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Abstract
This report presents an analysis of the emergence of residential batteries from a consumer’s per-
spective and their effect on the load peak of the distribution grid. First, the future of residential
batteries was evaluated in social and technical context by mapping the present situation, its trends,
and its possible drivers. Three different battery control strategies were analysed: maximising self-
consumption, market price arbitrage, and load peak reduction. The corresponding battery profile
was determined with a rule-based approach. Second, load summation was used to simulate battery
development scenarios within the distribution network, after which the effect of residential batteries
was determined on a selected substation with a load peak analysis. From consumer perspective,
residential batteries are driven by the phase-out of the net-metering scheme, increasing wholesale
daily price spread, a decline of investment costs, or renewed tariff structures. The results showed
that residential batteries become economically attractive when net-metering is abolished and the
daily electricity price spread increases. The load profile results of the selected substation show a
reduction of both size and number of overload hours for all control methods in case of medium
and low emergence of residential batteries. In case the batteries are used to reduce individual load
peaks, this reduction is largest and is smallest when batteries are used for market price arbitrage.
Battery usage for self-consumption and peak reduction mainly operate during summer months
when PV generation is higher. Therefore, demand load peaks in winter are not relieved as much.
Although it was found that grid reinforcement is still not alleviated for the selected substation,
the maximum and minimum load peak are unified leading to a reduction of required reinforcement
capacity. It is found that retail price regulations strongly influence which control method will be
dominant. Incentives to increase self-consumption or reduce load peaks will relieve pressure on
the grid. However, critical grid congestion moments are not explicitly relieved. Therefore, further
research is required to identify methods to utilise the batteries for DSO control during critical peak
moments or winter seasons with low self-consumption usage.
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1. INTRODUCTION

1 Introduction
The electricity grid is heavily congested and this problem will presumably only increase as a result
of the energy transition (TenneT, n.d.). Due to the increasing intermittency of energy sources
and electrification of demand, electricity transportation peaks enlarge and higher grid capacity is
required. However, reinforcing the grid to address this congestion is costly and time consuming.
Therefore, flexible energy storage systems such as batteries have widely been proposed as an alter-
native way of reducing grid congestion. By using such systems, a load peak on one of the network
components can be relieved on critical moments. To accelerate the adoption of such sources, multi-
ple political parties have plead for the stimulation of battery systems and specifically for residential
batteries (VVD & CU, 2022; Netbeheer Nederland & Energy Storage NL, 2021). However, there are
many different aspects that may influence the emergence as well as control of residential batteries.
As a result, it is still unclear what effect various stimulation policies may have on the adoption and
use of batteries and consequently its potential to relieve pressure grid.

Hence, the objective of this research is to analyse the emergence and use of residential batteries
from consumers perspective and their effects on load peaks on distribution grid level. Changing
policies and other developments will drive the emergence of residential batteries and steer their
usage. These drivers, as well as the effect the different control methods have on the grid, will be
analysed for the Netherlands specific. This leads to the following main research question: What is
the effect of different residential battery use cases on the load peaks on medium voltage substations in
the future? The importance of medium voltage substations is high to distribution system operators
(DSO) because of their high reinforcement costs and long construction time. Analysing the future
battery effect is valuable, because policies will affect future battery emergence and because of
increasing pressure on the grid by the energy transition.

This report is structured as follows: Chapter 2 provides the background to present the current
problem, the residential battery context, the literature review, and its knowledge gaps. Modelling
and interpretation approaches are given in Chapter 3, followed by the data and assumptions in this
research in Chapter 4. Chapter 5 presents the results, which are further discussed in Chapter 6. In
this chapter, the relevance of this study and a personal reflection are included. Finally, Chapter 7
states the conclusions of this work by answering the main research question.
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2. BACKGROUND

2 Background
This chapter provides the background of grid congestion, introduces the applications of residential
batteries within the Dutch electricity sector, and covers the knowledge gaps this research aims to
address. In section 2.1 the grid congestion problems in the Netherlands are explained and covers
multiple solutions for congestion, including the role residential batteries can have in solving it.
Section 2.2 aims to map the societal context of residential batteries in the Netherlands and technology
drivers will be identified. Previous research is reviewed in section 2.3, followed by section 2.4, where
corresponding knowledge gaps will be identified. Finally, in section 2.5, the main research question
with corresponding sub-research questions are stated.

2.1 Grid congestion
The current capacity of the electricity network is to an increasing extent insufficient, causing grid
congestion. When the capacity of the grid cables, transformers and stations does not meet the
current demand for transportation, grid congestion occurs. Because of renewable energy ambitions
and electrification of various sectors, inevitably pressure on the grid is growing even more. In this
section, first the cause of congestion and its consequences are explained. Then possible solutions
are given, including the recently often proposed technology of residential battery systems.

2.1.1 Capacity bottlenecks
station type

power
processing time 
(years)

required space 
(m2)

costs
(€ excl. space)

EHS/HS

>500 MVA
40,000 -

100,000
7 - 10 >100,000,000

HS/TS

100-300 MVA
15,000 –

45,000
5 - 7 >25,000,000

TS/MS

25-100 MVA
2,000 –

10,000
2.5 - 5

1,500,000 –

10,000,000

HS/MS

100-300 MVA
15,000 –

45,000
5 - 7 >25,000,000

MS

10-40 MVA
200 –

4,000
2.5 - 3

1,300,000 –

6,500,000

MS/LS

0.2-1 MVA
10 –

35
0.5 - 1

35,000 –

250,000

Figure 2.1: The required area, processing time and
costs of building different types of stations. Source:
(Netbeheer Nederland, 2019)

Pressure on the grid capacity is a growing
problem because of the energy transition: an
increase of renewable energy sources and elec-
trification of energy demand lead to higher
power peaks. The energy transition of the
Dutch energy sector is depicted in appendix A.
Due to the increasing intermittency of energy
sources and electrification of demand, trans-
portation peaks enlarge and higher grid capac-
ity is required. Conventional power plants pro-
duce a controllable, steady energy output un-
like variable renewable energy sources which
are characterised by their generation peaks.
During summer, generated electricity of pho-
tovoltaic (PV) peak during noon. Similarly,
especially in winter when people come home from work, they simultaneously turn on their lights,
heat pump and electric vehicle charger. There is an electricity transportation peak in the evening.
Both events will cause grid capacity scarcity. Increasing this capacity is expensive and time con-
suming, as can be seen in the overview of figure 2.1, where the time, land area and costs of the
build of different stations are given.

Distribution and transmission networks are designed keep functioning in case of malfunction of
single components. This high reliability is due to its redundancy: most of the electricity network
includes a single fault reserve without power interruption (Netbeheer Nederland, 2019; Phase to
Phase, n.d.). This is indicated as ’N-1’ redundancy and this means that when a component is
overloaded, breaks, or in maintenance, the network does not have a breakdown. The safety capacity
of a station does not include this fault reserve. In case the station load exceeds this safety capacity
and the grid is not considered sufficient for new grid connections, congestion is proclaimed. Hence,
exceeding the safety capacity does not immediately lead to breakdown, but the no fault reserve
is remaining and power interruption is a real threat in case of another fault. In the Netherlands

2



2. BACKGROUND

multiple areas are marked as congestion areas, as can be seen in figure 2.2. In these red areas a
transport restriction is imposed. This means that new requests for grid connections are declined.
For example, new PV parks or a new residential area cannot be connected to the grid because the
capacity limit of grid components will be exceeded when new loads are connected. A more detailed
description of the distribution and transmission network is given in appendix B.1.

(a) Generation (b) Demand

Figure 2.2: Congestion maps of the grid of the Netherlands. Red indicates structural congestion, which
means that new generation connection requests are declined, orange indicated an advance notice at ACM
(Authority Consumer and Market), yellow indicates that a distribution scarcity is near and therefore,
different quote regulations are in place. No color means that there is not a distribution problem (yet).
Source: (Netbeheer Nederland, 2022)

A load forecast example of 2050 on a substation can be seen in figure 2.3. The present load is shown
in grey blue, indicated by ’Load 2021’. The load profiles of expected electrification technologies,
renewable energy sources and new connections are added to the initial load profile. The resulting
total station load is shown in the red line. The maximum safety capacity of this stations is exceeded
and thus this example station is expected to be overloaded in 2050.

Figure 2.3: Projected load profile of 2050 on a randomly picked station of Stedin. The minimum and
maximum safety cap of the station is shown and the total load on the station is marked with the red line.
This exceeds the safety cap on the generation side. Source: (Stedin, 2021b)

3



2. BACKGROUND

Lately there has been a lot of discussion on how to solve the congestion problem. Grid operators
have warned the government of grid capacity scarcity and plead for an overarching strategy from the
government (Actieteam Netcapaciteit, 2022; Commissie Economische Zaken en Klimaat, 2022b).
In February 2021, the committee of Economic Affairs and Climate had a round table discussion
followed by a debate with the responsible minister for Climate and Energy Rob Jetten (Commissie
Economische Zaken en Klimaat, 2022b, 2022a). A group of 14 stakeholders presented their plan
for the grid transition to the Dutch Government which includes extra money for investment, rules
and regulations that need revision, and called attention to the lack of technical staff (Commissie
Economische Zaken en Klimaat, 2022b). The network tariffs should stimulate a better use of the
present capacity. Currently, the net-metering scheme is in place for residential connections, which
stimulates rooftop PV. However, net-metering does not encourage smart use of the grid by rooftop
PV owners. Electricity generation peaks can be shaved by storage or by curtailment. However, the
current regulations do not stimulate generation peak shaving.

2.1.2 Solutions for capacity bottlenecks
One solution for the growing pressure on the grid capacity would be to enlarge its capacity by
reinforcements. Power stations can be replaced or added and the number of cables is increased or
thickened. These reinforcements require a lot of labor power, have high investment costs and take
up a lot of scarce land area as can be seen in figure 2.1. 80% of the processing time for the stations
is preparation such as permit requests (Commissie Economische Zaken en Klimaat, 2022b). Grid
operators have called for an easier legal process to speed up the construction of grid stations.

Figure 2.4: Methods of load peak management.
Source: (Lund et al., 2015)

Grid reinforcement can be postponed or even
prevented when the load peaks are shaved.
The timing of generation and demand is out
of phase and they both include high peaks. To
shave the peaks or to match demand and gen-
eration in time, flexible energy sources can be
used. Different methods of load peak man-
agement can be identified in figure 2.4. The
present flexible capacity is still limited in the
Netherlands, but the demand is growing due
to the following drivers: growing share of vari-
able energy sources, electrification of energy
demand, decrease of conventional controllable generation, and congestion on the grid. There are
many sources of flexibility and storage. Examples are curtailment, demand response, conversion,
or batteries. Curtailment is a form of flexibility where the peak of supply is limited and ’shaved
off’, mostly by connecting a resistor. By conversion of electricity to a different energy carrier, it can
be stored like hydrogen, gas, or heat. Demand response can either be implicit or explicit (Fonteijn
et al., 2019). When it is implicit, it is activated using price signals that represent the need for
adjustment of demand. Explicit demand response is when energy is traded on flexibility markets.
Energy storage can perform flexibility on both the demand and the supply side by charging and
discharging.

There is a lot of research and discussion about the role of storage and flexibility within the congestion
problem. For example, commercial storage parties pay double taxes because for both supplying
and obtaining electricity taxes are charged causing a slow emergence of the energy storage market.
For these parties, grid transport costs are a relative large share of their business case. Moreover, on
one side there is a lobby for residential batteries to decrease the load peaks from households from
different political parties and research institutes (CE Delft, 2022; VVD & CU, 2022). At the same
time, some political parties find residential batteries an expensive solution for the capacity problem
and state that it is no ’silver bullet’ (Commissie Economische Zaken en Klimaat, 2022a).
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2. BACKGROUND

Figgener et al. divides the battery storage market into three parts: home, industrial, and large-
scale storage systems. These are shown in figure 2.5 with their corresponding grid levels. The
home storage systems are connected to the low voltage distribution network which is at 400 V,
whereas the other two systems have two possible connection levels. The typical specifications of
home batteries have a maximum power of 5 kW and maximum capacity of 10 kWh. Industrial
storage can have similar specifications or can be as large as a few hundred kW and kWh.

Figure 2.5: Specification of battery systems markets and their corresponding grid connection. Source:
(Figgener et al., 2020)

Residential batteries

In the recent government discussions about the electricity network and its scarce transport capacity,
residential batteries were repeatedly mentioned as an interesting solution (Commissie Economische
Zaken en Klimaat, 2022a, 2022b). Two political parties wrote an action plan for the development of
residential and community batteries and branch organisation of grid operators published a position
paper in favour of subsidy for residential batteries (VVD & CU, 2022; Netbeheer Nederland &
Energy Storage NL, 2021). However, the real impact of this type of flexibility is still unknown
(Commissie Economische Zaken en Klimaat, 2022a).

The focus of this research will be on residential battery systems. It is yet undetermined what the
Dutch policy landscape of this technology will be in the future, resulting in uncertainty for the
optimal use case of the battery. The grid operators pleaded for a subsidy on residential batteries,
without knowing the real impact of this type of flexibility on the grid (Netbeheer Nederland &
Energy Storage NL, 2021). Also, the phase out of the net-metering scheme will change the feed-in
tariff of the own generated electricity and will drive the emergence of the residential batteries.
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2.2 Societal context of residential batteries
The residential electricity market is subject to various influences: net-metering and feed-in policies,
extremely increasing electricity prices, growing share of residential rooftop PV, and electrification
of energy demand. Pricing the residential electricity usage is regulated by energy supply companies:
The residential electricity tariff paid to the energy supplier can either consist of static, double tariff,
or even dynamic pricing. Next to electricity costs, the electricity bill consists of taxes, network,
and metering costs. The current consumer’s electricity retail market is described in more detail in
appendix B.2. Recent trends within regulation and price developments will influence the residential
battery market. These developments will be described in this section, followed by a description
of drivers for the emergence and control strategy of residential batteries. The main trends in the
residential electricity sector, the drivers for battery uptake, and their main usage to create value
are depicted in figure 2.6.

Figure 2.6: Societal context of residential batteries based on current trends, their drivers and corresponding
value creation. Blue labels indicate indirect motivations for the residential battery.

2.2.1 Present regulations and price developments
The goal of the Dutch climate agreement specifically for small scale rooftop PV is 7 TWh in 2030,
of which 4 TWh is already accounted for with installations operational at the end of 2020 (RVO
Nederland, 2020). To stimulate small scale rooftop PV for households, net-metering is the most
important motivation. The generated PV power will be cancelled one-on-one to electricity demand
at another time. Net-metering does not stimulate direct use of the generated electricity. With
this regulation in place, the grid virtually acts as an infinite battery for the consumer. Because
of significant price reduction of PV, investing in rooftop PV is expected to become profitable
without extra stimulation (Rijksoverheid, 2019). A combination of avoided demand costs and a
reasonable feed-in tariff is expected to be enough stimulation (Wiebes, 2020). Therefore, to avoid
over-stimulation, from the year 2025 onward the net-metering scheme will expire (Wiebes & Snel,
2019; Wiebes, 2020; Jetten, 2022a). Quantification of this phase out is depicted in table 2.1. The
percentage of electricity that you can subtract from your electricity bill will steadily decrease to
0% in 2031. Yet, no binding decisions are made yet on the new policy regarding feed-in electricity
beginning in 2025. In case of the net-metering policy, there is a danger for cross-subsidy. Owners of
rooftop PV benefit from this scheme while the costs for increased use of the grid falls on everyone,
including the low-income households not owning PV. In this case, cross-subsidy is a real threat
(Esplin & Nelson, 2022).
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Year 2023 2024 2025 2026 2027 2028 2029 2030 >2030
Original proposition net-metering [%] 91 82 73 64 55 46 37 28 0
Delayed proposition net-metering [%] 100 100 64 64 55 46 37 28 0

Table 2.1: Phase out of net-metering policy: Percentage of excess electricity that will be one-on-one sub-
tracted from the electricity bill from 2023 onward. Source: (Wiebes & Snel, 2019)

The remaining stimulation for residential generation includes the tax benefit and a feed-in tariff for
excess generated electricity (RVO Nederland, 2020). The Dutch government expects that residential
PV soon won’t need stimulation to grow because of the decline in PV cost price (Rijksoverheid,
2019). However, the price of PV has slightly increased in the past year because the Covid-19
measures affected the efficiency of the supply chain (Dutch New Energy Research, 2021). What
the specific regulations will be that follow-up the net-metering scheme is still unknown. However,
according to the government, the pay-back time of rooftop PV should not be affected by decrease
in stimulation and should stay around 7 years (Rijksoverheid, 2019). Nowadays, when as a small
consumer produces more electricity than consumed they get a feed-in tariff, which is a lot lower
than they would pay for electricity. The ACM has not set a minimum feed-in tariff, although the
tariff must be ’reasonable’. The consumers association (Consumentenbond) pleads for a minimum
feed-in tariff of 70% of the basic electricity tariff (Donat, 2022). Two large electricity suppliers
recently changed their feed-in tariff in opposite trends. Vattenfall increased their feed-in tariff from
7 to 16.8 eurocent per kWh. On the contrary, Eneco drastically reduced the tariff from 56.5 to 9
euro cent per kWh. A lower feed-in tariff, which is a policy impact, will drive the battery uptake
(Esplin & Nelson, 2022).

