nd Level (see Section 2.3 of the
paper or Section B of the online supplement), we obtain the following nodal supplies and demands
for all market designs

P sup
t,n =

∑
g∈Gall

n

yres
t,g and P dem

t,n = dres
t,n, for all n ∈ Npro, t ∈ T , (C.3a)

Qsup
t,n =

∑
g∈Gall

n

Qt,g and Qdem
t,n = Qt,n, for all n ∈ Npro, t ∈ T , (C.3b)

P sup
t,n = P dem

t,n = 0 and Qsup
t,n = Qdem

t,n = 0, for all n ∈ Nnet, t ∈ T , (C.3c)
P sup

t,1 = P in
t and P dem

t,1 = P out
t , for all t ∈ T , (C.3d)

Qsup
t,1 = Qin

t and Qdem
t,1 = Qout

t , for all t ∈ T , (C.3e)

except under curtailment, where

P sup
t,n =

∑
g∈Gall

n

(
yres

t,g − ydown
t,g

)
, for all n ∈ Npro, t ∈ T , (C.3f)

holds.

Second AC power flow equation: Relation of active/reactive power and voltages. The
second AC power flow equation (C.1b) defines the apparent power in dependency on the voltages
and admittance. As first step towards a convex relaxation of the AC-OPF, the products of voltages
are commonly replaced by additional variables (here Wn and W̄l); see, e.g., Coffrin et al. (2016) or
Coffrin et al. (2017). This yields the following equivalent formulation of (C.1b):

Wn = V̄nV̄
∗

n , for all n ∈ N , (C.4a)
W̄l = V̄nV̄

∗
m, for all l = (n,m) ∈ Lex, (C.4b)

S̄l = Ȳ ∗l Wn − Ȳ ∗l W̄l, for all l = (n,m) ∈ Lex. (C.4c)

Now, let Vn denote the magnitude of V̄n and θn the voltage phase angle at node n ∈ N . Then, the
complex voltage reads

V̄n = Vn (cos (θn) + j sin (θn)) , for all n ∈ N ,
and equations (C.4) can be rewritten as

Wn = V 2
n , for all n ∈ N , (C.5a)

W̄l = VnVm (cos (θn − θm) + j sin (θn − θm)) , for all l = (n,m) ∈ Lex, (C.5b)
S̄l = Ȳ ∗l Wn − Ȳ ∗l W̄l, for all l = (n,m) ∈ Lex. (C.5c)

As second step, additional variables are introduced to replace all complex variables by real
ones. Therefore, let Wl be the product of voltage magnitudes, WRe

l the real part of W̄l, W Im
l the

imaginary part of W̄l as well as Hcos
l and Hsin

l the cosine and the sine of the voltage phase angle
difference, i.e.,

Wl = VnVm, for all l = (n,m) ∈ Lex,
WRe

l = WlH
cos
l , for all l ∈ Lex,

W Im
l = WlH

sin
l , for all l ∈ Lex,

Hcos
l = cos (θn − θm) , for all l = (n,m) ∈ Lex,
Hsin

l = sin (θn − θm) , for all l = (n,m) ∈ Lex.
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Since the real part of the admittance Ȳl is equal to the line conductance Gl and the imaginary
part to the line susceptance Bl, the following equivalent formulation of the second AC power flow
equation results from (C.5) given the newly introduced variables:

Wn = V 2
n , for all n ∈ N ,

W̄l = WlH
cos
l + jWlH

sin
l = WRe

l + jW Im
l , for all l = (n,m) ∈ Lex,

S̄l = (Gl − jBl)Wn − (Gl − jBl)
(
WRe

l + jW Im
l

)
, for all l = (n,m) ∈ Lex.

Writing out the last equation for active and reactive power yields
Pl = GlWn −GlW

Re
l −BlW

Im
l , for all l = (n,m) ∈ Lex,

Ql = −BlWn +BlW
Re
l −GlW

Im
l , for all l = (n,m) ∈ Lex.

Considering multiple time periods, we obtain the following equivalent formulation of the second
AC power flow equation:

Wt,n = V 2
t,n, for all n ∈ N , t ∈ T , (C.6a)

Wt,l = Vt,nVt,m, for all l = (n,m) ∈ Lex, t ∈ T , (C.6b)
WRe

t,l = Wt,lH
cos
t,l , for all l ∈ Lex, t ∈ T , (C.6c)

W Im
t,l = Wt,lH

sin
t,l , for all l ∈ Lex, t ∈ T , (C.6d)

Hcos
t,l = cos (θt,n − θt,m) , for all l = (n,m) ∈ Lex, t ∈ T , (C.6e)
Hsin

t,l = sin (θt,n − θt,m) , for all l = (n,m) ∈ Lex, t ∈ T , (C.6f)
with

Pt,l = GlWt,n −GlW
Re
t,l −BlW

Im
t,l , for all l = (n,m) ∈ Lex, t ∈ T , (C.7a)

Qt,l = −BlWt,n +BlW
Re
t,l −GlW

Im
t,l , for all l = (n,m) ∈ Lex, t ∈ T . (C.7b)

The last and next-to-last equation define the active and reactive power in dependency on the line
conductance and the line susceptance as well as on the newly introduced variables for the products
of voltages as well as for the products of voltages and trigonometric functions.

As third step, the equations (C.6a)–(C.6f) are convexified by replacing quadratic terms with linear
relaxations using McCormick envelopes1 and trigonometric functions by polyhedral approaches.
Let ˘[ · ] correspond to the convexified version of the variable [ · ]. Then, the envelope for the
square x2 of a variable x reads(

McCorsqd
)
⇔

{
x̆ ≥ x2,
x̆ ≤

(
xmax + xmin)x− xmaxxmin,

in Coffrin et al. (2016). To avoid quadratic terms, we approximate x2 by piece-wise binding linear
inequalities; see Figure C.1.

(
OAsqd

)
⇔


x̆ ≥ xminxmin,
x̆ ≥ 2αx− α2, for all α ∈ A,
x̆ ≤

(
xmax + xmin)x− xmaxxmin.

The resulting error from this altered approach can be controlled by choosing a respective detailed
set of sampling points A.

The convex McCormick estimator for the product xy of two continuous variables x and y is
defined by the following inequalities

(
MCorprod

)
⇔


x̆y ≥ xminy + yminx− xminymin,
x̆y ≥ xmaxy + ymaxx− xmaxymax,
x̆y ≤ xminy + ymaxx− xminymax,
x̆y ≤ xmaxy + yminx− xmaxymin,

1For more information see McCormick (1976).
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0.5 1.0

0.5

1.0

Figure C.1. Piece-wise linear outer approximation of squared values given equidis-
tant sampling points

0.95

1.05

Figure C.2. Piece-wise linear outer approximation of the cosine given equidistant
sampling points

which we use one-to-one as in Coffrin et al. (2016) just like the polyhedral approach for the sine
sin (x) of the variable x:(

PHedsin)⇔ {
˘sin(x) ≤ cos

(
xmax

2
) (
x− xmax

2
)

+ sin
(

xmax

2
)

,
˘sin(x) ≥ cos

(
xmax

2
) (
x+ xmax

2
)
− sin

(
xmax

2
)

.

The polyhedral approach of Coffrin et al. (2016) for convexifying the cosine cos (x) of a variable x
contains second order inequalities.

(PHedcos)⇔
{ ˘cos(x) ≥ cos(xmin),

˘cos(x) ≤ 1− 1−cos(xmax)
(xmax)2 x2.

Therefore, we again approximate by piece-wise binding linear inequalities; see Figure C.2.

(OAcos)⇔
{

˘cos(x) ≥ cos(xmin),
˘cos(x) ≤ − sin(β)x+ cos(β) + β sin(β), for all β ∈ B.

Again, the error that results of this altered approach can be controlled by choosing a respective
detailed set of sampling points B.

Outer approximation of squared voltages. Applying the underestimator
(
OAsqd

)
to (C.6a)

yields the below stated constraints:

Wt,n ≥
(
V min

t,n
)2 , for all n ∈ N , t ∈ T , (C.8a)

Wt,n ≥ 2αVt,n − α2, for all n ∈ N , t ∈ T , α ∈ A, (C.8b)
Wt,n ≤

(
V max

t,n + V min
t,n

)
Vt,n − V max

t,n V min
t,n , for all n ∈ N , t ∈ T . (C.8c)
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McCormick envelope for products of voltages. Applying the McCormick envelope(
McCorprod

)
to (C.6b) yields the below stated constraints:

Wt,l ≥ V min
t,n Vt,m + V min

t,m Vt,n − V min
t,n V min

t,m , for all l = (n,m) ∈ Lex, t ∈ T , (C.9a)
Wt,l ≥ V max

t,n Vt,m + V max
t,m Vt,n − V max

t,n V max
t,m , for all l = (n,m) ∈ Lex, t ∈ T , (C.9b)

Wt,l ≤ V min
t,n Vt,m + V max

t,m Vt,n − V min
t,n V max

t,m , for all l = (n,m) ∈ Lex, t ∈ T , (C.9c)
Wt,l ≤ V max

t,n Vt,m + V min
t,m Vt,n − V max

t,n V min
t,m , for all l = (n,m) ∈ Lex, t ∈ T . (C.9d)

McCormick envelope for products of voltages and trigonometric functions. Applying
the McCormick envelope

(
McCorprod

)
to (C.6c) and (C.6d) yields the below stated constraints:

WRe
t,l ≥Wmin

t,l Hcos
t,l +Hcos,min

t,l Wt,l −Wmin
t,l Hcos,min

t,l , for all l ∈ Lex, t ∈ T , (C.10a)

WRe
t,l ≥Wmax

t,l Hcos
t,l +Hcos,max

t,l Wt,l −Wmax
t,l Hcos,max

t,l , for all l ∈ Lex, t ∈ T , (C.10b)

WRe
t,l ≤Wmin

t,l Hcos
t,l +Hcos,max

t,l Wt,l −Wmin
t,l Hcos,max

t,l , for all l ∈ Lex, t ∈ T , (C.10c)

WRe
t,l ≤Wmax

t,l Hcos
t,l +Hcos,min

t,l Wt,l −Wmax
t,l Hcos,min

t,l , for all l ∈ Lex, t ∈ T , (C.10d)

W Im
t,l ≥Wmin

t,l Hsin
t,l +Hsin,min

t,l Wt,l −Wmin
t,l Hsin,min

t,l , for all l ∈ Lex, t ∈ T , (C.10e)

W Im
t,l ≥Wmax

t,l Hsin
t,l +Hsin,max

t,l Wt,l −Wmax
t,l Hsin,max

t,l , for all l ∈ Lex, t ∈ T , (C.10f)