Dynamic electricity pricing encourages efficient grid usage. Then, it is profitable to minimise
electricity demand during price peaks, which normally occur in the evening and in the morning
and shift the demand to lower pricing moments around noon and at night. A residential battery
can make profit by shifting energy consumption over the day or by maximising self-consumption
(Stultiens, 2021).

The electricity prices are escalating since the end of 2021. At the beginning this was caused by
the release of Covid-19 measures, increasing the demand for energy and a cold winter. Then the
Russian invasion in Ukraine caused an extreme rise in gas prices, highly influencing the electricity
price. The wholesale day-ahead electricity prices roughly increased from about 50-100 e/MWh to
300-600 e/MWh. The prices highly fluctuate and the price spread during the day has increased
as well. The retail prices have followed this rise, and directly influence the interests of civilisation
on electricity usage. Suddenly, electricity and gas are not self-evident and renewables and self-
sufficiency speak more to mind. Because of the rising daily price spread and the scarcity of grid
capacity, there is a high demand for flexibility in energy sources and demand. There are multiple
parties that plead for a stimulation of battery systems and specifically for residential batteries
(VVD & CU, 2022; Netbeheer Nederland & Energy Storage NL, 2021).

Because of the current policies in the Netherlands, it is not yet financially feasible to use home
batteries for your own electricity generation and consumption. In the Netherlands, there is no
incentive for consumers to directly self-consume their PV generation nowadays, because of the
net-metering policy. There is no subsidy available for residential batteries and the network tariff
is unrelated to the capacity peak of consumers, so the stimulation of reducing electricity peaks is
lacking. Therefore, currently the number of residential batteries in the Netherlands is negligibly
small. The electricity price regulations are different in Germany and Belgium are residential bat-
teries are emerging in these neighbouring countries. In Germany a high feed-in gap, and in Belgium
an altered capacity tariff, drives battery uptake. Their residential battery emergence is explained in
more detail in appendix C. In 2021, about 1,350 households in the Netherlands owned a residential
battery to match their PV generation to their electricity demand (Janssen & Jansen, 2022). The
average capacity of these batteries amounts 4 kWh. There is not yet any steering in the usage and
purchase of a residential battery by the government. The Dutch grid operators plead that next to
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a preferably accelerated phase out of the net-metering scheme, a subsidy for decentralised storage
systems is necessary to provide enough space in the network for the increasing share of renewable
energy sources (Netbeheer Nederland & Energy Storage NL, 2021).

2.2.2 Drivers for uptake: policies and value creation
There are multiple motivations to purchase a residential battery. A household’s income as well
as the size of the rooftop PV installation are positive drivers for uptake (Alipour, Irannezhad,
Stewart, & Sahin, 2022; Best, Li, Trück, & Truong, 2021). The household independent factors
are cost price, the feed-in tariff, electricity market prices, and the net-metering (Afman, 2021).
Financial drivers are only partly responsible for the decision to purchase a battery. Non-financial
drivers are self-sufficiency, energy independence, and technological interest. These non-economic
factors are not always in line with political incentives (Esplin & Nelson, 2022). As an example
the uptake of PV in Germany is given by Esplin and Nelson, where the high feed-in tariffs did not
immediately lead to a high deployment, only until the social opinion had shifted. Besides, a new
technology entails uncertainty for customers regarding benefits and potential customers lack infor-
mation. Residential battery users are characterised as innovators (Alipour et al., 2022). Especially
with a high investment cost, the new technology will only be adopted by early innovators according
to the ’diffusion of innovations’ theory. These innovators act as an example and information source
to others, following diffusion of the technology. Another example of a non-financial motivation is
given for using smart charging of an electric vehicle: ’deriving a broader interest in and more joy
from using smart home technology’ (Henriksen, Throndsen, Ryghaug, & Skjølsvold, 2021). This is
stated for electric vehicle flexibility and this idea can be extended on battery systems.

The deployment of residential batteries is difficult to govern, however how the batteries are con-
trolled is easier to regulate (Fett, Fraunholz, & Keles, 2021). Three policies that would stimulate
the residential battery are PV self-consumption feed-in tariff bonus, a reward when the batter-
ies discharge when the grid needs it most, and dynamic electricity prices (Zakeri, Cross, Dodds,
& Gissey, 2021). Zakeri, Cross, et al. conclude that PV stimulating policies should be replaced
with electricity self-consumption policies. Possible stimulations for peak power reduction are tariff
structures or a connection bandwidth tariff (Tresoor, 2022). When the tariff would better correlate
with the use of the grid, an efficient use would be stimulated. Examples of this renewed tariff
structure are time-of-use, critical peak pricing, or real time pricing (Fonteijn et al., 2019). With
the time-of-use tariff the price of electricity would be higher in peak periods and lower in off-peak
periods. The critical peak pricing could be added to a regular fixed tariff or the time-of-use pricing
and would imply a higher tariff during load peak and is thus location specific. Real-time pricing
would be based on wholesale prices of the electricity market.

Figure 2.7 shows the economic value for generators, grid operators and end consumers of batter-
ies direct and indirect applications. Arbitrage is a transaction with the objective to profit from
price differences. For energy generators batteries can be used to smooth the renewable energy
sources and make sure that these are integrated. For the distribution system operator (DSO) it
can delay the investment in higher capacity cables and transformers or function as a reserve ca-
pacity. For end-consumers it can be economically beneficial to have the flexibility of batteries,
or by self-consumption the utilisation of existing assets and the power quality can be increased.
In the Netherlands the electricity reliability is already high. Therefore, in this research, residen-
tial batteries are only controlled for the increase in self-consumption and end-consumer arbitrage.
The self-consumption control method is implemented in two manners: for maximisation of self-
consumption and for household’s load peak reduction.
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Figure 2.7: Economic value of batteries for multiple locations in the electricity chain. Source: (Battke &
Schmidt, 2015)

Maximising self-consumption

When electricity generated by PV is used for on-site electricity consumption this is called self-
consumption. By maximising self-consumption by means of a battery, the excess generated PV
electricity is stored in the battery instead of delivered to the grid. The battery matches the elec-
tricity demand and production over time. Especially in the Dutch cold climate, the PV generation
is not related to the consumption, that usually has an evening power peak when there is no PV
(Klingler, Schreiber, & Louwen, 2019). The business case for self-consumption is based on the price
gap between the electricity retail price and the feed-in tariff of excess PV. Because of the current
net-metering scheme in the Netherlands, this price gap is zero. When the feed-in tariff is lower
than retail electricity prices, maximising self-consumption would be beneficial.

Market participation

Households cannot participate in wholesale electricity markets because of their small size. A de-
scription of electricity markets can be found in appendix B.3. System operators set requirements for
parties that participate in the electricity market or offer balancing services (Zakeri, Gissey, Dodds,
& Subkhankulova, 2021). For example, in the Netherlands the minimum power bid in the balancing
market is 1 MW. Therefore, this market would not be accessible for smaller residential batteries
which have a typical size of a few kilowatts. For those sized batteries to participate in the market,
a set of storage units can be aggregated and controlled by an aggregator. However, the emergence
of aggregators is slow (Eid, Codani, Chen, Perez, & Hakvoort, 2015). Eid et al. state that for the
integration of flexibility in the grid, aggregators are important. The given causes for the slow emer-
gence are: "minimum bidding values, bid duration and strong penalties for non-supplied services".
Afman states that until 2030, the FCR (Frequency Containment Reserve) balancing market will be
the dominant market for aggregated residential batteries. However, this will decrease in value with
up to 70%. Thereafter the day-ahead market will be mainly used as income source. It should be
noted that the analysis is performed before the market prices and fluctuations increased the second
half of 2021.

In the Netherlands, more and more energy suppliers provide dynamic real time prices. These retail
prices are based on the day-ahead wholesale market prices. In that way, participation of market
prices can be done by households themselves (Stultiens, 2022b). By the dynamic pricing, smart
usage of electricity is stimulated. When prices are high, electricity demand should be decreased
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and the other way around when prices are low or even negative, feeding in generated electricity
should be delayed. Because of the assumption that residential batteries installation will be emerging
mostly after 2030, in this research day-ahead electricity prices are taken as the electricity market
to work on.

Load peak reduction

By load shifting during the daily generation and demand peaks, the residential battery can be used
to shave load peaks. The battery would also be used to increase self-consumption, however with
consideration of reduction of connection capacity. The difference between individual load peak
reduction and congestion prevention is the load the battery control is based on. An individual
household can use a battery to reduce their load peaks and limit connection capacity. The battery
is not necessarily used on critical moments of DSO’s congestion. Quantification of the added value
of the peak reduction method is based on several benefits it brings (Faruqui, Harris, & Hledik, 2010).
These factors are the redundant of peak power capacity, the costs of avoided energy usage, and the
reduced transport capacity. The DSO only benefits from reduced load peak when station load would
otherwise be exceeding the safety capacity and cause congestion. Only on these critical moments,
the DSO directly benefits from the peak reduction and is even willing to pay for the possible peak
reduction. Appendix B.3.3 elaborates on the market working of congestion prevention.

2.3 Literature review
The effect of residential batteries on the grid capacity and the profitability and usage of this type of
battery has been researched multiple times in the past years. Table 2.2 shows different researches
with their focus point, method, related conclusion, and most important research gap.

Both Barzegkar-Ntovom et al.; Bagalini, Zhao, Wang, and Desideri analyse what the profitability
of battery systems is when maximising self-consumption. Barzegkar-Ntovom uses the Levelised
Cost of Use (LCOU) to access the profitability and assumes constant electricity prices and a policy
that does not have compensations for excess PV generation in the grid. It concludes that battery
prices are currently too high to be profitable. Bagalini et al. uses real data of a Chinese PV-
battery system to access the profitability. The same conclusion as Barzegkar-Ntovom et al. is
drawn, partly because of the low electricity prices and PV subsidies. A combined battery system
will be profitable when the electricity prices double, the export tariff halves and the investment
costs of batteries decrease significantly. In both studies, the grid impact of DSOs is not assessed.
Nyholm, Goop, Odenberger, and Johnsson analyse the self-consumption rate when combining PV
with batteries on the basis of real data from Swedish residents. In this paper, the grid impact
is disregarded. The paper of Camilo, Castro, Almeida, and Pires found that a PV system with a
battery system positively affects the low-voltage grid impact, when batteries are used for maximum
self-consumption. Only two typical days in summer and winter are used to analyse the grid impact.
Additionally, in Portugal, where this research is based on, the winter and summer differences are
smaller than in the Netherlands.

Alnaser et al. research the impact of increased self-consumption policies on the distribution grid.
In their paper it is stated that most studies do not take the implications on distribution networks
into account. This research uses two different use-cases for batteries: the user-led and the DSO-led
strategy. The user-led strategy first determines PV and battery sizes by minimising the installation
costs whilst achieving maximum self-consumption. The battery may be fully charged before the
critical time periods (before noon), because the interests of DSOs are not taken into account. In the
DSO-led strategy, generated PV power is only used to charge the battery when the excess energy
reaches a certain threshold. The main conclusions are that when the charging strategy is user-led,
the small-sized batteries will be fully charged before the critical periods. This study only analysed
a time span of one single day. Additionally, this study does not take the economics of the different
control methods into account, as well as the future projection of the substation load nor the market
based price arbitrage.
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Seydali Seyf Abad, Ma, Marzooghi, and Ahmadyar perform a probabilistic analysis of the effects
of batteries on the minimum PV hosting capacity of the grid. For both the self-consumption and
varying tariff the grid load peaks decreases only when the battery is still charging during the critical
period which is between 12 and 13h. The effects on the load peak of both flat and Time-of-Use
tariffs is the same so the type of network tariff is unrelated. In this research only one day is taken
into account.

Schopfer, Tiefenbeck, and Staake determine the strong dependency of the specific load profile of a
household on the profitability of a PV - battery combination. Also, the profitability of integrating
residential batteries is strongly dependent on its price developments. In von Appen, Braslavsky,
Ward, and Braun the profitability of battery systems in Australia and Germany is assessed. In
Austria, PV combined with batteries will be feasible in the near future. In Germany however,
currently just rooftop PV is more profitable. PV generation peak reduction can be significant
when using batteries, but this depends on the control strategy.

In Sani Hassan, Cipcigan, and Jenkins an optimisation use for a battery system under both whole-
sale prices and double tariff is formulated. The results show that when wholesale prices are low or
negative, the battery charges using the grid. When PV generation is maximum, the battery uses
this energy to charge. Also, when optimally sizing the battery in favour of revenue, the capacity
of the battery would be 3 kWh.

Source Use case Measured effects Method Related conclusion Gap

(Camilo et al., 2016) SC Voltage, active power
and losses Power summation SC promising solution Profitability, real data

(Barzegkar-Ntovom et al., 2020) SC profitability LCOU not profitable currently specific policy used
and no DSO

(Nyholm et al., 2016) SC optimal sizing PV and B MILP Optimal relative sizing No electricity markets
and DSO effects

(Bagalini et al., 2019) SC Profitability Pilot data decrease in load peaks, not
economic feasible

Used large battery,
no DSO and VT

(Seydali Seyf Abad et al., 2022) VT and SC grid impact of B Probabilistic
and MILP

Impact improves more in
cost minimisation then SC

Only one day, no
electricity market prices

(Alnaser et al., 2021) SC, CM SC, OS MILP and
Monte-Carlo

SC will not relieve grid impact,
DSO control strategy will

Influence of
electricity markets

(Cerna, 2022) CM with
B and DR

optimal residential
usage scheme MILP optimal DR reduces energy

consumption costs
No electricity markets
and DR is used

(von Appen et al., 2015) maximal profit
and CM

impact pricing schemes
and grid integration MILP peak reduction possible

depends on control strategy
No real data and
no scenarios

(Schopfer et al., 2018) maximal profit costs of PV and B for
positive net present value

Data and
machine learning

profile influences profitability
maximal price level of battery

different scenarios,
no DSO

(Sani Hassan et al., 2017) VT MP MILP Optimalisation wholesale
charging strategy found No effects DSO

Table 2.2: Overview and comparison of the related research. The abbreviations in the table are: self-
consumption (SC), congestion management (CM), levelised cost of use (LCOU), battery (B), mixed-integer
linear programming (MILP), variable tariff (VT).
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2.4 Knowledge gap
Based on the previously described context and literature of residential batteries, multiple knowledge
gaps are defined below:

• From the societal context follows that grid congestion and intermittency of the growing
renewable energy sources become a larger problem for the system. With policy makers the
question rises whether residential batteries will help by solving these problems, and thus
whether they should be stimulated. Their corresponding effect on the distribution system is
not determined.

• As soon as batteries have a positive business case they will emerge. The most profitable
residential battery control method in the future is uncertain for the Netherlands because of
the altering policy landscape. It is unknown what the consequences of various ways of battery
control are on the distribution grid and whether they will help to solve the congestion problem.

• Comparable research fails to combine the effect on the level of a real distribution grid with
the potential control methods of the batteries.

• In this research, specifically the Dutch electricity retail market and its related policies are
considered. Their context is changing fast.

This research performs a scenario analysis of the future of residential batteries. The battery profiles
are modelled from consumer perspective. Because of uncertainty of the policy landscape, different
control options of the battery are evaluated. Their corresponding business cases are calculated.
With a load profile summation model the batteries are integrated in the distribution grid. Their load
effects on the distribution grid can be determined, specifically on the medium voltage substation.
This research aims to compare consumers’ battery control methods based on their profitability and
load effects. The battery and station load profiles are computed over a time span of one whole year.
Since the emergence of residential batteries will take place in the future, the effect of batteries on
the future distribution grid load will be considered and part of the real Stedin network hierarchy
is included. By integrating the expected amount of residential batteries in the future system, the
real impact can be evaluated.