W Im
t,l ≤Wmin

t,l Hsin
t,l +Hsin,max

t,l Wt,l −Wmin
t,l Hsin,max

t,l , for all l ∈ Lex, t ∈ T , (C.10g)

W Im
t,l ≤Wmax

t,l Hsin
t,l +Hsin,min

t,l Wt,l −Wmax
t,l Hsin,min

t,l , for all l ∈ Lex, t ∈ T . (C.10h)

Outer approximation of cosine. Using the above stated polyhedral approach (OAcos) for
convexifying (C.6e) yields the following inequalities:

Hcos
t,l ≥ cos(θmax

t,l ), for all l ∈ Lex t ∈ T , (C.11a)
Hcos

t,l ≤ − sin(β)θt,l + cos(β) + β sin(β), for all l ∈ Lex, t ∈ T , β ∈ B. (C.11b)

Convexification of sine. Using the above stated polyhedral approach
(
PHedsin) for convexifying

(C.6f) yields the following inequalities:

Hsin
t,l ≤ cos

(
θmax

t,l

2

)(
θt,l −

θmax
t,l

2

)
+ sin

(
θmax

t,l

2

)
, for all l ∈ Lex, t ∈ T , (C.12a)

Hsin
t,l ≥ cos

(
θmax

t,l

2

)(
θt,l +

θmax
t,l

2

)
− sin

(
θmax

t,l

2

)
, for all l ∈ Lex, t ∈ T . (C.12b)

The linearized AC power flow model is now complete. In the following, some additional network-
related side-constraints are introduced; see also Coffrin et al. (2016).

Bus voltage limits. For low voltage networks—230 V or 400 V—grid codes usually allow for
voltage deviations of up to 10 percent. Hence, upper and lower bounds for the voltage magnitude
result

V min
t,n ≤ Vt,n ≤ V max

t,n , for all n ∈ N , t ∈ T . (C.13)

Voltage phase angle differences. The second side-constraints address the voltage phase angle
differences. Mainly as cutting-planes (cf. Coffrin et al. (2016)), the following bounds for voltage
angle differences and the resulting bounds for the variable W Im

t,l are added:
−θmax

t,l ≤ θt,l = θt,n − θt,m ≤ θmax
t,l , for all l = (n,m) ∈ Lex, t ∈ T , (C.14a)

tan
(
−θmax

t,l
)
WRe

t,l ≤W Im
t,l ≤ tan

(
θmax

t,l
)
WRe

t,l , for all l ∈ Lex, t ∈ T . (C.14b)
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Line current limit. The current through each line is limited by the lines current limit. Hence,
the lines squared current in a time period

lt,l =
(
G2

l +B2
l

) (
Wt,n +Wt,m − 2WRe

t,l
)

, for all l = (n,m) ∈ Lex, t ∈ T , (C.15a)

is not allowed to exceed (subject to a possible tolerance µ2) the lines maximum permitted squared
current

lt,l ≤ µ2lmax
l , for all l ∈ Lex, t ∈ T . (C.15b)

Due to symmetries, the following equations must hold
lt,(n,m) = lt,(m,n), for all l = (n,m) ∈ Lex, t ∈ T . (C.15c)

Network losses. Especially in long-term considerations, the costs of network losses may have a
notable impact on the overall system costs. Besides the active power losses that amount to

Pt,(n,m) + Pt,(m,n)
(C.7a)= GlWt,n −GlW

Re
t,(n,m) −BlW

Im
t,(n,m)

+GlWt,m −GlW
Re
t,(m,n) −BlW

Im
t,(m,n)

(C.6c)−(C.6f)= GlWt,n +GlWt,m

−GlWt,(n,m) cos (θt,n − θt,m)
−GlWt,(m,n) cos (θt,m − θt,n)
−BlWt,(n,m) sin (θt,n − θt,m)
−BlWt,(m,n) sin (θt,m − θt,n)

cos(x)=cos(−x)=
sin(x)=− sin(−x)

GlWt,n +GlWt,m

− 2GlWt,(n,m) cos (θt,n − θt,m)
(C.6c),(C.6e)= GlWt,n +GlWt,m − 2GlW

Re
t,(n,m)

(C.15a)= Gl

G2
l
+B2

l

lt,l,

(C.16a)

for all l = (n,m) ∈ Lex, t ∈ T , also the reactive power losses are included

Qt,(n,m) +Qt,(m,n)
(C.7b)= −BlWt,n +BlW

Re
t,(n,m) −GlW

Im
t,(n,m)

−BlWt,m +BlW
Re
t,(m,n) −GlW

Im
t,(m,n)

(C.6c)−(C.6f)= −BlWt,n −BlWt,m

+BlWt,(n,m) cos (θt,n − θt,m)
+BlWt,(m,n) cos (θt,m − θt,n)
−GlWt,(n,m) sin (θt,n − θt,m)
−GlWt,(m,n) sin (θt,m − θt,n)

cos(x)=cos(−x)=
sin(x)=− sin(−x)

−BlWt,n −BlWt,m

+ 2BlWt,(n,m) cos (θt,n − θt,m)
(C.6c),(C.6e)= −BlWt,n −BlWt,m + 2GlW

Re
t,(n,m)

(C.15a)= − Bl

G2
l
+B2

l

lt,l,

(C.16b)

for all l = (n,m) ∈ Lex, t ∈ T .