2.5 Research questions
The phase out of net-metering will likely be a stimulation for the emerge of residential batteries
and at the same time the DSOs face an increasing pressure on the grid due to electrification and
variable energy sources. The Dutch market of residential battery systems is still niche and lacks
regulations and policies. There are several options for the control strategies for residential batteries.
What the ideal use case of residential batteries will be in the future Dutch electricity system will
depend highly on the development of policies and regulations. What these batteries will change in
the load on the electricity grid is highly dependent on the control strategy and unknown for the
future network. Therefor, the main research question is:

What is the effect of different residential battery use cases on the load peak on medium voltage
substations in the future?

This question roughly consists of two parts: different use cases of residential batteries and the effect
on the peak load in distribution medium voltage substations. In this research question, medium
voltage substations are chosen to represent the distribution grid, since the amount of connections is
high enough to assume individual load peaks are averaged out. The importance of these substations
is high to DSOs because of the high reinforcement costs and long time to construct. 2050 is an
important milestone in the current climate agreement, because the CO2 emissions must be reduced
by 95% compared to the year 1990. In this research, the years 2030, 2040 and 2050 are chosen to
represent the future to analyse the developments of the grid. Currently, the amount of residential
batteries is still small and the net-metering policy, which is a suppressing measure for the emerge
of batteries, is only planned to be phased-out by 2031.
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In order to answer the main question, five sub questions have to be answered first. The sub-questions
are given and their corresponding research approach is explained.

1. How is the load on a medium voltage substation expected to change until 2050?
To define the context of the problems of the grid and in order to analyse the changes on the capacity
of a substation, the present situation of capacity profiles and daily and yearly load profiles on the
station should be known. The model that analyses the expected load impact on the network for
Stedin area, SETIAM, must be understand. The inputs and parameters must be identified and
simulations of the network should be understood.

2. What will drive the emergence of residential batteries and their usage?
To model the resulting residential battery load, the different control strategies must be identified.
There are multiple control strategies and each have specific advantages depending on the policy
landscape and battery specifications. To identify the control strategies, first the context of the
owner of the battery must be analysed. The consideration of buying a battery is analysed based
on literature. Also, the factors that determine why a specific use case is chosen are mapped.
Consequently, the use cases itself are defined.

3. What is the expected development of residential batteries in the Netherlands?
To assess the effect of residential batteries, the future of these batteries must be mapped. The
approach to this answer is both social and technical. A literature research will be performed on
battery prognoses based on policies, forecasts and specifications.

4. What is the load profile and corresponding profitability of a residential battery per control method?
To determine the resulting load profile of a battery, the control strategies defined in the previous
sub-question must be modelled. The input parameters are defined by the expected future scenarios
of residential batteries. The most suitable modelling method must follow from the second research
step. Additionally, the profitability of residential batteries is determined per control method in
order to compare them.

5. Will residential batteries relieve load peaks of the selected distribution station?
The next step is to simulate the battery scenarios in the distribution network. For this step the
Setiam model is used. Different scenarios for the batteries are both the previous defined use cases
and the created capacity scenarios. The batteries must be distributed over the Stedin network,
with the input parameters from the expected future distribution of sub-questions 2 and 3.

By reflecting on this research, recommendations can be given by answering the following ques-
tion:

6. What regulations can improve the integration of residential batteries in the electricity network?
The approach of this phase is reflecting on the possible policies that lead to certain use cases and
the effects these use cases have. The possible market policies and there consequences on battery
usage are researched. With the overall desired effects, recommendations will be given.
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3 Methodology
Three different control options of residential batteries are analysed from consumers’ perspective and
their effect on the distribution grid will be evaluated. First, in section 3.1, rule-based approaches
to determine the individual household battery profiles are described. Then the economic valuation
from consumers’ perspective is explained in section 3.2. Finally, in section 3.3, the load profile
summation method is described to determine the future yearly load on a medium voltage substation,
and how the batteries will affect this load.

3.1 Determination of single battery profile
Batteries can be used to maximise self-consumption, for load peak shaving, or for market price
arbitrage. With this latter control method, the battery is used for price arbitrage based on day-
ahead market prices. This control is denoted by market participation, however the battery power
is not directly used for bidding on the market. Most battery users indicate to use their storage
for more than one application (Janssen & Jansen, 2022). In this research however, one single
application method is assumed at the time, in order to compare the effects of each of them. This
will be discussed further in Chapter 6.

The corresponding power output of residential batteries in the different control strategies will be
determined with a rule-based approach. This method has been used before in comparable studies,
and is thus considered fitting for this research (Seydali Seyf Abad et al., 2022; Zhang, Lundblad,
Campana, Benavente, & Yan, 2017; Olaszi & Ladanyi, 2017). In the next sections the calculation of
the battery output is described by means of a flowchart per control strategy. In order to determine
the battery power output of all three use cases, the parameters, input variables, and output are
defined below. In the next Chapter 4, the input data and parameter values are specified.

The following parameters are used in the calculation.

• Time t in hours starts at 0 and ends after one year at t = 8760 h. This time frame is chosen
to fit in the station load model accordingly.

• Day d is defined to calculate the average value of that day starting at 0:00h and ending at
24:00h

• Energy capacity of the battery CE in kWh, chosen as most commonly used battery size
• Power capacity of the battery CP in kW
• Initial Level of charge LoC in kWh at t = 0 h
• Grid load threshold THmin and THmax in kWh which determine the grid capacity limit

relative to the average daily load
• Electricity price threshold PTH e/MWh which identifies when the price peak is high enough

to initiate (dis)charging of the battery

The following variables are input for the calculation.

• Demand load D per hour of one household in kWh for one year
• Rooftop PV generation PV per hour in kWh for one year
• Average load Lav in kWh of the current day (24 hours)
• Dutch day-ahead electricity prices in e/MWh for every hour
• Average day-ahead electricity prices Pav in e/MWh of the current day (24 hours)

The following variables calculated using the previous described input and defined parameters.

• Battery power Pbatt in kW for one year
• Battery’s level of charge LoC in kWh for every hour in one year
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3.1.1 Self-consumption
Because of the time-based mismatch of demand for electricity and rooftop PV generation, the
generated electricity cannot be used directly to satisfy demand. Excess PV generation during the
day is fed back into the grid and excess demand is satisfied from the grid. A battery can be used to
match this load demand to the PV generation of a household. The battery is charged with excess
PV power and discharged when demand exceeds this generation.

In figure 3.1 the flowchart of determining the battery power profile is shown. At the start the initial
time value t[h] and the initial Level of Charge LoC[kWh] are set to zero. The demand D and PV
both in [kWh] in hour t are read. When generation exceeds D and the LoC of the battery is still
below its energy capacity CE [kWh], the battery is charged. The charging power of the battery is
limited by its power capacity CP [kW ]. Within one hour, the battery can charge the excess PV
power with the limit of this maximum CP . The battery is charged until the CE is reached. When
D is greater than the PV generations and thus net demand, the battery will discharge if the LoC
is non-zero. This discharge is limited by the CP . The battery will discharge to satisfy the net
demand until the LoC reaches zero. The power of the battery Pbatt[kW ] at time t is determined
by the change in charge of the battery. This iterative calculation of Pbatt is executed until all
hours of the year are covered. The output is the battery power profile over one year of one single
household.
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Figure 3.1: Flowchart of battery profile construction in self-consumption control.

3.1.2 Power peak reduction
Battery storage can be used to reduce grid power peaks by absorbing the peaks in both demand
and generation in the battery. The self-consumption rate should not be compromised in this use
case with respect to the previously described maximising self-consumption method (Moshövel et
al., 2015). However, maximisation of self-consumption often leads to a fully charged battery before
the PV generation peak in the afternoon, which still results in a grid load peak (Moshövel et al.,
2015). Therefore, the self-consumption method won’t relieve stress on the grid. When charging the
battery would be better spread out during the PV excess, the power peak can be reduced.

In figure 3.2, the flowchart to construct the battery power over one year is shown. The total load on
the grid is calculated by subtracting the PV generation from the demand load. Then the average
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daily load Lav is calculated over 24 hours. This would imply a perfect forecast of the electricity
consumption and demand the day before. Around the Lav a threshold limit is set by THmin and
THmax. When the power exceeds this limit, it is defined as a peak and the battery will charge or
discharge. The power of this peak relative to the threshold limit is the amount of (dis)charge, only
when this does not exceed the power capacity. The battery is (dis)charged until it reaches its energy
capacity limit. From the difference in battery charge, the battery output power is calculated. This
process is iterated over all hours of the year.

Start

L [t] > Lav [d] + THmax
AND

LoC [t] < CE

Lav [d] = 

σ
n=0
23 L [24d + n]

L [t] < Lav [d] – THmin
AND

LoC [t] > 0

Else

Charge Discharge Do nothing

LoC [t+1] = Min ൝
LoC [t] + Charge

CE
LoC [t+1] = Max ቊ

LoC [t] − Discharge

0

LoC [t+1]
Pbatt [t] and 

t=t+1

Pbatt [t]= 

LoC [t+1] – LoC [t]

Charge = Min ൝
Lav [d]+ THmax−L [t]

CP

L [t] = 

D[t] – PV [t]

Discharge = Max ൝
Lav d − THmin−L [t]

CP

End

t=0, d=0

LoC [0]

t=8760?

Yes

No

If t | 24 →
d=d+1

Figure 3.2: Flowchart of battery profile construction in peak reduction control.

The grid load threshold is based on the daily average instead of a fixed grid limit during the year
to make sure that for both generation peaks and demand peaks there is still battery capacity left.
The threshold limit around this average load value should be large enough to ensure high self-
consumption and grid relieve, yet low enough to ensure the battery is able to cover the peak before
it is fully (dis)charged. In this research perfect forecast is assumed over the average total load of
the day ahead. Although the moments of demand or PV peaks are uncertain and daily changes
can happen, this assumption is justified since it is an averaged value.

3.1.3 Market price arbitrage
The business case for price-based battery control is based on the difference in price when charging
and discharging: price arbitrage. This is stimulated for dynamic electricity price contracts. The
control of the battery is unrelated to the current demand load because it is only based on electricity
prices. Figure 3.3 shows the flowchart to construct the battery power profile over one year. The
battery will be discharged in order to sell the electricity when the price is high and cheap electricity
will be used to charge the battery again. The battery will discharge when the electricity price
exceeds a certain price limit. This limit is defined as the average price of that day plus a certain
threshold. The battery will discharge at its power capacity until it is empty. The same method is
applied for charging when the price falls below the average price minus the price threshold. The
battery is then charged until it reached full capacity. The updated LoC is calculated and from
that change the battery power is recovered. When all hours of the year are calculated, the iterative
process is ended.

16



3. METHODOLOGY

Start

P [t] < Pav [d] – PTH
AND

LoC [t] < CE

Pav [d] = 

σ
n=0
23 P [24d + n ]

P [t] > Pav [d] + PTH
AND

LoC [t] > 0

Else

Charge Discharge Do nothing

LoC [t+1] = Min ൝
LoC [t] + Charge

CE
LoC [t+1] = Max ቊ

LoC [t] − Discharge

0

LoC [t+1]
Pbatt and 

t=t+1

Pbatt [t] = 

LoC [t+1]- LoC [t]

Charge = CP

P [t], L [t] = 

D[t] – PV[t] 

Discharge = CP

End

t=8760?

t=0, d=0

LoC [0]

Yes

No

If t | 24 →
d=d+1

Figure 3.3: Flowchart of battery profile construction in market participation control.

Thresholds are defined around the daily average value to identify the daily price peaks to make
sure that the battery is only controlled when the price peaks are significant and to reduce the
amount of charging cycles of the battery. The threshold value represents the willingness to use the
battery even though a charging cycle decreases its lifetime. For this calculation the daily average
market price is required. The day-ahead market auction takes place, as the name would imply, at
noon the day ahead. Therefore, the average price for the current day is a known parameter when
a household is charged with market prices by their electricity supplier. This study does not take
into account the influence the batteries have on the market prices.

3.2 Residential economic drivers
The revenues per control strategy can be calculated for various pricing mechanisms. Self-consumption
can be stimulated with a price gap between electricity’s retail price and feed-in price. In this study,
the net-metering scheme is neglected for calculation of the business case for residential batteries.
When this scheme is still in place, there is no incentive to increase self-consumption, because the
grid basically acts as an economic unlimited battery. When there is a gap between the retail
electricity price and the feed-in tariff, the so-called feed-in gap, it is profitable to consume your
own generated electricity instead of feeding into the grid and buy grid electricity again. The self-
consumption rate is defined as the directly and indirectly self-consumed PV generated electricity
divided by the total PV generated electricity (Han, Garrison, & Hug, 2022). Price arbitrage using
a battery is possible when small connections can be charged with day-ahead prices or when the bat-
tery is controlled by an aggregator who can participate on the market. In the Netherlands already
a few energy suppliers use hourly variable electricity prices. Peak reduction can be stimulated with
capacity tariffs. To determine the profitability of residential batteries for individual households,
the pay-back period is determined. The pay-back period is defined as the investment costs divided
by the annual revenue.
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3.3 Effects of residential batteries on the distribution grid
In this research, a simulation of the battery implementation will be performed in the distribution
network of Stedin using load profile summation. The battery emergence will be implemented in
a scenario-based manner: the different use cases each form an individual scenario together with
the overall number of batteries. These batteries will be virtually distributed over the distribution
network and their load effect on connected grid components is determined. The model SETIAM
will be used, which is described in appendix D. Stedin uses this model to simulate the increasing
load on the distribution grid to oversee necessary grid investments.

First, the batteries are distributed over the residential connections of Stedin area. The method
distribution of the batteries equal for all the scenarios and control cases. They are randomly
distributed over the houses with installed PV and categorised as ’residential’. The chance only
depends on PV and not on income and other technologies like electric vehicles and heat pumps
because when controlling for maximising self-consumption, PV is crucial. All connections are then
randomly ordered and assigned a battery until the number of batteries from the battery scenario
for the Stedin area is reached.
Second, the battery load profiles of all households with a battery are individually determined.
The battery profile highly depends on annual electricity consumption, size of PV installation,
consumption of a heat pump, and the ownership of an electric vehicle. Then, all these battery load
profiles connected to the selected station are added, by yearly load summation. For every battery
scenario and battery control method, the effect of the batteries on the station load is determined for
the years 2030, 2040 and 2050. A single medium voltage substation is selected as a representative
of the distribution network.

The effects on the grid are analysed by assessing load pressure on the substation during the whole
year with respect to their capacity limit. With this comparison, congestion prediction can be
performed to assess the need for investment on particular substations. To assess the effect of
implementation of residential batteries in the network, the load peaks on the substation can be
compared to the initial profiles. The battery power output for each control strategy is assessed
individually to identify their disadvantages or benefits.
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4 Data
This chapter describes the assumptions, required input variables and constants for the research
methodology in more detail. First, general assumptions in the scope of this research are given in
section 4.1. In order to determine the residential battery profile, the electricity consumption and
PV generation must be defined. In section 4.2, the yearly residential electricity demand and PV
generation profiles are described and the day-ahead market prices of 2021 are given, which is input
for the price arbitrage. Section 4.3 presents various specifications of residential batteries to identify
the used battery parameters for this research, and trends of electricity prices and battery costs are
described. The different battery control strategies that are included in this research are named in
section 4.4 and the emergence scenarios are created. At last, section 4.5 provides the future station
load profiles without the connection of residential batteries.

4.1 General assumptions
All battery profiles are determined using a rule-based approach, based on standardised load profiles
or 2021 market prices. The market prices of 2021 do not one-on-one correspond perfectly to the
yearly loads on the station. Assumed is that the market prices are not influenced by the batteries
and are known day-ahead. Demand response and multi-application of the battery are neglected.
Only one control method at the same time is evaluated to be able to compare the different battery
control methods. Also, no other flexibility sources are taken into account for the station load.
The station load is determined by load flow summation. Therefore, grid frequency and voltage
fluctuations are not considered as well as lower grid components.

4.2 Annual residential load and price profiles
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Figure 4.1: Yearly residential demand and PV gener-
ation profiles.

For the electricity demand profile of a house-
hold the standardised load profile of NEDU is
used (van Langen, van Tol, Quak, Sinke, &
van Bruggen, 2021). This yearly demand pro-
file is then multiplied by the annual electricity
consumption to form the demand profile. For
calculations for single households the average
annual electricity consumption of 3300 kWh is
assumed. The used PV generation profile is
supplied by grid operator Liander and is a gen-
eral PV profile unrelated to a particular year.
The size of the rooftop PV installation is taken
as 3.3 kWp, which in the Netherlands approx-
imately corresponds to the annual demand of
3300 kWh. The resulting yearly load profiles of
demand and PV generation are shown in figure
4.1, and the daily profiles are shown in figure
4.2 where two days in January and July are
shown. The demand of electricity increases at the end of the afternoon until the evening. A smaller
increase is noticed during the morning hours. Both during the day around noon and during the
night, the demand is lowest. During the year, electricity consumption is significantly higher during
winter months. The generation of rooftop PV is significantly higher during summer and fluctuates
on a daily basis. In January, the PV generation does barely exceed the electricity demand at its
peak moment.
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(a) Two days in January
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(b) Two days in July

Figure 4.2: The averaged hourly load profiles of households demand and rooftop PV generation for two
days. The electricity demand and generation are summed for the total connection load indicated in green.

For the calculation of the overall battery profile over the station load, the specific annual electricity
consumption, PV size, heat pump and electric vehicle of the individual houses are all inputs for
the battery profile. For each individual connection of Stedin the annual electricity consumption is
known in kWh. Each connection is categorised by a type of NEDU profile. The size of the PV
installation is individually projected by Stedin using parameters as neighbour’s PV installation,
rooftop size and energy consumption. The potentially present heat pump profile is based on the
size of the heat pump, the outside temperature and the previous annual gas consumption. The
possibility of an electric vehicle is also included in determination of the electricity consumption per
household.

In this research, only the day-ahead wholesale electricity prices are taken into account. An ag-
gregator can be involved to control the battery in favour of the owners in order to participate in
the day-ahead market. However, there are new energy suppliers that supply electricity for hourly
dynamic prices, which are based on the day-ahead prices. With those suppliers you wouldn’t need
an aggregator. The market prices of 2021 are taken and the yearly profile can be seen in figure 4.3a.
A steep increase can be seen at the end of 2021. This is caused by many factors, including grow-
ing electricity demand because the ending of corona measures and the uncertainty of gas supply
because of the Ukrainian war. Daily price fluctuations can be seen in figure 4.3b, which shows two
days in July. Mid day the prices are low because of PV generation and lower electricity demand.
At the beginning of the evening when everyone gets home, the electricity demand increases and
thus the market prices.
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(b) Two days in July

Figure 4.3: The day-ahead electricity price profile of 2021 of the whole year and zoomed-in over 2 days in
July. The prices increase towards the end of the year and the spread during the day increased as well.

20



4. DATA

As well as the wholesale electricity market prices, the retail consumer prices are rapidly chang-
ing as well. The prices differ per energy supplier, however as an average an electricity price of
e0.24/kWh in 2021 and e0.67/kWh in 2022 is assumed and a feed-in tariff of e0.07/kWh in 2021
and e0.17/kWh in 2022.

When the battery is used for price arbitrage, it is controlled based on a threshold relative to the
average day-ahead market price. The price threshold is set at 20 e/MWh. This should be related
to the willingness to pay for this one cycle. Now, this threshold of 20 e/MWh is chosen to keep
the frequency of battery charging cycles around once a day. Price peak identification using this
method of two days in July can be seen in figure 4.4a.

When the battery is controlled to reduce load peaks, the peak of PV generation or demand is
reduced to a threshold. This threshold is defined as the daily average load plus or minus a certain
threshold. In order to do this, there must be a perfect forecast. In reality this would be an estimation
based on the daily demand and estimated PV generation. In this research the load threshold is set
on 50% of the average daily load. This means that when the load peak exceeds +50% or -50% of
daily average, the battery will charge/discharge to shave this peak. The identification of load peaks
based on the average load in combination with a threshold, can be observed in figure 4.4b.
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(a) Price peak identification
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Figure 4.4: (a) When the electricity price exceeds the threshold limits electricity is bought or sold (b) Load
peaks are identified and the peak is reduced by (dis)charging until the threshold load value.

4.3 Battery parameters
4.3.1 Present
The most common types of home batteries are lithium-ion and lead-acid (Gysel, 2021). The first
one is the upcoming type and is driving lead-acid, the second most common battery type, out of the
market because of its great price decline and technological improvements. Although the latter one
is cheaper than lithium-ion batteries, the depth of discharge is only half of the total capacity and
has a shorter lifetime (Han et al., 2022). Recently, the main battery technology is lithium-ion (Li-
ion) and most of the big brands like Tesla, LG and Samsung merely use lithium-ion batteries. The
Dutch residential battery start-up company sells a iron-phosphate battery. Specifications of some
residential batteries are given in table 4.1. Most battery producers give a warranty of usually 10
years. For Lithium iron phosphate the cycle life is around 6000 cycles and for lithium-ion batteries
it is typically between 4,000 and 8,000 cycles. For lead acid batteries this is around 800 - 1,000
cycles. A lifetime of 15 years is assumed. For simplicity, charging or discharging power losses are
neglected. At present, residential batteries cost between e600 - e1,000 per kWh (Stultiens, 2022a).
For a residential battery of size 3kW/6kWh this would be e3,600-e6,000
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Brand Usable
energy (kWh)

Continuous
power (kW)

Round trip
efficiency (%)

Price
indication (e)

Tesla powerwall 13.5 5 90 9,000
LG Chem 9.3 5 94.5 7,000
Generac 9 3.4 96.5 8,800
sonnen eco 5 3 86 6,000
Charged Sessy 5 2 unknown 3,250
- This study - 6 2 neglected 4,500

Table 4.1: Comparison of specifications of various residential batteries. Specifications chosen in this study
are included.

As a common, averaged residential battery size, 6 kWh is chosen. There are bigger ones like the
Tesla’s powerwall, however in the Netherlands there is limited PV production in comparison with
other countries and when used related with own electricity consumption 6 kWh is plenty, especially
in the summer. An equal battery size is chosen for all battery control methods. Usually, the
maximum power capacity is around half of the energy capacity meaning that it can (dis)charge
fully in two hours. However, using this maximum power output is decreasing the lifetime of a
battery significantly. Therefore, a power capacity of 2 kW is chosen. The initial SoC is set at 0 %.
A battery is not necessarily always completing a charging cycle from fully charged to fully empty.
It is defined that a battery completes a single charging cycle when the summed discharged power
equals the battery’s capacity. The degradation of the batteries during their lifetime is not taken
into account, however, with the use of thresholds the number of cycles is limited to slow down the
degradation process.

4.3.2 Future
The main parameters that affect the profitability of residential batteries are future electricity prices,
technology costs, potential subsidies and facing-out of net-metering (Klingler et al., 2019; Afman,
2021). To estimate the future electricity prices, the future share of renewable energy sources and
the electricity demand is accessed. The Dutch wholesale electricity prices will rise in the following
years according to Klingler et al.. The estimated values are given in table 4.2. However, the
electricity prices have increased enormously during 2020. The average wholesale electricity price
of 2021 already was 103 e/MWh. Although, these estimated future prices do show the expected
market trend of rising electricity prices.

Year 2020 2030 2040 2050
Mean wholesale prices [e/MWh] 38.8 79.2 101.3 108.1

Table 4.2: Estimated increasing wholesale electricity prices in the Netherlands for the years 2020, 2030,
2040 and 2050 in e/MWh. Source: (Klingler et al., 2019)

Battery prices have fallen enormously in the past years, mainly due to the upcoming electric
vehicle industry. This decline is expected to continue in the coming years, as can be seen in figure
4.5 and in table 4.3. The costs of batteries in the future is estimated by Klingler et al. using
the so called ’experience curve’, which is based on the historic correlation of double cumulative
production leading to a decline of production price by an established percentage. The production
costs decrease because of scale benefits and technical learning. The decrease in cost by every
doubled cumulative production is called the learning rate. The price of residential batteries has
declined from 2000 e/kWh in 2012 to 1600 e/kWh in 2016 (Klingler et al., 2019). A learning rate
of 12.5% is determined, however it is noted that the small number of data points could result in
an inconsistent learning rate over the years. In (Han et al., 2022) the costs of residential batteries
are taken as a constant value of 295-459 e/kWh + 249-388 e/kW in the year 2020. According to
Kairies et al., in 2018 the prices declined with more than 50% with respect to 2013.
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Figure 4.5: The predicted battery price of a 5 kW/20
kWh residential battery for three different scenarios.
Source: (NREL, 2021)

Table 4.3: The expected development of battery
prices divided in costs for both energy and power
and for both investment costs and operation costs.
Source: (Han et al., 2022). The expected investment
prices are translated for a 3kW/6kWh battery.

4.4 Residential battery scenarios and control methods
Battery control method For each individual house that has been assigned a residential battery,
the battery profile is determined based on the three different control methods: self-consumption,
market participation and peak reduction.

Battery adaptation scenarios The development of residential batteries in the Netherlands de-
pends on multiple factors. The policy landscape is crucial as well as the technological innovations
and investment costs. Multiple parties and stakeholders created capacity projections for resi-
dential batteries in the Netherlands. Klingler et al. estimates the market diffusion of residential
batteries using the ’diffusion of innovation’ theory. There is assumed that the battery increases
self-consumption and the excess PV electricity can be sold on the wholesale market. They expect
that in 2050 the battery prices have fallen to 364 e/kWh and 90% of the households owning a PV
installation, has combined this with a residential battery. In the Netherlands, this would imply
a battery capacity trend as described in table 4.4a. A comparable study has been done by DSO
Liander for their area (Afman, 2021). They performed a study on residential battery business cases
to develop possible scenarios. The estimated adaptation of residential batteries in these scenarios
can be seen in table 4.4b.

(a) Adoption scenario by Klinger (b) Adoption scenario by Liander

Table 4.4: The expected emergence of residential batteries in the Netherlands for the years 2020, 2030, 2040
and 2050 and the corresponding amount of 2kW/6kWh batteries (a) in capacity (MWh) source: (Klingler
et al., 2019) and (b) in battery power (GW). Source: (Afman, 2021)

From the Energy Transition Model for the II3050 (Integral Infrastructure outlook 2030-2050) for
the scenario of ’National Guiding’, on which the grid operators scenario ’National Ambition’ (ND)
is based, the amount of residential batteries is estimated at 3,5 million in 2050 with a capacity of
5 kW each. The scenarios of Netbeheer Nederland are based on the scenarios of (den Ouden et al.,
2020) and the expectations for battery storage and flexibility is shown in table 4.5.
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Regional 

guidance

National 

guidance

European CO2

guidance

International 

guidance

Residential batteries ++ + + +

Community batteries + ++ 0 0

Large-scale battery storage 0 + ++ +

Expected battery storage (GW) 6 17 4 1

Table 4.5: Focus on type of battery system per energy scenario. Source: (den Ouden et al., 2020)

Based on all these estimations, scenarios are created and projected on Stedin area specific. The
scenarios are divided in ’high’, ’medium’ and ’low’ expected emergence of residential batteries and
can be found in figure 4.6 and table 4.6. The minimum and maximum values of the previously
described projections are taken into account. The future scenario for rooftop PV is also considered
in the maximum number of residential batteries, assuming that the number of batteries does not
exceed the number of rooftop PV installations (Klingler et al., 2019). Therefore, the maximum
number of residential batteries of the Liander scenario and of II3050 would exceed this amount and
a maximum of 2.7 million batteries is simulated. Extremely low emergence of residential batteries
would not affect the distribution grid load and are neglected. The simulated emergence scenarios
show a S-curve which is common for the growth of innovations. In 2021 the Netherlands has around
8 million households of which roughly 2 million are within Stedin’s service area (CBS, 2021). Hence,
the national scenario is divided by 4 obtain the Stedin level scenario. The number of batteries is
cumulative per year starting in the initial year which is set as 2021.

(a) (b)

Figure 4.6: Scenarios for the amount of batteries installed until 2050.

Table 4.6: Scenario for the amount of adopted batteries for the years 2030, 2040 and 2050. The year 2021
is in all cases set to 0.
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4.5 Base station load in years 2021, 2030, 2040 and 2050
To determine the load on substations in the future, the load changed by the connected technologies
is added to the present, initial station load. In the top left corner of figure 4.7, the measured
station load of 2021 of the selected substation can be found. In the following years, this station
load will change due to the following technology changes, subdivided in four categories: generation,
houses, mobility and growth. First, generation of electricity is changing because of upcoming wind
and PV. Conventional electricity generation was not connected to the distribution medium voltage
substations. On the contrary, decentralised renewable energy generation is connected to the lower
voltage network. This is causing a changing load of the medium voltage substation in the future.
Additionally, the load of connected houses change because of electrification of heating, new and
demolished houses and the installation of residential batteries. The electrification of mobility will
also impact the station load by increase in electric vehicles and their infrastructure. Lastly, an
overall electricity demand growth of industry, agriculture and utilities is taken into account. For a
more in depth overview of the changes in the electricity sector, see appendix A.

Figure 4.7 shows the predicted annual station load in the years 2030, 2040 and 2050. As can be
seen in the initial year of 2021, the station load over the year is amply sufficient for the safety
capacity on 27 MWh, indicated by the red lines. By 2030, both demand and generation increases
during the year. This is causing load peaks on the station and therefore on particular moments the
safety capacity of the station is not sufficient anymore: the station is overloaded on the electricity
demand side. The increasing generation does not lead to overload yet. This is different in 2040,
where the increase in generation leads to overload on both the demand and generation side. In
the year 2050 this overload is only growing. On this substation, the consequences of the energy
transition are clearly visible and increasing. Per substation (Stedin operates 177 substations), the
load will be affected differently and thus possible overload on either sides will be unique. Dominance
of generation or demand overload differs per station.
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Figure 4.7: Residual load of the selected substation without residential batteries in 2021, 2030, 2040 and
2050. Source: (Stedin, 2021b)
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5 Results
In this chapter, the results of this research are presented and the main findings are described. The
results for the individual consumers’ battery profiles are presented in section 5.1. The business case
for a residential battery when controlled for maximising self-consumption and market price arbitrage
are given in section 5.2. The resulting station load profiles with the residential batteries effects are
presented in section 5.3, together with the results of the peak analysis. At the end, in section 5.4,
the selected substation will be put in context with the other substations.

5.1 Household’s battery profiles
The load profile of three residential battery control methods: maximising self-consumption, load
peak reduction and price arbitrage by market participation are constructed using the flowcharts
in figures 3.1, 3.2 and 3.3. The resulting battery profiles and their effect on the residential grid
load of a few days are shown in figures 5.1, 5.2 and 5.3, for the battery in self-consumption, peak
reduction, and price arbitrage control mode respectively. The load is given in hourly power and so
has the unit kWh. A positive battery load indicates battery charging and vice versa.

When the residential battery is in self-consumption control mode, excess PV generation is used
to charge the battery and net consumption is used to discharge the battery. The objective is to
increase the amount of self-consumed electricity and reduce the amount of electricity that is fed into
the grid. The timing of peaks, or pricing are not considered. In figure 5.1b, can be seen that in case
of net generation, the battery starts charging and around noon the battery is fully charged. The
excess generation is then fed into the grid. The battery can be fully charged before the generation
peak. As a result, it does not necessarily reduces grid load peaks. The electricity consumption
is in this case fully covered by discharging the battery and is thus equal to zero. During winter,
the generation does barely exceed electricity demand and thus the battery cannot be charged to
significantly reduce total load, as can be seen in figure 5.1a.
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Figure 5.1: Output of battery power when used for maximising self-consumption with the resulting grid
load and the SoC of the battery of 4 days in January and July.

In peak reduction control mode, PV generation is more gradually used to charge the battery and
thus is not fully charged before load peaks. The battery only starts (dis)charging when load exceeds
a certain threshold which is related to the average daily load. The new load in figure 5.2 shows a
more gradual battery charging profile. However, because this battery control is not daily optimised,
the self-consumption rate is not optimal: it can be seen that the battery is not charged enough to
cover the daily consumption, while not yet fully charged. Also, during the winter, when the PV
generation peaks are smaller, the chosen threshold does not cause the battery to charge during the
day in order to cover demand peaks.
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Figure 5.2: Output of battery power when used for load peak reduction with the resulting grid load and
the SoC of the battery of 4 days in January and July.