Link between apparent power, voltage, and current. The physical link between the magni-
tude of apparent power S, voltage V , and current I is defined by

S = V I.
In Coffrin et al. (2016), this relation is considered in its quadratic form and relaxed via the inequality

S2
t,l ≤Wt,nlt,l, for all l = (n,m) ∈ Lex, t ∈ T .
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Figure C.3. Piece-wise linear outer approximation of a semicircle given equidistant
sampling points

Here, we implement the physical link of apparent power, voltage, and current in its linear form.
Our relaxation is mainly determined by

V min
t,n It,l ≤ St,l ≤ V max

t,n It,l, for all l = (n,m) ∈ Lex, t ∈ T , (C.17a)
where the—compared to Coffrin et al. (2016)—newly introduced variables for the current I and the
magnitude of apparent power S are related to the already existing variables in the following way.
Given (subject to a possible tolerance µ) an upper bound for the maximum current, e.g., the root
of the lines maximum permitted squared current,

It,l ≤ µImax
l , for all l ∈ Lex, t ∈ T , (C.17b)

then, the squared current is bounded by
lt,l ≤ µIt,lI

max
l , for all l ∈ Lex, t ∈ T , (C.17c)

while the connection between the current and the squared current is modeled—as for squared
voltages—by piece-wise binding linear inequalities:

lt,l ≥ 2αIt,l − α2, for all l ∈ Lex, t ∈ T , α ∈ A. (C.17d)
The magnitude of apparent power S is also modeled by piece-wise binding linear inequalities that
represent the semicircle of positive active as well as positive and negative reactive power; see
Figure C.3.

St,l ≥ cos(γ)P abs
t,l + sin(γ)Qt,l, for all l ∈ Lex, t ∈ T , γ ∈ Γ. (C.17e)

The variable P abs corresponds to the absolute value of active power:
−P abs

t,l ≤ Pt,l ≤ P abs
t,l , for all l ∈ Lex, t ∈ T . (C.17f)

Daily average of current according to DIN VDE 0276-1000 (1995). In accordance with
standard load factor regulations, the daily average current on each network line may be limited
by τ % of the maximum permitted current. If this daily average restriction is adhered to, then,
a short-term exceeding of the maximum permitted current will not be damaging as long as this
exceeding remains within a prespecified tolerance bound µ.

1
|T day|

∑
t∈T day

It,l ≤ τImax
l , for all T day ∈ T , l ∈ Lex. (C.18)

Network investment. The network must meet the requirements of supply and demand and must
be kept—at the same time—technically feasible. Therefore, network expansion may be necessary.
Here, it is assumed that the considered time horizon corresponds to the time between two major
network expansion decisions. Investments are made beforehand and then, the new network remains
unchanged for the entire time horizon, generally several years, until the next network investment.

The network expansion constraints are implemented via the big-M method to avoid nonlinearities
by products of binary and continuous variables. The binary variable zl decides if a candidate line
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l ∈ Lnew is built—zl equal to one—or not. The following constraints guarantee that the active
power, reactive power, and squared current are zero if the associated line is not built and arbitrary
if the associated line is built:

−zlM ≤ Pt,l ≤ zlM , for all l ∈ Lnew, t ∈ T , (C.19a)
−zlM ≤ Qt,l ≤ zlM , for all l ∈ Lnew, t ∈ T , (C.19b)

0 ≤ lt,l ≤ zlM , for all l ∈ Lnew, t ∈ T . (C.19c)
As the active power, reactive power, and squared current are supposed to take their correct physical
values in accordance with the second AC power flow equation if the candidate line is built, the
below stated constraints are introduced

− (1− zl)M ≤ Pt,l −GlWt,n +GlW
Re
t,l +BlW

Im
t,l , for all l = (n,m) ∈ Lnew, t ∈ T ,

(C.19d)
Pt,l −GlWt,n +GlW

Re
t,l +BlW

Im
t,l ≤ (1− zl)M , for all l = (n,m) ∈ Lnew, t ∈ T ,

(C.19e)
− (1− zl)M ≤ Qt,l +BlWt,n +GlW

Im
t,l −BlW

Re
t,l , for all l = (n,m) ∈ Lnew, t ∈ T ,

(C.19f)
Qt,l +BlWt,n +GlW

Im
t,l −BlW

Re
t,l ≤ (1− zl)M , for all l = (n,m) ∈ Lnew, t ∈ T ,

(C.19g)
− (1− zl)M ≤ lt,l −

(
G2

l +B2
l

) (
Wt,n +Wt,m − 2WRe

t,l
)

, for all l = (n,m) ∈ Lnew, t ∈ T ,
(C.19h)

lt,l −
(
G2

l +B2
l

) (
Wt,n +Wt,m − 2WRe

t,l
)
≤ (1− zl)M , for all l = (n,m) ∈ Lnew, t ∈ T .

(C.19i)
Due to symmetries, the following equations must hold

z(n,m) = z(m,n), for all l = (n,m) ∈ Lnew. (C.19j)
The candidate lines must also be considered in the first AC power flow equation. Hence,

constraints (C.2a) and (C.2b) are extended as follows:

P sup
t,n − P dem

t,n =
∑

l=(n,m)∈Lex

Pt,l +
∑

l=(n,m)∈Lnew

Pt,l, for all n ∈ N , t ∈ T , (C.20a)

Qsup
t,n −Qdem

t,n =
∑

l=(n,m)∈Lex

Qt,l +
∑

l=(n,m)∈Lnew

Qt,l, for all n ∈ N , t ∈ T . (C.20b)

The McCormick envelopes as well as the polyhedral approaches for convexifying the trigonometric
functions should be binding if and only if the respective line l = (n,m) ∈ Lnew is built and thus,
part of the network topology. Again, this is ensured via the big-M method. In the following, the
resulting inequalities are listed.