The control of the battery when based on the day-ahead wholesale electricity prices is shown in
figure 5.3. The day-ahead electricity prices are shown in purple. During a price peak the battery
is charged until the price drops again or when fully charged. The new total load shows an increase
in fed-in electricity. When the price is low the battery charges and the grid load increases. As can
be seen, the price profile relates to the load profile. Normally around noon the prices drop and in
the morning and evening, when the load is normally higher, the prices are higher. However, the
battery does not consistently reduce grid load peaks on the right moment. The battery control is
not significantly different for winter and summer days in these graphs.
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Figure 5.3: Output of battery power when used for price arbitrage with the resulting grid load, the SoC of
the battery and the market prices of 2 days in January and July.

The resulting annual grid load of a single household is determined by adding the annual battery
profile to the initial load. An annual electricity consumption of 3,300 kWh is assumed, which is
an average household consumption. A PV installation of 3.3 kWp is assumed and no heat pump
or electric vehicle are present in this example. These technologies are regarded in the load profiles
connected to the substation. The initial annual electricity consumption of an average household
is shown in blue in figure 5.4c, which is the PV generation added to the electricity consumption,
both shown in figure 4.1. In this figure the resulting electricity load for the three control methods
are presented as the blue line. Figures 5.4a and 5.4b show the household load profiles over 4 days
in both January and July, in which the effect of the battery on the load on a daily basis can be
seen. During winter, when PV generation is significantly lower than in summer, the battery is
charged less for self-consumption and peak reduction, and thus the effects on the residential load
are smaller.
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Figure 5.4: Net grid output load of household without a battery and owning a battery using for self-
consumption, in market participation and by reducing load peaks.

The number of charging cycles per control method is determined by dividing the cumulative dis-
charged power with the battery size. The results can be found in table 5.1. The number of charging
cycles in self-consumption mode is lowest although the battery is used everyday, since the maximum
capacity is rarely used on a single day. The number of charging cycles when acting on the market
is highly dependent on the price threshold and is in this case still less than when the battery is
used to reduce load peaks. In this latter case, considering the charging cycles it can be seen that
the battery is used more intense than for self-consumption.

Table 5.1: Number of charging
cycles per control method per
year

As can be seen in figure 5.4c for the self-consumption control
method, during winter months the electricity feed-in is zero and
during summer months, the energy consumption can mostly be
covered by the battery. The battery charges during PV genera-
tion and discharges during net demand. The demand peaks are
not significantly reduced in winter, because the battery does not
contain enough PV energy to cover the day. In summer however,
the battery is fully charged during the day and thus cannot cap-
ture all PV generation. The feed-in peaks during summer are not
significantly reduced. This can be seen in figure 5.4b where the feed-in peaks remain and there is
no electricity consumption left. The peak reduction control method works on a comparable basis
as in self-consumption method, although it charges more gradually. Therefore, the summer feed-in
peaks are reduced more significant, however peaks are similar during winter. These winter demand
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peaks are not optimally captured because of the fixed peak threshold that is used to identify load
peaks for the whole year. The household load is irrelevant for the battery when it is controlled
based on the day-ahead market. The battery charges 2 kW during low pricing and discharges 2
kW during high pricing. The battery can create its own feed-in and consumption peaks which is
in this case a high share of the household load profile.
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Figure 5.5: Annual electricity consumption
and generation of a single average house-
hold. Cumulative net grid demand and
feed-in with and without the use of a resi-
dential battery in self-consumption mode.

Figure 5.5 shows the change in electricity grid consump-
tion and feed-in of a household after installing a battery
for maximising self-consumption. The annual electricity
consumption of a household is assumed at 3,300 kWh and
the PV installation of 3.3 kWp corresponds in the used
model to an average annual production of 3,282 kWh.
Because of mismatch in timing of demand and genera-
tion, without the use of the battery the grid feed-in is
2,080 kWh annually and the net grid demand is 2,098
kWh. By installation of the battery, the grid feed-in re-
duces to 1,181 kWh and thus the net grid demand is
1,202 kWh per year. Initially the self-consumption rate
without the use of battery is 0.37. This is increased to
0.64 with the use of the battery.

5.2 Household’s profitability of resi-
dential batteries
The revenue of the battery is determined per control
method. For the self-consumption and market participa-
tion control, the calculation of the revenue can be found
in tables 5.2 and 5.3. For the control method of indi-
vidual peak reduction, the feed-in reduction and thus its
business case is similar to maximising self-consumption.
The business case for the peak reduction method is not specifically evaluated in this report, because
of similarity of self-consumption and no concrete indications exist of the price incentive of possible
peak reduction stimulation. The revenue for consumers using a residential battery is based on the
annual electricity consumption of 3,300 kWh, a PV installation of 3.3 kWp, no heat pump and
no electric vehicle. Because of the fast changing electricity prices, the revenue is calculated based
on both 2021 and 2022. For the business case of maximising self-consumption, net-metering is
neglected and a feed-in tariff is assumed for the excess generated electricity.

Table 5.2: Revenue of a residential battery by in-
creasing the self-consumption rate. For the years
2021 and 2022 the average electricity prices are
taken, where the net-metering scheme is neglected.
The costs of overall electricity consumption are given
under base load. Without the use of a battery, 2,080
kWh of the 3,282 kWh generated is directly con-
sumed.

Table 5.3: Revenue of residential battery from mar-
ket price arbitrage. The costs of residential electric-
ity demand for 2021 day-ahead market prices and
corresponding battery revenue. Because of rising
market prices, an indication of battery revenue is
given for 2022.
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The average retail electricity price in 2021 was e0.24/kWh and so far this has increased to
e0.67/kWh in 2022. The feed-in tariff for excess PV electricity on average has increased from
e0.07 in 2021 to e0.17/kWh in 2022. The feed-in gap in combination with the changed grid con-
sumption as seen in figure 5.5 leads to an annual battery revenue of e152 in 2021 and e448 in
2022.

When the battery charges and discharges based on 2021 market prices, charging the battery would
cost e151 and discharging would gain e258 over one year. This leads to a (rounded) battery
revenue of e108 in one year. In table 5.3, an indication of battery profit for 2022 market prices
is included. The electricity prices are on the rise since the end of 2021, including an larger price
variation during the day. The daily electricity price spread in 2022 is estimated on e200/MWh. A
higher daily price spread leads to a higher profit per charging cycle of a battery. At the start of
2021, this daily price spread was in order of magnitude e40/MWh, and this increased to the order
of magnitude of e300/MWh at the end of 2021. For a 6 kWh sized battery, a daily price spread of
e200/MWh will yield e1.20 per charging cycle, resulting in an annual revenue of e438.

The pay-back time of the investment is determined to quantify the profitability of the residential
battery. The payback time is influenced by a large number of variables that is uncertain. The
variables investment price and feed-in gab or price spread are considered and included in table
5.4. Current values and their trends are discussed in chapter 4. Investment prices for a residential
battery are between e6,000 and e3,000 for a 3kW/6kWh battery. Prices are expected to decrease
because of scale-up and innovation in the coming years as described in the Data section 4.3. Re-
cently, the feed-in gap or wholesale price spread is rapidly increasing. The revenue that a battery
is able to capture is based on these price differences. It can be observed in table 5.4 that all 2022
prices indicate a pay-back period shorter than the battery lifetime of 15 years. On the contrary,
the business case for a residential battery is negative for 2021 electricity prices in all covered cases.
The trends of decreasing investment costs and higher price gaps show a positive impact on the
payback time.

(a) self-consumption (b) market participation

Table 5.4: The influence of the investment price and the feed-in gap or wholesale price spread on the
battery revenue and pay-back time. Yellow and blue respectively indicate the electricity price of 2021 and
2022. Green indicates when the pay-back time is shorter than the average battery lifetime of 15 years. For
market-participation a single charging cycle per day is assumed.
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5.3 Results for substation load
The overall battery load profile on the selected substation is added to its base load to find the
resulting annual load in combination with batteries. Figure 5.6 shows all load profiles of 2030. The
initial station load is indicated by blue, the battery load acting on the station in black, leading to
a total load depicted as ’Result’ in orange. Only for the ’High’ battery scenario for the year 2030,
the results are shown here because of the better visibility. All results can be found in appendix E
in figures E.3, E.4 and E.5.
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Figure 5.6: Resulting station load in high scenario for 2030. From top to bottom represent battery control
self-consumption, market participation and peak reduction. Blue indicated the initial station load without
residential batteries and orange depicts the resulting load when batteries are added. Black represents the
battery load. The safety capacity of this station is equal to 27 MWh.

When load peaks on the substation are relieved by the use of batteries, a blue line is observed in
the graphs of figure 5.6. When the resulting station load peaks coincide with the initial load peaks,
the batteries did not relieve load. With batteries in market participation mode, the base load is
not well visible since the resulting load is mostly higher than before batteries.

In figures 5.7a and 5.7b, results are zoomed in over one week in January and July, where the daily
effect of the batteries are more visible. The load profiles of the batteries in self-consumption or in
peak reduction control are comparable. Although, with peak reduction the battery shows higher
charging power profiles during the day. Batteries are not fully charged before the end of the day
because the battery only works at times of load peaks. Additionally, the battery can be used to seize
consumption peaks by feeding electricity into the grid. Therefore, the battery has more capacity
left at the beginning of the generation peak and can capture both peaks. With self-consumption,
battery power is never used to feed in the grid or vice versa, grid electricity is not used to charge the
battery. Therefor, only the excess generation and demand of the particular household is (partly)
covered, and there is not compensated for the load peaks of other connections. Looking at the
weekly load when batteries act on the day-ahead market, the grid can both be relieved during peak
moments or the batteries can cause its own load peaks.

31



5. RESULTS

−50

−25

0

25

50

75

09−jan 11−jan 13−jan 15−jan

Lo
ad

 (
M

W
h)

Self

−50

−25

0

25

50

75

09−jan 11−jan 13−jan 15−jan

Lo
ad

 (
M

W
h)

Peak

−50

−25

0

25

50

75

09−jan 11−jan 13−jan 15−jan

Lo
ad

 (
M

W
h)

Market

Base Result Battery capacity

(a) Week in January

−50

−25

0

25

50

05−jul 07−jul 09−jul 11−jul

Lo
ad

 (
M

W
h)

Self

−50

−25

0

25

50

05−jul 07−jul 09−jul 11−jul

Lo
ad

 (
M

W
h)

Peak

−50

−25

0

25

50

05−jul 07−jul 09−jul 11−jul

Lo
ad

 (
M

W
h)

Market

Base Result Battery capacity

(b) Week in July

Figure 5.7: Weekly profile of station load in summer 2050 with different control methods in the high battery
adaption scenario.
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The base station loads are individually shown in figure 4.7. In year 2021, the station load does not
exceed the safety capacity and thus there is no congestion on this station. From 2030 forward there
is overload observed. In 2030, demand peaks cause overload in 43 hours during winter months. On
the generation side, the load does not exceed the station capacity. In 2040 and 2050 the station
load grows continuously. In 2040, the overload by demand peaks is increasing during winter. Also
even during summer months, the station load exceeds the capacity limits multiple times.

The self-consumption mode results on the top of figure 5.6 show a significant decrease in demand
load during the summer months, however the winter demand peaks are not seized. All resulting
load profiles of all years and battery scenarios can be found in appendix E. As can be seen by the
black line, the residential battery power in self-consumption control is significantly lower during
winter months. During the winter there is little excess PV generation. The battery won’t be fully
charged during the day and thus cannot cover the winter consumption peaks. During the summer
months net PV generation exceeds net consumption. Consumption can be covered with the load in
the battery, however the PV generation can not be captured and the battery is fully charged before
the end of the day. Therefore, the residential batteries are not able to seize station’s generation
load peaks.

When the batteries are controlled to reduce residential load peaks, most peaks on the substation are
reduced. However, the maximum station load peaks are not fully captured by the batteries. The
batteries are only controlled based on the load profile of the household and reduce their individual
generation and consumption peaks. However, other type of connections caused their own load
peaks on the station and those are not covered by the residential batteries. Those load peaks are
not covered by the residential batteries because they are controlled based on the load profile of the
individual house, instead of the station load profile.

When the battery is controlled based on the wholesale market prices, all batteries are controlled
equal and thus charge and discharge on the same moments. The blue indicated base load is
almost not observed, because of the overlapping resulting load. In this high battery scenario, the
summed battery power can create its own peaks and has significant power over the resulting station
load.

When the station load exceeds the safety capacity, there is overload and components of the sub-
station could fail. The overload of the station is shown in graph 5.8 in hours and the total size of
all overload hours can be found in the appendix E in figure E.6. However, the station’s capacity is
based on the maximum and minimum load the station must carry. Therefore, in case of overload
the station must be reinforced. Only when congestion is managed in case of delayed reinforcement,
the reduction of overload is beneficial. Congestion management will correspond to DSO’s costs
of around e200/MWh according to the ACM grid code. In the high battery adaption scenario,
residential batteries are able to halve the overload hours in 2040 and 2050. When only considering
the year 2030, notable for batteries in market participation is the reduction of overload hours in the
low and medium adaption scenarios, whereas in the case of high adaption, the amount of overload
increases. A high amount of batteries have their own impact to create station overload peaks.
In the low scenario, the market control method even reduces overload more than peak reduction
control.
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Figure 5.8: Change in annual overload hours of the selected station with the emergence of residential
batteries in different controls and scenarios

The maximum and minimum station load per year for the high scenario are given in figure 5.9 and
the values of all battery scenarios are given in table E.1. For this station the safety capacity is 27
MWh, and is equal for both the demand and generation side. The load peak is maximum on 11
January at 18:00 and the minimal load occurred on 18 April at 12:00. The maximum and minimum
values increase over the years and for the initial load in 2050, the generation peak is at 80 MW,
which will thus be the station’s capacity. With the batteries, the maximum value won’t decrease
significant, however this minimum values can be reduced to 68 MW in 2050. This value is similar
to the maximum station load peak.
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Figure 5.9: Change in the annual maximum and minimum station load peak in high scenario.
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In the previous analysis, the size of load peaks on the station is considered without identifying the
causes and load contributors. The contribution of different technologies and connections to the
load on the selected station at peak hours is shown in figure 5.10 of the year 2030. Regarding the
maximum load peak, heat pumps are the main contributor to the station load. Almost 19 MWh is
caused by the increase of this technology. Decentralised generation, PV and wind, are both equal
to zero at the moment. During the minimum load peak, the growth in decentralised generation
leads to a large decrease of station load. Both wind and PV (of large-scale consumers, commercial,
and residential) affect the station load with almost -23 MWh.

Figure 5.10: Contributors of load on the selected station during the maximum and minimum peak hour in
2030. The summed station load before emergence of residential batteries is depicted as ’station total load’
and with residential batteries the station load is indicated with ’new total load’. The residential battery
contribution in these figures is based on the maximising self-consumption control method.

Electricity load from residential connections include the expected residential energy savings and
residential PV, which both act a negative station load, and transformer connected electric vehicles
and heat pumps, which act as a positive station load. The residential battery load will operate
in both directions. In figure 5.10, the residential battery load is shown when operating in self-
consumption mode. During the maximum station load peak, they only relieve less than -0.1 MWh
load on the station. Nearly 25% of decentralised generation during minimum peak hour is caused
by residential PV. Residential batteries can significantly relieve the station load with 3.7 MWh. It
can be observed that during the maximum peak the residential batteries are barely used to relieve
the station peak, whereas during the minimum peak the residential batteries do significantly relieve
station load.
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5.4 Generalisation impact residential load on all substations
The impact of residential load the total station load will be different for the selected substation
and the remaining stations of Stedin. In this section the selected substation will be brought in
perspective of all substations. In figure 5.11, the selected substation is related to the rest of Stedin’s
substations based on proportion of residential connections and their share of rooftop PV.

Figure 5.11: The ratio of residential connection versus rooftop PV for Stedin’s stations, indicated which are
expected to be overloaded by either excess demand or generation load, or both. The selected substation is
marked in black.

Table 5.5: Information of Stedin’s substa-
tions, their overload and the selected sub-
station specific.

Stedin manages 177 substations of which 157 have more
than 500 residential connections. In the scenario it is
calculated that without any changes to the grid in 2030,
57 of those 157 substations are expected to be overloaded
by either excess demand or generation load. Both graphs
of figure 5.11 show that most stations without overload,
marked with grey, have a low share of rooftop PV. The
right graph indicates the expected overload in 2040. This
graph makes clear that most stations with a high share
of rooftop PV, are expected to overload by excess gen-
eration, indicated with orange and green. The selected
substation has a significant share of residential rooftop
PV compared to the other stations.

Residential rooftop PV is an important driver for resi-
dential batteries. The stations with a high rate of rooftop
PV, located at the top right of the graphs, have the high-
est potential for residential batteries. Table 5.5 shows
the values of the connections of the selected substation
relative to the mean values of all Stedin’s substations.
The selected station clearly shows a larger rate of resi-
dential connections and the share of residential rooftop
PV is almost twice as large as average.
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6 Discussion
In this chapter the results of Chapter 5 are analysed and the technical results are combined with
their corresponding regulations. First, in section 6.1, the results of this research will be interpreted
by means of answering the previously stated research subquestions. These questions are specified
by consumer’s, DSO’s, and policy-makers’ perspective. The main research question will be covered
in the next chapter. In section 6.2, the research will be tested on its representation of reality and
assumptions will be discussed. Finally, in section 6.3, the research will be reflected upon. Here,
future work will be suggested based on limitations, the relevance of this study will be discussed, and
my personal reflection will be given.

6.1 Interpretation of the results: answering research subquestions
1. How is the load on a medium voltage substation expected to change until 2050?

The load on a medium voltage substation is currently determined by required transportation of
electricity, which is caused by local deviations in generation and demand. The energy transition will
affect both generation and demand load sizes and profiles, as well as their location. First, electricity
generation will shift from centralised fossil fuel-based to decentralised renewable energy sources. On
the one hand, this will change the generation profile daily and yearly due to fluctuating generation
peaks and seasonal differences. On the other hand, decentralisation leads to more electricity feeding
on lower grid levels. This will cause increasing load pressure on the lower voltage grid. Second,
the demand for electricity changes due to electrification of the energy sector. Heating sources will
shift from natural gas to heat pumps, energy sources for mobility will shift from fossil fuel-based
to electric, and industry will electrify their processes. Heat pumps will mainly increase electricity
demand during colder months. In case the station load exceeds its safety capacity, the grid is not
considered sufficient for new grid connections and congestion is proclaimed. In the Netherlands, in
more and more stations the safety capacity limit is reached and areas are marked as congested. It
is expected that grid congestion will be a growing problem in the future.

DSOs must predict which substation will be overloaded to plan their grid reinforcements ahead.
In order to do this, they map the expected changes of different technologies in the energy systems.
The corresponding load profiles of the different electrical technologies will add up to estimate the
future station load. If a substation is expected to be overloaded, the station will be reinforced.
This process of reinforcement takes up many years, land area, and has high costs.

Consumer’s perspective

2. What will drive the emergence of residential batteries and their usage?

Recent price developments will influence the residential battery market. Electricity prices have
increased rapidly since the end of 2021, and with them the daily price spread. At the same time,
battery and rooftop PV costs are decreasing. Due to electrification of heating and mobility, the
demand for electricity increases. Residential batteries are repeatedly mentioned in discussions
about grid capacity scarcity as a potential solution. All these current trends positively influence
residential battery development.

The deployment of residential batteries is difficult to govern, however how the batteries are con-
trolled is easier to regulate. The main usage of residential batteries will be determined by the
residential electricity pricing regulations. Possible regulations are their influence on battery usage
are explained. Currently, the regulation of net-metering suppresses the interests for residential bat-
teries. There is no stimulation to self-consume PV generated electricity or shift consumption over
the day. Net-metering will phase out starting in the year 2025. A feed-in tariff will remain for excess
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generated electricity. A price gap between demand and feed-in tariff will stimulate electricity self-
consumption, which can be maximised by means of a residential battery. Dynamic retail electricity
prices are based on wholesale electricity prices and would enable price arbitrage for households:
profit from price differences during the day. Peak tariff structures or a connection bandwidth tariff,
which are not in place yet, would stimulate an efficient grid usage. Residential batteries can shift
load away from peak moments to reduce load peaks. So positive drivers for residential batteries
include an electricity feed-in gap and renewed retail tariff structures.

3. What is the expected development of residential batteries in the Netherlands?

The recent trends of decreasing battery costs, increasing daily electricity price spread, and net-
metering phase-out indicate growing drivers for residential batteries. Additionally, the political and
societal discussions around the use of residential batteries may positively influence its growth. These
findings suggest that the uptake of residential batteries is likely to increase in the Netherlands.

The development of residential batteries depends on multiple factors as mentioned in the previous
research question. Because of the uncertain policy landscape of residential batteries, it is not yet
certain which control strategy will be dominant in the Netherlands. Likewise, the development of
residential battery capacity in the future in unsure. Therefore, in this research three emergence
scenarios for the Netherlands are designed. These scenarios are based on previous research, the
projections of number of rooftop PV, and the common innovation growth curve. The resulting
development scenarios can be found in figure 4.6.

4. What is the load profile and corresponding profitability of a residential battery per control
method?

In this research, residential batteries are charged based on three different control methods: max-
imising self-consumption, own load peak reduction, and using price arbitrage on day-ahead market
prices. The results of the battery output can be found in section 5.1. When the battery is used to
maximise self-consumption it will be charged by excess PV generation until fully charged. Battery
power will be used to cover electricity demand. During winter, because of the small amount of PV
generation, the battery can only cover a certain part of the daily demand. During summer, when
there is a higher net generation than net consumption, the battery is fully charged before the end
of the day. As a result, generation peaks can remain. The self-consumption rate can be almost
doubled by using a battery to maximise self-consumption. However, as long as the net-metering
scheme is fully in place, residential batteries are not attractive for self-consumption usage. In
peak reduction battery mode, the excess generation is used more gradually to charge the battery,
leading to a significant decrease in generation load peaks. However, when only considering load
peak reduction, the self-consumption rate is undervalued. When the batteries are used for price
arbitrage on market prices, the battery starts charging when the prices exceed a certain threshold
and discharges when prices are low. The battery profile is unrelated to the residential electricity
consumption load profile and is mostly used at the end of the year, when the market price spread
is higher. The battery can create its own supply and demand peaks.

The profitability and payback time for both maximising self-consumption and price arbitrage is
determined, which can be found in section 5.2. Load peak reduction is not included here, because
there are no specified indications of the value of possible renewed tariff structures, which would
stimulate this type of battery control. For the profitability of increased self-consumption, the net-
metering policy is neglected and a feed-in gap is considered. Results show that residential batteries
will become more economically attractive as the daily electricity price spread grows. In this context,
daily electricity price spread includes both the net-metering abolition resulting in a feed-in gap, and
the daily variation of market prices. With current electricity prices, the payback time of residential
batteries is shorter than its technical lifetime. However, prices change and fluctuate heavily, and
battery investment costs decrease, which both affect the calculated payback time. Hence, while this
work does not claim to give a realistic business case for residential batteries, the results particularly
indicate that the price developments positively influence their emergence.
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DSO’s perspective

5. Will residential batteries relieve load peaks of the selected distribution station?

For this research one medium voltage substation is selected on which the effect of residential battery
load profiles is determined. This substation will be overloaded on the demand side starting in 2024,
due to the increase of winter demand load. This is mainly caused by increasing demand of heat
pumps. After 2030, extra generation will cause overload on its supply side.

For all three emergence scenarios and control methods, overload of the substation’s safety capacity
is not prevented by residential batteries. However, for the medium and low emergence scenarios,
both the number and size of overload hours are reduced, which can be seen in figure 5.8. This
reduction is largest when the batteries are used to reduce individual load peaks, and smallest when
used for price arbitrage. In case of high emergence, market price arbitrage can cause more and
higher load peaks on the selected substation.

The maximum peak of the selected substation is not affected by the emergence of residential
batteries. The batteries mainly affect generation load during summer. The peak reduction mode,
as well as the self-consumption mode, do relieve the minimum station load peak as can be seen
in figure 5.9. Specifically for this selected substation this leads to unification of required demand
and generation capacity of the station. Additionally, the batteries provide a reduction of base
grid usage. However, when grid capacity is plentiful, the DSO does not benefit from these load
reductions.

At first, the selected substation is overloaded on the demand side to a higher extent than gener-
ation. However, in 2050, load peaks on the generation side are expected to transcend maximum
load demand peaks and thus generation overload will become more dominant. Residential batteries
in both self-consumption and peak reduction mode mainly act during summer, when generation
is high. Because of this, the generation load peaks are further relieved. Some of Stedin’s substa-
tions have a higher share of residential PV than this selected substation has, and are dominantly
overloaded on generation side. These substations can be found at the top of figure 5.11. On these
substations, residential batteries might play a bigger role in overload reduction.

Policy-makers’ perspective

6. What regulations can improve the integration of residential batteries in the electricity net-
work?

Currently, there is no steering in residential battery usage. The results of this research indicate that
each control method affects the station load differently. As long as there are not too many batteries,
there are no adverse effects on the selected substation’s load for all chosen control methods. The
number and size of overload hours declines for the medium and low emergence scenarios. The peak
reduction and maximising self-consumption battery control relieves peaks further than the case
of price arbitrage. Therefore, motivations to increase self-consumption or reduce power peaks for
households would reduce pressure on the grid. Replacing the net-metering scheme with a feed-in gap
would stimulate self-consumption. Peak reduction can be stimulated by bandwidth or peak tariff
structures. However, it should be noted that suppressing full battery charging or discharging by
capacity bandwidth pricing would be unfavourable in case residential batteries could be aggregated
for congestion management.

Without the obligation for energy suppliers to apply net-metering to rooftop PV owners, electricity
market prices would be translated to both corresponding retail and feed-in tariffs. As a result,
electricity market prices and retail prices would correlate with each other. In this case, a comparable
revenue can be expected, provided that retail pricing is not regulated. This means that regulating
the feed-in tariff of consumers will affect the usage of residential batteries, since it uncouples the
wholesale prices and retail prices.
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The load profile of batteries shows a lower usage during winter months for both self-consumption
and peak reduction methods. At the same time, during these months the selected substation has a
higher congestion problem by demand overload. Therefore, the question arises whether residential
batteries can be controlled particularly in favour of the DSO at times of low usage by households.
Given the emergence of residential batteries, there is a potential for the DSOs to use them in favour
of their congestion problems. The unused capacity of residential batteries could act simultaneously
in favour of congestion relief on critical peak moments. Hence, this would make it interesting for
the DSO to acquire some degree of power over residential batteries.

6.2 Validation of the results
This section will discuss to what extend the results of this research represent reality. Also, their
uncertainties will be pointed out. First, the model for station profiles is discussed, then important
assumptions are covered including battery parameters, and at last the control methods of the
batteries is discussed.

The model that is used to calculate load on the substation in the future is SETIAM, which is created
by Stedin internally. The load profile of 2021, the first year, is measured data. Therefore, these load
profiles can be considered to be valid. The changes on the load profiles are based on scenarios of
different electrical technologies. National scenarios are created in collaboration of all grid operators.
The scenarios are then projected on Stedin area. This scenario won’t 100% match future reality,
as scenarios are estimations. However, the scenarios are based on governmental steering, recent
developments and past market trends. Therefore, the trends of future technology developments
are properly captured. Next, future technologies like rooftop PV, heat pumps and PV parks
are distributed over Stedin area. This distribution is based on connection requests, municipality
plans, neighbourhood or house specific data, like building year. Based on the scenario, low voltage
connections like houses get assigned certain technologies, for example rooftop PV or a heat pump.
However, this method of technology distribution does not claim to actually predict the future for
every specific connection. This uncertainty is justified because the load profiles are summed over a
larger area for higher voltage components in the model. This means that all changes to individual
connections are added up and therefore, the specific location does not influence the overall station
load. That is why the effects on medium voltage substations better represent the reality than lower
voltage components.

In this research many assumptions have been made. General assumptions have been discussed in
chapter 4. In this research only single-application of the battery is used. In reality, when regula-
tions for PV stimulation or retail pricing changes, electricity demand is likely to change a little as
well by demand response, smart usage of a heat pump, or smart charging of an electric vehicle.
However, in this research this is not taken into account in order to be able to compare the differ-
ent battery strategies. Regarding the business case of residential batteries, only an average value
of annual electricity demand and PV size is considered. Additionally, no heat pump or electric
vehicle is included in the calculations. These values are chosen for comparison of the different
control methods. Compared to the studied chosen values, the profitability of a residential battery
will change with a different electricity demand. Besides, the profitability of the batteries highly
depends on investment price and feed-in gap or wholesale daily price spread. The uncertainties
of these parameters is captured by including their influence on the payback time. Because of the
uncertainties and chosen parameters, this study does not claim to give a realistic business case,
though it indicates that the price developments positively influences their profitability. Further-
more, a fixed battery capacity and power size are chosen in this study. However, in reality there are
many different capacity and power values of residential batteries possible. Because the emergence
is still low and the control method is yet uncertain, no indications of the actual development of
sizes are present. In this study, a fixed value of batteries is chosen to represent the average battery
size. Another battery value will change the profitability per control strategy differently. However,
this is neglected in this study and would be interesting for future research.
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The three control schemes which are used to determine the battery profiles will be discussed one
by one. All three control schemes are based on a rule-based approach. First, for a battery in
self-consumption mode, a rule-based approach stays close to the truth. To be able to maximise
self-consumption and minimise grid usage the battery must be charged or discharged directly with
excess demand or generation. By fully charging the battery when there is excess generation, gradual
grid capacity usage is not taken into account. In contrast, battery usage for peak reduction is a bit
more complicated than that. Smart charging could apply load peak shaving to keep load within a
certain bandwidth. However, in this study a rule-based approach in chosen to make sure simulation
time is within acceptable limits. Modelling the optimisation of individual peak shaving for every
connection would be time consuming. Therefore, a threshold based on a percentage of the average
daily load is chosen to identify the load peaks. A daily altering threshold makes sure the battery
still has capacity left to shave the load peaks. So it will discharge before the actual demand peak
in winter or charge before the actual generation peak in summer. Although this is not claimed to
be the most ideal method for individual load peak shaving, it does show the potential of batteries
for a more efficient way to use the capacity of the grid. Because this method is not optimal, the
business case of individual households by peak reduction is not included in this research. In case
of a perfect forecast of both electricity consumption and generation, the battery can be optimised
to both maximise self-consumption and bandwidth limitations. Finally, in this research the price
arbitrage battery control is not optimised and thus does not perfectly charge or discharge at peak
moments. It is only charged when the price exceeds a certain threshold. Therefore, smart control
is not taken into account: the battery can be full or empty before the maximum price peak and
the charging timing is not perfect. Especially because the prices are highly variable during the
year, the price threshold is not optimal for the whole year. The electricity market prices drastically
increase towards the end of the year leading to an increasing usage of the battery. Despite these
shortcomings, the battery profiles for this control method depict the consequences of all batteries
acting simultaneously and their power over this station load.

6.3 Research reflection
In this section, the whole research and process will be reflected upon. First, suggestions for future
work will be discussed based on some limitations of this work. Then the relevance of this work is
given for both academic and social sectors. To conclude the reflection, a brief personal view on this
study and my process will be given.

6.3.1 Limitations and future work
There are numerous limitations to this research, some of which are highlighted in this section as
recommendations for future work. First, while this research focuses on single application usage,
the economic value of residential batteries is assumed to be underestimated. Using the battery for
various applications at once is neglected for this research to be able to compare the various use
cases. Additionally, price arbitrage on other markets than day-ahead is not analysed, and the effect
of various retail tariff schemes or feed-in regulations on battery usage is not taken into account.
Furthermore, the rule-based approach to determine the battery outputs does not lead to the optimal
control for both price arbitrage and peak reduction. Future research should include more battery
control methods to better describe the economic feasibility of batteries. Also, in this research a
fixed battery size of 6 kWh with 2 kW continuous power capacity is chosen in this research for
all control methods in all houses. The size of the battery influences the revenue per control. For
market control, the revenue scales linearly with battery size, whereas the self-consumption rate is
less affected by battery size.