McCormick envelope for products of voltages.
Wt,l ≥ V min

t,n Vt,m + V min
t,m Vt,n − V min

t,n V min
t,m −M(1− zl), for all l = (n,m) ∈ Lnew, t ∈ T ,

(C.21a)
Wt,l ≥ V max

t,n Vt,m + V max
t,m Vt,n − V max

t,n V max
t,m −M(1− zl), for all l = (n,m) ∈ Lnew, t ∈ T ,

(C.21b)
Wt,l ≤ V min

t,n Vt,m + V max
t,m Vt,n − V min

t,n V max
t,m +M(1− zl), for all l = (n,m) ∈ Lnew, t ∈ T ,

(C.21c)
Wt,l ≤ V max

t,n Vt,m + V min
t,m Vt,n − V max

t,n V min
t,m +M(1− zl), for all l = (n,m) ∈ Lnew, t ∈ T .

(C.21d)
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McCormick envelope for products of voltages and trigonometric functions.
WRe

t,l ≥Wmin
t,l Hcos

t,l +Hcos,min
t,l Wt,l −Wmin

t,l Hcos,min
t,l −M(1− zl), for all l ∈ Lnew, t ∈ T ,

(C.22a)
WRe

t,l ≥Wmax
t,l Hcos

t,l +Hcos,max
t,l Wt,l −Wmax

t,l Hcos,max
t,l −M(1− zl), for all l ∈ Lnew, t ∈ T ,

(C.22b)
WRe

t,l ≤Wmin
t,l Hcos

t,l +Hcos,max
t,l Wt,l −Wmin

t,l Hcos,max
t,l +M(1− zl), for all l ∈ Lnew, t ∈ T ,

(C.22c)

WRe
t,l ≤Wmax

t,l Hcos
t,l +Hcos,min

t,l Wt,l −Wmax
t,l Hcos,min

t,l +M(1− zl), for all l ∈ Lnew, t ∈ T ,
(C.22d)

W Im
t,l ≥Wmin

t,l Hsin
t,l +Hsin,min

t,l Wt,l −Wmin
t,l Hsin,min

t,l −M(1− zl), for all l ∈ Lnew, t ∈ T ,
(C.22e)

W Im
t,l ≥Wmax

t,l Hsin
t,l +Hsin,max

t,l Wt,l −Wmax
t,l Hsin,max

t,l −M(1− zl), for all l ∈ Lnew, t ∈ T ,
(C.22f)

W Im
t,l ≤Wmin

t,l Hsin
t,l +Hsin,max

t,l Wt,l −Wmin
t,l Hsin,max

t,l +M(1− zl), for all l ∈ Lnew, t ∈ T ,
(C.22g)

W Im
t,l ≤Wmax

t,l Hsin
t,l +Hsin,min

t,l Wt,l −Wmax
t,l Hsin,min

t,l +M(1− zl), for all l ∈ Lnew, t ∈ T .
(C.22h)

Outer approximation of cosine.
Hcos

t,l ≥ cos(θmax
t,l )−M(1− zl), for all l ∈ Lnew, t ∈ T , (C.23a)

Hcos
t,l ≤ − sin(β)θt,l + cos(β) + β sin(β) +M(1− zl), for all l ∈ Lnew, t ∈ T , β ∈ B. (C.23b)

Convexification of sine.

Hsin
t,l ≤ cos

(
θmax

t,l

2

)(
θt,l −

θmax
t,l

2

)
+ sin

(
θmax

t,l

2

)
+M(1− zl), for all l ∈ Lnew, t ∈ T , (C.24a)

Hsin
t,l ≥ cos

(
θmax

t,l

2

)(
θt,l +

θmax
t,l

2

)
− sin

(
θmax

t,l

2

)
−M(1− zl), for all l ∈ Lnew, t ∈ T . (C.24b)

Moreover, also the additional network-related side-constraints should be binding if and only if
the respective line candidate is built.

Voltage phase angle differences.
θt,l ≥ −θmax

t,l −M(1− zl), for all l ∈ Lnew, t ∈ T , (C.25a)
θt,l ≤ θmax

t,l +M(1− zl), for all l ∈ Lnew, t ∈ T , (C.25b)
W Im

t,l ≥ tan(−θmax
t,l )WRe

t,l −M(1− zl), for all l ∈ Lnew, t ∈ T , (C.25c)
W Im

t,l ≤ tan(θmax
t,l )WRe

t,l +M(1− zl), for all l ∈ Lnew, t ∈ T . (C.25d)

Line current limit.
lt,l ≤ µ2lmax

l +M(1− zl), for all l ∈ Lnew, t ∈ T , (C.26a)
lt,(n,m) = lt,(m,n), for all l = (n,m) ∈ Lnew, t ∈ T . (C.26b)

Network losses.