Second, changing feed-in regulations and tariff schemes can influence electricity consumption. When
a battery is used for maximising self-consumption control, it shifts electricity from excess genera-
tion to excess consumption. This is theoretically equal to perfect demand response. If a household
would be able to shift their electricity consumption to moments of PV generation, a battery would
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be redundant. In case of changing retail pricing, especially feed-in and net-metering, changing
consumption behaviour would be beneficial. In this research, demand response or smart home ap-
pliances are neglected. Future work could analyse demand elasticity in case of increasing electricity
prices and changing tariff schemes. Especially with the currently fast changing electricity retail
prices, demand elasticity can be studied in more detail.

Third, this research does not cover the influence the DSO can have on residential batteries. The
DSO influence has two aspects. The first includes the maximum effect, which occurs when batteries
are optimally used to relieve substation load peaks. It would be interesting to quantify this effect on
the distribution grid. An option could be to analyse aggregated batteries that ’work for the DSO’
and react when the station has load peaks or to the use of the batteries during winter months when
they are used less by the consumers themselves for self-consumption. The second aspect includes
the question of how the DSO would access the batteries. This requires to identify methods that
analyse how to make use of the residential batteries in case of lower individual usage. Methods to
activate and steer batteries, as well as multiple regulations for DSO access or price motivations can
be examined.

6.3.2 Academic and societal relevance
Addition to academic knowledge

This study focused on specifically the Dutch retail market and its regulations. Since the Dutch
regulation landscape is changing and its future is uncertain, this study acts as a new starting point
for a future study on residential batteries in the Netherlands. With the coming debate for changing
the electricity law to abolish net-metering, a lot will change in the coming years.

This study combines the profitability for consumers and their effect on the distribution grid con-
gestion. When considering the consumer’s perspective first, the effect is determined for a passive
DSO. This study can help them to prepare for the future of residential batteries. Additionally, this
study shows that in case of high emergence of residential batteries, there is a potential the DSO
might be able to bend towards their benefit.

Societal impact

In the Dutch government, the question arises whether residential batteries would help solving
grid congestion problems. A few political parties already have pleaded for residential battery
stimulation. Additionally, phase out of net-metering will cause a feed-in gap which is a stimulation
for battery usage. In short, residential batteries are on the political agenda and thus their impact
on the distribution grid must be identified. From this study it is clear that the usage of the battery
impacts the station load peaks and therefore, steering battery control is important. Regulations
concerning retail market prices and tariff structures will influence the drivers and profitability of
residential batteries. In short, this study acts as a tool to emphasise the importance of steering the
usage of residential batteries and not merely stimulate their emergence.

For DSOs this study indicates how and why residential batteries will emerge in the Netherlands and
what their load impact on the distribution grid will be. In case the DSO must perform congestion
management, this study identifies the unused potential of batteries in favour of the grid especially
during winter peaks. In case the DSO wants to take advantage, it must play an active role in
load peak reduction, since the residential batteries do not automatically relieve critical station load
peaks to their full potential.

42



6. DISCUSSION

6.3.3 Personal reflection
What would I have done differently if I could start over? First of all, I would have included more
pricing schemes to test the effect they have on residential battery usage and thus on the distribution
grid. Then, I would have computed the individual battery profiles in a different, more optimal way.
This would give more insight in the household situation within those pricing schemes. Secondly, I
would want to try to give more insights of the effect on the whole distribution network instead of on
one case substation. The effect could be seen in a broader perspective and for different situations
of the substation.

This final step in obtaining my master degree has not been an easy task for me. Yet, looking
back I have learned a lot. Before I started this project, I wrote down a few things I was hoping
to learn. I recently found this list again and I am happy to see that almost all of them can be
crossed off. ’Learn what I like and what I don’t’ and ’learn about my own skills and get confident
about them’ were the first and probably the most important two lessons of a master thesis. Get
to know your weaknesses and strengths can be confronting, though very valuable. ’Understand
the electricity distribution system’ and ’understand why or how congestion is caused’ are the next
two items about subjects I initially knew nothing about. This project has helped me to see the
complexity electricity system, and even though I realise there is still a lot to learn I appreciate
the insights Stedin gave me in the reality. Next to that, this socio-technical study taught me that
technical analytics is more of interest to me than societal literature analytics. After my applied
physics bachelor, I made a shift to a broader, more social study of sustainable energy technology,
because I missed the application of technologies in society. That is also one of the reasons I wanted
to to my master thesis at a company, to apply knowledge in society and relate them to regulations.
However, after this research, I start to appreciate technical analytics a little bit more again.
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7 Conclusions
This report presents an analysis of the development of residential batteries from a consumer’s
perspective and their effect on the electricity distribution grid. The main research question was
posed to find the effect of different residential battery use cases on the load peak on medium
voltage substations up to 2050. To do so, the social context of residential batteries was studied.
It was found that recent trends of decreasing battery costs, growing electricity price spread, and
net-metering phase-out lead to growing drivers for residential batteries. Three battery control
methods were considered: maximising self-consumption, market price arbitrage, and load peak
reduction and their corresponding load profile, which was determined with a rule-based approach.
Additionally, the emergence of residential batteries in the Netherlands was projected by three
development scenarios. Then, the annual load on the medium voltage substation was calculated by
power profile summation. A peak analysis was performed to evaluate the effect of the residential
batteries on the load peak.

7.1 Main research question
The research question of this study is formulated as follows: What is the effect of different residential
battery use cases on the load peaks on medium voltage substations in the future?

From the consumer’s perspective, the emergence of residential batteries is uncertain and difficult to
govern, however, the battery control is easier to regulate. The dominant battery control method is
determined by retail electricity pricing regulations. A feed-in price gap will stimulate maximising
self-consumption, and a more efficient grid usage and load peak reduction are stimulated by different
tariff structures or a bandwidth connection tariff. Dynamic hourly electricity prices would enable
residential batteries to perform price arbitrage: discharge the battery during peak prices and charge
when prices are low. The results show that residential batteries will become economically attractive
as a result of abolition of net-metering, the growing daily electricity price spread and feed-in gap,
and decreasing battery cost. These developments positively influence their emergence. There is
uncertainty regarding tariff schemes and feed-in tariff, and these retail price regulations will strongly
influence which control method will be dominant.

From DSO’s perspective, how the residential batteries affect the load peaks on the selected substa-
tion is different per battery control method and the extent of their development in the Netherlands.
The results show that for a medium and low emergence of residential batteries the size and numbers
of overload hours is reduced for all three control methods. The effect on the overload is largest
when the batteries are used for individual peak reduction. However, in all cases overload is not
prevented on the selected substation and thus grid reinforcement is still inevitable. In fact, in case
of high emergence the batteries can even cause an increase in load peaks when simultaneously used
for price arbitrage.

The selected substation first overloads at the demand side, mainly due to the growth of heat pumps.
After 2040, the minimum generation load peak exceeds the maximum demand load peak on this
station. Towards 2050, the residential batteries used for self-consumption or peak reduction are able
to unify the maximum and minimum peak leading to a smaller required capacity of reinforcement
for this substation. Batteries used for self-consumption or peak reduction are mainly used during
summer months because the battery is mainly charged by rooftop PV generation. Therefore, the
generation peaks on the selected substation are significantly more reduced than the demand winter
peaks. In case a medium voltage substation mainly overloads on the generation side, there might be
a higher relief of load peaks by residential batteries, and even a possible reinforcement prevention.
Especially when these generation overloaded substations have a high share of residential rooftop
PV which has a high potential for residential battery emergence, load peak relief has more potential
value.
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7.2 Recommendations
The peak reduction and maximising self-consumption battery control relieves station load peaks
further than the case of price arbitrage. Therefore, incentives to increase self-consumption or reduce
power peaks for households would reduce pressure on the grid. Self-consumption can be stimulated
by replacing the net-metering scheme with a feed-in gap, peak reduction can be stimulated by a
connection bandwidth tariff or peak tariff structures. However, it should be noted that suppressing
full battery charging or discharging by capacity bandwidth pricing would be unfavourable in case
residential batteries could be aggregated for congestion management on critical peak moments.
Because of the lower usage of residential batteries during winter, the DSO might be able to use the
excess battery capacity in their favour. The impact the DSO can have on battery control, as well
as battery aggregation are not included in this study and thus more research is required on this
topic.

Because of the Dutch ambitions for renewable energy sources and specifically rooftop PV, the
stimulation for more efficient grid usage and stimulation of residential batteries should not hinder
rooftop PV installation. Abolition of net-metering or renewed tariff structures can have a positive
influence on the development of residential batteries, whereas reduce the advantages of rooftop
PV installation. An example of this effect can be seen in Germany. After an increasing feed-in
gap, the emergence of residential batteries increased significantly. However, there was not enough
additional stimulation for rooftop PV which resulted in a decrease of new PV installations in
Germany. The Dutch government should be cautious for this effect and prevent this negative
residential PV development. Moreover, electricity retail regulation will steer the usage of residential
batteries. By regulating the feed-in tariff of consumers the wholesale market prices and retail prices
will be decoupled: When the electricity retail prices are based on the wholesale electricity prices by
retail companies, the feed-in gap will correspond to the wholesale electricity price spread. This will
cause the profitability of residential batteries by either self-consumption or price arbitrage to be
comparable. Regulating the retail prices or feed-in tariff will steer the usage of residential batteries
to one of these two control methods.
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APPENDIX A. DUTCH ENERGY TRANSITION

Appendix A Dutch energy transition
This appendix describes the transition the Dutch energy sector is going through. In section A.1,
the ambitions are presented regarding the phase-out of fossil fuels, together with their translation
into electrification scenarios. Then, the challenges this energy transition brings to the electricity
network are explained in section A.2.

A.1 Future ambitions

Emissions (in CO2 equivalents)
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7)  How has renewable primary demand developed?

10) What share of emissions do the different sectors have?
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renewable primary demand?
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The Dutch energy system 1 petajoule (PJ) can supply a city like Tilburg with electricity for a year

Energy in figures 2022
Figures are based on 2020 data from Statistics Netherlands

Figure A.1: Energy sources and
their share in the total primary
demand in the Netherlands in
2020. Source: (EBN, 2021)

The energy sector in the Netherlands is going to change rapidly
due to the ambition to reduce CO2 emissions in this sector
(Rijksoverheid, 2019). This reduction can be achieved by the
phase-out of polluting fossil fuels from the energy sector. As can be
seen in figure A.1, the majority of the energy demand is supplied
by fossil fuels. Natural gas is the largest source, followed by oil.
Only 10% comes from cleaner renewable sources, which accounted
for 300 PJ (EBN, 2021) in 2020. Renewable energy sources in the
Netherlands are biomass, wind, solar and thermal energy, of which
biomass is the largest with a share of 65%. The share of renewable
energy sources will increase in the coming years because of the
CO2 reduction ambitions. Predictions show this increase in figure
A.2.

The development in renewable energy sources is driven by the Paris
Agreement of 2015 and the following Dutch Climate Agreement in
2019 (Rijksoverheid, 2019). The share of renewable energy of the
total demand should be 27 % in 2030 and by 2050 the total energy
supply must be climate neutral. In 2020 the share of renewable
energy should have been 14% of the total energy consumption
according to the Paris Climate Agreement (Linders et al., 2021).
To cover the difference, the Dutch government made a deal with
Denmark to buy 16 TWh renewable energy.

Figure A.2: The development of energy production
sources and their projection over the years 2000 until
2050. Source: (EBN, 2021)

The Netherlands has the most photovoltaic
(PV) capacity per capita installed of Europe
(Dutch New Energy Research, 2021). In the
year 2020, 31 PJ was generated with PV panels.
There are two forms of PV installations, rooftop
PV and large PV solar parks. During the past
years, around 1/3rd of the total installed ca-
pacity was covered by rooftop PV. At the end
of 2021, the number of households with a PV in-
stallations exceeded the 1.5 million (Dutch New
Energy Research, 2021). Within the same year,
1.3 GW PV capacity was installed in the resi-
dential sector. The installed capacity of PV is
still increasing each year. The growth declined
in 2021, which is probably caused by distur-
bances in the supply chain and an increase in
product and transport prices (Dutch New En-
ergy Research, 2021).
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The phase-out of fossil fuels does not only affect the electricity generation, also the energy consump-
tion is changing. Heating, mobility and industry sectors will decrease their emissions. Electricity
is widely used as new energy carrier. Vehicles shift from oil to electric, heating shifts from natu-
ral gas to heat pumps and industries use electricity as substitute for conventional energy carriers.
Heat pumps will have a high electricity consumption during colder periods. The consumption of
electric vehicles will increase after both morning and evening rush hours. Because of the phase-out
of conventional fuels, the demand for electricity is increasing and changing rapidly.

Three future scenario’s for electricity development are designed by the electricity network operators
based on the Dutch climate goals (Stedin, 2021a). By backcasting from the year 2050, when the
energy sector must be climate neutral, energy scenarios were formed (den Ouden et al., 2020).
Quantification of these scenarios is found in figure A.3 specifically for Stedin area, which is ap-
proximately province South-Holland and Utrecht. The first scenario, Climate Agreement (KA), is
directly based on the climate agreement to achieve a 49% reduction of the CO2 emissions in 2030.
The other two scenarios, called National Ambition (ND) and International Ambition (IA), aim for a
greater CO2 reduction with an eye on the climate goals of 2050. The main difference between these
two is in short that the (IA) scenario has more focus on hydrogen import and non-electrical energy
supply, whereas (ND) includes more renewables energy sources and a higher electric demand.

Figure A.3: Quantification of scenarios for the service area of Stedin of 2030. *current numbers of heat
pumps and electric mobility are an estimation. Source: (Stedin, 2021a)
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A.2 Challenges of the energy transition
One of the challenges of renewable energy sources is their volatility. The drawback of wind and
solar energy, other than biomass, is that they are highly dependant on weather conditions and are
thus uncontrollable. When an increasing share of electricity generation is fluctuating, it becomes
harder to match the already fluctuating demand for electricity. The conventional energy system is
designed on controllable energy sources to meet demand. To integrate renewable energy sources
and still be able to match supply and demand, flexibility formerly only at generation side should
now be implemented at both sides by means of storage or flexible demand (Brunner, Deac, Braun,
& Zöphel, 2020).

The conventional power system was designed for mainly centralised conventional power production,
whereas the increasing demand for renewable sources leads to more decentralised energy production.
Therefore, the electricity grid changes from unidirectional transportation to bidirectional. This is
schematically presented in figure A.4. Centralised energy sources were connected to high voltage
levels, depicted on the top of the figure. Decentralisation leads to more electricity feeding on lower
grid levels causing an increase in load pressure on these lower level transportation and distribution
components, which they are not initially designed for. Also, the location of renewable energy
generation is not necessarily close to demand because of the land area it requires. Then for example,
in rural areas the generation increased whereas the consumption of electricity remains low. This
requires more electricity transportation. The Dutch electricity network is explained in appendix
B.1

Figure A.4: On the left schematic conventional centralised electricity production, on the right additional
decentralised production causing bidirectional flow. Blue lines are under responsibility of the TSO and
orange lines of the DSO Source: (Netbeheer Nederland, 2019)
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Appendix B Overview of the management of the
electricity network

After liberalisation of the Dutch electricity market, the main activities are divided among producers,
transmission and distribution operators (Netbeheer Nederland, 2019; Tanrisever, Derinkuyu, &
Jongen, 2015). An overview of the physical and institutional tasks in the network can be seen in
the overview in figure B.1. The system operators manage the physical network. Both the TSO
and DSO and their tasks are described in section B.1. Small consumers can buy electricity on
the retail market from retail companies. This retail market is described in more detail in section
B.2. Electricity generation is done by electricity producers who exchange their generated power
in the wholesale markets. These different markets are described in section B.3. Large electricity
consumers can buy directly from the wholesale markets.