Pt,(n,m) + Pt,(m,n) = Gl

G2
l +B2

l

lt,l, for all l = (n,m) ∈ Lnew, t ∈ T , (C.27a)

Qt,(n,m) +Qt,(m,n) = − Bl

G2
l +B2

l

lt,l, for all l = (n,m) ∈ Lnew, t ∈ T . (C.27b)
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Link between apparent power, voltage, and current.
St,l ≥ V min

t,n It,l −M(1− zl), for all l = (n,m) ∈ Lnew, t ∈ T , (C.28a)
St,l ≤ V max

t,n It,l +M(1− zl), for all l = (n,m) ∈ Lnew, t ∈ T , (C.28b)
It,l ≤ µImax

l +M(1− zl), for all l ∈ Lnew, t ∈ T , (C.28c)
lt,l ≤ µIt,lI

max
l +M(1− zl), for all l ∈ Lnew, t ∈ T , (C.28d)

lt,l ≥ 2αIt,l − α2 −M(1− zl), for all l ∈ Lnew, t ∈ T , α ∈ A, (C.28e)
St,l ≥ cos(γ)P abs

t,l + sin(γ)Qt,l −M(1− zl), for all l ∈ Lnew, t ∈ T , γ ∈ Γ, (C.28f)
Pt,l ≥ −P abs

t,l −M(1− zl), for all l ∈ Lnew, t ∈ T , (C.28g)
Pt,l ≤ P abs

t,l +M(1− zl), for all l ∈ Lnew, t ∈ T . (C.28h)

Daily average of current according to DIN VDE 0276-1000 (1995).
1

|T day|
∑

t∈T day

It,l ≤ τImax
l +M(1− zl), for all T day ∈ T , l ∈ Lnew. (C.29)

To conclude this section, we like to compare—based on data of our case study—the presented
linearized AC-OPF relaxation to the convex quadratic one of Coffrin et al. (2016) and to an
exact power system simulation (by using MATPOWER, a Power System Simulation Package
for MATLAB). Therefore, we again solve the market regimes FBB and MDB for the considered
single-phase 230 V system but now with fixed network expansion and fixed storage investment
and operation. Thus, the remaining objective is to minimize the costs of network losses. When
our relaxation instead of the one of Coffrin et al. (2016) is applied, the costs of network losses are
underestimated by 20.8 % in FBB and by 18.5 % in MDB. However, the following must be taken
into account: the AC-OPF relaxation of Coffrin et al. (2016) has not been solved to optimality in 156
time periods for FBB and in 137 time periods for MDB (out of the 504 time periods considered in our
case study).2 If the comparison is limited to the optimally solved time periods, the underestimation
is 16.5 % in FBB and 15.5 % in MDB. Comparing both AC-OPF relaxations with respect to
minimizing network losses as it is done in Coffrin et al. (2016), the underestimation amounts to
20.2 % in FBB and to 17.6 % in MDB. Now, Coffrins’ approach terminates sub-optimal in 318
time periods for FBB and in 374 for MDB. Restricted to the optimally solved time periods, our
approach underestimates the network losses by 17.9 % in FBB and by 15.2 % in MDB. Nevertheless,
to guarantee a reliable analysis of the efficiency potentials of different regulatory frameworks in
distribution networks, optimal results are of importance and thus, no sub-optimal termination
should occur. For this reason, we refrained from directly using the relaxation of Coffrin et al. (2016)
in our model and further linearized this approach.

Finally, we compare our linearized AC power flow model to an exact power system simulation
(by using MATPOWER, a Power System Simulation Package for MATLAB). With regard to
minimizing network losses, our approach underestimates by 25.6 % in FBB and by 26.6 % in MDB.
With regard to minimizing costs of network losses, our approach underestimates by 27.3 % in FBB
and by 26.6 % in MDB. In absolute values, the costs for network losses differ by e 81.88 per year
in FBB and by e 74.86 per year in MDB. These cost differences are much less than the annualized
expansion costs of possible additional line candidates. Since, for both the exact power system
simulation and the AC-OPF relaxation of Coffrin et al. (2016), feasible network operations exist on
the network expanded as optimally identified by our approach, this further strengthens the results
of our case study.

D. Detailed models for all scenarios

Next, we present in detail the optimization models of all scenarios introduced in Section 3.2 of
the paper.

2For the calculations, Gurobi v7.5.2 has been used; see Gurobi Optimization, LLC (2019).
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Baseline (MDB).

Storage Investment and Prosumer Behavior Level.
max ψPB

(
yres

t,g , dres
t,n, v̄new

s , ∆v̄new
s

)
s.t. (B.1)− (B.4)

Network Operation and Investment Level.
max ψDSO (lt,l, zl)
s.t. (C.3), (C.7)− (C.29)

Storage investment subsidy (MDS).

Storage Investment and Prosumer Behavior Level.

max
∑

n∈Npro

∑
t∈T

∑
g∈Gall

n

ppv
g yres

t,g −
∑
t∈T

prdres
t,n −

∑
s∈Snew

n

((
ccap

s − csub
s

)
v̄new

s + cpow
s ∆v̄new

s

)
s.t. (B.1)− (B.4)

Network Operation and Investment Level.
max ψDSO (lt,l, zl)
s.t. (C.3), (C.7)− (C.29)

Feed-In Fee for production (MDFIF).

Storage Investment and Prosumer Behavior Level.

max
∑

n∈Npro

∑
t∈T

∑
g∈Gall

n

ppv
g yres

t,g −
∑
t∈T

pcorrdres
t,n −

∑
s∈Snew

n

(ccap
s v̄new

s + cpow
s ∆v̄new

s )− cresȳn


s.t. (B.1)− (B.4), (B.5)

Network Operation and Investment Level.

max
∑

n∈Npro

∑
t∈T

∑
g∈Gall

n

ppv
g yres

t,g −
∑
t∈T

pcorrdres
t,n −

∑
s∈Snew

n

(ccap
s v̄new

s + cpow
s ∆v̄new

s )− cresȳn


− 1

2
∑
t∈T

∑
l∈L

Gl

G2
l +B2

l

peex
t lt,l −

1
2
∑

l∈Lnew

cinv
l zl

s.t. (C.3), (C.7)− (C.29)

RES Curtailment (MDRC).

Storage Investment and Prosumer Behavior Level.
max ψPB

(
yres

t,g , dres
t,n, v̄new

s , ∆v̄new
s

)
s.t. (B.1)− (B.4)

Network Operation and Investment Level.

max
∑

n∈Npro

∑
t∈T

∑
g∈Gall

n

ppv
g yres

t,g −
∑
t∈T

prdres
t,n −

∑
s∈Snew

n

(ccap
s v̄new

s + cpow
s ∆v̄new

s )


− 1

2
∑
t∈T

∑
l∈L

Gl

G2
l +B2

l

peex
t lt,l −

1
2
∑

l∈Lnew

cinv
l zl −

∑
n∈Npro

∑
t∈T

∑
g∈Gall

n

ppv
g ydown

t,g

s.t. (C.3), (C.7)− (C.29)
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First-best benchmark (FBB).
max ψIP

(
yres

t,g , dres
t,n, v̄new

s , ∆v̄new
s , lt,l, zl

)
s.t. (B.1)− (B.4), (C.3), (C.7)− (C.29)

First-best benchmark with curtailment of renewable production (FBRC).

max
∑

n∈Npro

∑
t∈T

∑
g∈Gall

n

ppv
g yres

t,g −
∑
t∈T

prdres
t,n −

∑
s∈Snew

n

(ccap
s v̄new

s + cpow
s ∆v̄new

s )


− 1

2
∑
t∈T

∑
l∈L

Gl

G2
l +B2

l

peex
t lt,l −

1
2
∑

l∈Lnew

cinv
l zl −

∑
n∈Npro

∑
t∈T

∑
g∈Gall

n

ppv
g ydown

t,g

s.t. (B.1)− (B.4), (C.3), (C.7)− (C.29)

E. Network characteristics

In this section, we state further characteristics of all distribution lines as well as of the annual
consumption.

Characteristics of existing distribution lines (l ∈ Lex).

Start node - End node Gl (S) Bl (S) Imax
l (A) Length (m) Type

D18 - N14 22.20 -2.68 129 61 NYCWY 4x25/16
N14 - N15 127.65 -49.83 276 33 NAYCWY 4x150
N15 - D19 50.15 -6.06 129 27 NYCWY 4x25/16
N12 - N15 131.64 -51.39 276 32 NAYCWY 4x150
N12 - D17 33.02 -3.99 129 41 NYCWY 4x25/16
N12 - D16 19.62 -2.37 129 69 NYCWY 4x25/16
N11 - N12 69.05 -26.96 276 61 NAYCWY 4x150
D15 - N11 104.15 -12.59 129 13 NYCWY 4x25/16
N10 - N11 145.25 -56.71 276 29 NAYCWY 4x150
N8 - N10 150.44 -58.73 276 28 NAYCWY 4x150
D13 - N8 842.47 -328.91 276 5 NAYCWY 4x150
N8 - D14 32.69 -3.25 119 35 NAYY 4x35
N6 - N8 120.35 -46.99 276 35 NAYCWY 4x150
D12 - N6 156.01 -60.91 276 27 NAYCWY 4x150
N5 - N6 200.59 -78.31 276 21 NAYCWY 4x150
N5 - D10 79.64 -9.62 129 17 NYCWY 4x25/16
N4 - N5 234.02 -91.36 276 18 NAYCWY 4x150
N2 - N3 234.02 -91.36 276 18 NAYCWY 4x150
N3 - N4 102.74 -40.11 276 41 NAYCWY 4x150
N4 - D9 32.01 -5.93 176 68 NAYY 4x70SE 0.6/1kV
N13 - D8 150.44 -18.18 129 9 NYCWY 4x25/16
N9 - N13 69.05 -26.96 276 61 NAYCWY 4x150
D6 - N9 169.24 -20.45 129 8 NYCWY 4x25/16
N9 - D7 38.68 -4.67 129 35 NYCWY 4x25/16

LPT - N9 34.25 -13.37 276 123 NAYCWY 4x150
LPT - N1 102.74 -40.11 276 41 NAYCWY 4x150
D5 - N1 33.02 -3.99 129 41 NYCWY 4x25/16
N1 - N2 49.56 -19.35 276 85 NAYCWY 4x150
D3 - LPT 191.47 -74.75 276 22 NAYCWY 4x150

LPT - D4 20.34 -3.77 176 107 NAYY 4x70SE 0.6/1kV
D1 - D2 191.47 -74.75 276 22 NAYCWY 4x150
D2 - N7 421.23 -164.45 276 10 NAYCWY 4x150
N7 - LPT 22.17 -8.66 552 380 NAYCWY 4x150
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Characteristics of candidate distribution lines (l ∈ Lnew).

Start node - End node Gl (S) Bl (S) Imax
l (A) Length (m) Type

N13 - N4 113.85 -44.45 276 37 NAYCWY 4x150
LPT - D11 27.71 -10.82 276 152 NAYCWY 4x150
D11 - N3 601.76 -234.93 276 7 NAYCWY 4x150
LPT - N2 33.97 -13.26 276 124 NAYCWY 4x150
N12 - D16 61.05 -23.83 276 69 NAYCWY 4x150

Annual consumption.

Node Annual consumption (kWh)

D1 5,017.605
D2 4,688.374
D3 —
D4 1,597.940
D5 1,427.180
D6 1,251.674
D7 —
D8 —
D9 3,664.865
D10 —
D11 174.993
D12 8,403.197
D13 18,338.585
D14 2,531.396
D15 2,807.929
D16 1,862.716
D17 4,532.683
D18 28,643.964
D19 3,744.877

F. Robustness check

To provide a robustness check, we finally consider uncertainty with respect to the input data by
changing the typical weeks as compared to our case study. Altogether, we present three additional
data calibrations for our model. In each case, active and reactive power generation, active and
reactive power demand, and wholesale exchange prices are adjusted. The typical weeks for the
three additional cases are selected as follows: While we use so far one peak (summer), one valley
(autumn), and one flat (winter) week matching the overall average generation, we choose only the
peak week in the robustness checks.3 The other weeks are then determined at intervals of 13 weeks
to represent the typical characteristics of the different seasons.

For the first robustness check (R1), we use the week of 2015 with the highest hourly production
(11.05.2015-17.05.2015 for spring). The procedure described above yields the following other weeks:
09.02.2015-15.02.2015 for winter and 10.08.2015-16.08.2015 for summer. Next, the week with the
second and third highest hourly production is selected (20.07.2015-26.07.2015 for summer). The
second robustness check (R2) additionally considers the typical weeks 19.01.2015-25.01.2015 for

3We like to point out that network expansion is mainly driven by peak PV generation. For this reason, a
randomized selection of typical weeks is not suitable for the robustness check.
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Table F.4. Overview of the system benefit, the profits of the prosumers, the costs
of the DSO, network investment, storage investment, and annual self-consumption
for R1

4π 4πpro 4cDSO Lines Storage Self-consumption
(e/year) (e/year) (e/year) (ID) (kWh) (kWh)

MDB 0.0 0.0 0.0 L3, L4, L5 27.1 26,074.4
MDRC 464.7 0.0 -464.7 L3, L4 27.1 26,074.4
MDS -68.9 444.6 513.5 L3, L4, L5 36.1 27,534.9
MDFIF 9.0 -4.1 -13.1 L3, L4, L5 24.3 25,409.7

FBB 482.5 — — L3, L4 27.5 26,128.9
FBRC 484.7 — — L3, L4 27.1 26,075.8

Table F.5. Overview of the system benefit, the profits of the prosumers, the costs
of the DSO, network investment, storage investment, and annual self-consumption
for R2

4π 4πpro 4cDSO Lines Storage Self-consumption
(e/year) (e/year) (e/year) (ID) (kWh) (kWh)

MDB 0.0 0.0 0.0 L3, L4, L5 25.8 21,180.6
MDRC 482.9 0.0 -482.9 L3, L4 25.8 21,180.6
MDS -84.5 463.3 547.8 L3, L4, L5 38.6 23,357.4
MDFIF 489.8 5.2 -484.6 L3, L4 22.0 20,299.9

FBB 491.9 — — L3, L4 25.8 21,180.6
FBRC 491.9 — — L3, L4 25.8 21,180.6

Table F.6. Overview of the system benefit, the profits of the prosumers, the costs
of the DSO, network investment, storage investment, and annual self-consumption
for R3

4π 4πpro 4cDSO Lines Storage Self-consumption
(e/year) (e/year) (e/year) (ID) (kWh) (kWh)

MDB 0.0 0.0 0.0 L3, L4, L5 23.3 20,808.5
MDRC 471.3 0.0 -471.3 L3, L4 23.3 20,808.5
MDS -61.8 405.8 467.6 L3, L4, L5 32.6 22,445.8
MDFIF 483.1 1.8 -481.3 L3, L4 20.0 20,029.1

FBB 491.0 — — L3, L4 23.3 20,808.5
FBRC 491.0 — — L3, L4 23.3 20,808.5

winter and 20.04.2015-26.04.2015 for spring. Since the second and third highest hourly production
are in the same week, we finally choose the week with the fourth highest hourly production
(15.06.2015-21.06.2015 for summer). Hence, the third robustness check (R3) covers the additional
weeks 14.09.2015-20.09.2015 for autumn and 14.12.2015-20.12.2015 for winter. Tables F.4, F.5, and
F.6 show the results of the three robustness checks.
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All three robustness checks show a similar high efficiency potential as the case study in Section 4
in the paper. In addition, the robustness checks show similar effects of the individual market regimes.
The only exception is market regime MDFIF in check R1. Due to massive feed-in quantities, no
network expansion can be avoided as compared to the baseline scenario. This is only the case as
long as profit neutrality of introducing a feed-in fee for prosumers has to be guaranteed. However,
further investigations have shown that the non-consideration of profit neutrality leads to an outcome
with similar efficiency potential as in the case study of the paper and in R2 and R3.
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