Figure B.1: A representation of the Dutch institutional and physical electricity market. (De Vries et al.,
2012)

B.1 Transmission and distribution grid
The transmission system operator (TSO) TenneT operates the high voltage (HS) grids, which are
all cables and lines with a voltage ranging from 110 to 380 kV. Centralised production of electricity
is directly supplied to the national high-voltage grid. The grid of voltages lower than 110 kV are
operated by the distribution system operator (DSO) and are called intermediate voltage (TS) for
25-66 kV, medium voltage (MS) for 3-23 kV and low voltage (LS) for 400 V. Decentralised electricity
production is more directly used by the producer or supplied to the low- or medium-voltage grid.
Additionally, the DSO is responsible for the connection of small consumers. DSOs have a regulated
monopoly in their region, but the Authority Consumer and Market (ACM) monitors the efficiency
and grid tariffs of all DSOs. Stedin is the DSO of the region South-Holland and Utrecht. The
ACM is an independent supervisor of the energy market and create regulations for the users and
operators of the electricity and gas network. Because grid operators are natural monopolies, the
ACM regulates the grid tariffs the grid operators may charge, based on cost efficiency and security
of supply (ACM, 2017). In this way the grid operators are stimulated to work as efficient as
possible.
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Figure B.2 shows the structure of the various transmission and distribution grids. Orange shows the
transmission grid to which large power plants are connected. The interconnected grid connects the
foreign transportation of electricity and on a national level the very large power plants are connected
(>500 MVA). The interconnected grid feeds the transmission grid. This is the connection between
the interconnected and distribution grid and large power plants and wind turbine parks (between 10
and 500 MVA) are connected. Large industry is connected to the transmission grid and sometimes
even have their own electricity production. To the outer rings of figure B.2, the regional and local
distribution grids are depicted. The regional distribution grids are fed by the transmission grid
and by power plants with an output between 0.3 and 10 MVA. Large consumers are connected to
this regional distribution grid. A regional distribution grid has typically a total power of 100 MVA.
The local distribution grids distribute the electricity to individual households that also produce PV
electricity on a small scale. The total power of a local distribution grid is typically smaller than 1
MVA.

Figure B.2: The structure of the Dutch electricity grid divided by function. Red indicated the interconnected
grid, orange the transmission grid, green is the regional distribution grid and blue indicated the local
distribution grid. Source: (Phase to Phase, n.d.)

In order to prevent high power losses during transportation of high power levels, the voltage level
must be high. Therefore, the voltage level corresponds to the function of the grid. Low voltage
levels distribute electricity to the households and consumers. The level between transmission and
distribution, so between low voltage and high voltage is called medium voltage. Grids at medium
voltage sometimes have a transmission function next to their distribution function.

All these grids are connected to each other with transformer stations as can be seen in figure B.3.
The capacity of these transformer stations indicates the size of the different grids. The capacity of
transformer stations between the interconnected and transmission grid, a high voltage substation,
has a typical size of more than 500 MVA. In the Dutch interconnected grid there exist a few dozen
stations. A transformer station connecting the transmission grid to the regional distribution grid
is called a medium voltage substation. It has a capacity in the order of 100 MVA. The Dutch
electricity systems consists of about 200 of these substations. The lowest ones, the transformer
stations between the regional distribution grid and the local distribution grid have a capacity of
0.2 to 1 MVA. There can be 250 to 500 low voltage substations connected to one medium voltage
substation. On one low voltage substation, 50 to 250 costumers can be connected.
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High voltage

High voltage

Intermediate voltage

Medium voltage

Low voltage

Transmission

Distribution

Figure B.3: Voltage levels within the Dutch electricity network and their transformer steps. With red the
high voltage levels(110-380 kV) are indicated, the intermediate voltage level(25-50 kV) with green, medium
voltage levels (10-20 kV) in black and low voltage (0.4 kV) in blue. Source: (Phase to Phase, n.d.)

The Dutch power system has a very high security of supply. In 2020, on average every connection
had only a 20 minute breakdown (Netbeheer Nederland & Movares, 2021). This high reliability is
due to its redundancy: most of the electricity network is double connected (Netbeheer Nederland,
2019). This is indicated as a ’N-1’ connection, and this means that when a component is overloaded
or breaks, the network does not have a breakdown. Transmission grids transport the electricity
across the whole country. An outage in the high voltage grid has a lot of consequences. Therefore,
the TSO installs all components of the grid in redundancy and the grid is designed in a ring
structure. In case of an outage, the electricity can still be transported via a different route. An
outage in the low voltage grid of the DSO has fewer consequences than in higher voltage levels.
Therefore, connections on the low voltage grid are not necessarily double installed.

The medium voltage distribution grid is most commonly designed on 10 kV. However, recently
because of the increase in decentralised production, these grids can be made at 20 kV. The advantage
is that, although the material costs do not differ too much, the power that can be distributed is
doubled. A substation is most commonly fed by the high voltage grid or sometimes the intermediate
voltage grid and it feeds a medium voltage grid both for distribution and transmission. Usually the
medium voltage grid is fed by means of about 20 connections. The substation is of such importance
that it is designed with plenty of reserve components. In case of a failure, there is no interruption
in electricity supply.

B.2 Consumers electricity retail
Because of the liberalisation of the electricity market, the transmission and distribution of electricity
are separated from the retail of electricity. The generator and retailer of electricity to industry and
consumers are part of a free market, and in the Netherlands those are mostly the same companies.
Consumers may choose their own energy supplier. A few examples are: Nuon, Essent, Eneco and
Vattenfall. The retail pricing scheme for Dutch households to be payed to the energy supplier
nowadays is build up of four components: supply, taxes, network and metering costs (Fonteijn et
al., 2019; Hage, 2020). The delivered amount of electricity is payed for with the supply costs to the
energy supplier. There they can choose for a fixed or variable energy contract. The tariff of a fixed
contract may not change during the contract period, whereas for a variable contract it may rise and
fall. The electricity tariffs for the residential sector are either constant or consist of day-and-night
tariffs, which consumers can choose based on their preferences. When households choose a double
tariff system, there is a stimulation to shift electricity demand to night times. Also a dynamic
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pricing scheme was recently been launched in the Netherlands by some energy suppliers. For
example Zonneplan (Zonneplan, 2021), easyEnergy (easyEnergy, 2022) and Frank energie (Frank
energie, 2022) sell their electricity based on electricity market prices. The retail prices to consumers
vary every hour and every day. This net scheme stimulates the use of electricity when the market
prices are low and thus mostly when the generation of electricity is high. Normally, during the
evening the electricity prices are at its peak and thus with this pricing scheme the use of electricity
is discouraged.

Secondly, electricity taxes are paid to the government for both the tax per kWh and the VAT over
the total price. Metering costs are used to install the meter and maintenance costs. The network
costs are used to cover transmission and distribution costs. Because the DSO and TSO have a
natural monopoly position, the network tariff is determined by the ACM. Within the network costs,
there are multiple connection capacity options. The most common connection is 3×25 Ampère,
which is sufficient for standard households even with installed rooftop PV or a electric vehicle. The
connection capacity must be increased when a heat pump is combined to 3×35 A or higher. This
increases the connection tariff for the grid operator from e254,27 for 3×25 A to e995,94 for 3×35A
(Stedin, n.d.). In 2021, the Dutch grid operators have started revising the current tariff system
(Jetten, 2022b).

To stimulate the installation of rooftop PV with households, the net-metering scheme is in place.
Currently, the net-metering policy ensures that your excess generated electricity by your PV in-
stallation is subtracted from your electricity bill one-on-one. The pay-back time of rooftop PV is
about 7 years (Rijksoverheid, 2019). When the amount of generated electricity exceeds the annual
demand, a feed-in tariff is paid to the customers per kWh.

B.3 Electricity markets
As can be seen in figure B.1, the wholesale electricity market consists of multiple submarkets.
An overview of all markets is shown in figure B.4. The various markets are divided in wholesale,
balancing, and congestion markets.

>D-1 D-1 D (near) real time
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aFRR*

*activation of 

reserved capacity is 

determined (near) 

real time 

GOPACS
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Legend

Figure B.4: An overview of the different electricity markets batteries can participate in. Source: (Janssen
& Jansen, 2022)

The TSO regulates the power exchange markets including cross-border transactions (Tanrisever et
al., 2015). The Dutch TSO TenneT connects Germany, UK, Belgium and Norway to the transmis-
sion grid via HS connections. The wholesale market creates a first supply and demand schedule
based on bids from market parties. These bids are based on predictions and thus the actual demand
or supply will differ. These prediction deviations will be traded on the balancing market to balance
the system real time. This latter market values the flexibility of the market players and the spot
and forward market value the actual power. The different markets are described in more detail
below.
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B.3.1 Wholesale market
The first market of figure B.4 consists of bilateral contracts and is mostly called forward or future
market. These contracts are long-term and the price is fixed for generators and consumers to lock
in their revenue and costs. Because these contracts are private, there is no information about the
actual agreements.

The spot market consist of the day-ahead and intra-day market. First, there is the day-ahead
market of the EPEX (European Power Exchange). The largest share of electricity is traded on
this day-ahead market. This market matches supply and demand of electricity each day at noon
for every hour of the next day. All sellers and buyers of electricity place their hourly bids before
noon the day before. This results in two total supply and demand curves. The intersection of
these curves determines the market clearing price. All electricity is bought and sold for this same
price. In figure B.5a, an example of one day of day-ahead market prices is shown. The EPEX
also introduced the intra-day market. This is a continuous trading market. Figure B.5b shows
the electricity prices of the same day for the intra-day market. Market players use this platform
to match their projected amount of electricity of the day-ahead to the real electricity supply or
demand. A trade can be made up to 5 minutes before with 15-minute contracts. Because this
market has a resolution of 15 minutes instead of the 60 minutes resolution of the day-ahead, the
market parties can ’smoothen’ and optimise their projected electricity supply.

(a) Day-ahead market prices of 24 December (b) Intraday market prices of 24 December

Figure B.5: Example of the day-ahead and intraday electricity market prices. Source: (EPEX, 2021)
Starting in the end of 2021, the wholesale electricity market prices are increasing enormously. This
can be observed in figure B.6. The electricity price has been quite constant over the past years and
now since the end of 2021, because of multiple factors, including the Russian-Ukrainian war, the
prices have increased.
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Figure B.6: The trend in prices on the day-ahead market in grey and the daily price difference in orange.
A recent steep increase in electricity price can be seen in 2021 and the correlation between price and price
difference is observed. Source: (Janssen & Jansen, 2022)
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B.3.2 Balancing market
When there is more electricity supply to the grid than demand, the frequency will rice over 50 Hz
and when there is more demand, the frequency will drop under 50 Hz. As soon as the electricity
frequency on the grid deviates too much from this value of 50 Hz, Balance Responsible Parties
(BRP) are responsible for restoration. The imbalances can be restored by control reserves. There
are three types of balancing power within varying time frames, as can be seen in figure B.7. The
Frequency Containment Reserve (FCR) can be activated within 30 seconds to restore the frequency
and can be turned on for 15 minutes maximum. The TSO should have a certain capacity readily
available for FCR. In 2022, TenneT must have 116 MW FCR available (TenneT, 2022). For the FCR
there are daily auctions for available capacity instead of a payment for power as in the previously
described markets. The secondary control reserve (SCR) activates within 5 minutes to restore the
energy balance. The SCR is partly covered by yearly contracts and partly by daily actions. Similar
as for the FCR, the SCR is contracted for available capacity and not power exchange. The capacity
of the tertiary control reserve is contracted by TenneT and there is no market available.

Figure B.7: Activation and covering times of the three control reserves. Source: (Regelleistung, n.d.)
There are several balancing markets. The main difference between the (FCR) and Frequency
Restoration Reserve (FRR) on one side and the imbalance market on the other is that for the im-
balance market there is no contracted power the day before and payment is on the basis of activated
power. Within the FCR market parties can bid in blocks of four hours to provide bidirectional flex-
ible power. On a yearly basis the price between these different blocks is similar. However, because
the amount of flexibility supply is increasing, the FCR prices are expected to decrease. When the
imbalance is too large despite the FCR market, the FRR is activated. Within frequency restoration
there are two reserves, the automatic activated reserve (aFRR) which is also called the secondary
control reserve, and the manually activated reserve (mFRR) also called the tertiary control reserve.
The main differences of the aFRR market and the FCR market are the payment basis, the direction
of activation, and the time range. At aFRR there is paid for both the available capacity (in kWh)
as the activated power (in kW), the bids go in one direction which is either supply or demand, and
the bid blocks are 15 minutes.

B.3.3 Congestion market
The electricity markets previously mentioned ensure to match supply and demand, yet they do
not include the (local) grid capacity. A congestion market will ensure that the load is within
the grid capacity and acts locally. There are two types of congestion markets, bilateral contracts
and the congestion market platform GOPACS. On the GOPACS platform, both transmission and
distribution grid operators can request a location specific flexibility on which market players can
bid. An opposite request is automatically done at a different location to secure the national power
balance. However, currently GOPACS does not encounter grid congestion of both transmission
and distribution at the same time. So TenneT may solve their power peak simultaneous to causing
a power peak in the distribution grid. This is currently being solved by adding location-specific
restrictions to market players.
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Although congestion management is currently not often performed by the DSO because grid rein-
forcement is cheaper, reinforcement is lagging behind the increase in congestion problems. There-
fore, GOPACS will to an increasing extent be used for congestion problems. On the long term the
congestion is now solved with grid reinforcement, on the short term there are congestion market
possibilities. For example grid connection agreements or market based flexibility. The latter one
can be done on the platform GOPACS. Currently, this type of congestion market is still under con-
struction for ideal use by the DSOs and is now mostly used by the TSO. Curtailment agreements
are nowadays by contracts and are done by direct contact and not by using the platform.

Grid operators may not participate in the electricity market as stated in the electricity law of
1998 because of their monopoly position on their grid, which means they cannot own and control
a flexibility source themselves. One possibility for them to use batteries to prevent congestion is
either a congestion market to make peak reduction profitable for battery owners, or a bilateral
contract with flexibility owners to alter generation or demand when necessary. The main difference
is that a congestion market would be profit based and bids can be accepted or not. The costs for
the DSO would be uncertain beforehand. With contracts, the flexibility provider has no choice to
scale up or down, and is also paid when the source is not used.

Khomami, Fonteijn, and Geelen researched the working of a platform to connect aggregators with
the DSO to enable flexibility in the grid. This has been tested on a field research and this system
is capable of solving the expected day-ahead congestion. You can think of an aggregator who is
willing to curtail PV power or an aggregator who is able to control electric vehicles. However, the
design of the flexibility market is still in progress, since the complexity of the trading process and
the uncertainty of providing flexibility cause bottlenecks in the system. Flexibility aggregators have
different methods to provide flexibility. Electrical storage systems are one way of providing both
generation and demand flexibility. Curtailment is a method to decrease the generated input.
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Appendix C Residential battery context of neigh-
bouring countries

In our closest neighbour countries, the number of residential batteries is increasing for different
reasons. In Belgium a load peak dependant capacity tariff is introduced and in Germany batteries
are stimulated and the feed-in price gap is significant.

The capacity tariff of Flanders in Belgium is adjusted since the year 2022 and the net-metering
is removed (VREG, n.d.; SolarPower Europe, 2021). The capacity tariff was previously based on
annual electricity demand. Now, the capacity tariff is based on the maximum power peak per
month. The VREG (the Flemish version of ACM) wants to stimulate efficient use of the grid
capacity. This will mostly affect electric vehicle and heat pump owners that do not spread their
usage or use smart applications.

In Germany currently about 60% of newly installed PV systems are combined with a battery system
(SolarPower Europe, 2021). The residential battery uptake in driven by the dropping feed-in tariff,
the rising electricity prices and their expected increase, and for the thought of contribution to the
"Energiewende" (Figgener et al., 2020). 70% of all residential batteries in Europe was installed in
Germany in 2020 (SolarPower Europe, 2021). In figure C.1, the cumulative capacity of residential
batteries in Europe is shown. Figgener et al. estimates the amount of residential batteries in
Germany in 2018 at 125,000 installations, with a total capacity of 930 MWh. 90% was installed
simultaneously with a new PV system.

Figure C.1: The cumulative market of residential battery systems
in Europe. Source: (SolarPower Europe, 2021)

Germany already has several sup-
port schemes for the installation
of residential batteries. As the
rooftop PV was already at 1 mil-
lion installations in 2012, the grid
operators were concerned about
the effects of this decentralised
generation on the grid (SolarPower
Europe, 2021). So in 2013 a fed-
eral bank started a support scheme
for batteries in combination with
PV. Simultaneously, the German
electricity prices increased rapidly
and the feed-in tariff decreased, as
shown in figure C.2a. The growing
prices mainly caused by the ambi-
tious ’Energiewende’ plan and the goal to close all nuclear power plants. In 2020, the gap between
retail and feed-in prices was 31 to respectively 7 eurocent per kWh. Additionally, a feed-in max-
imum is set on 60% of PV generated power. Because of these latter regulation, the use case of
batteries in Germany is based on maximising self-consumption (SolarPower Europe, 2021).

This feed-in gap still is insufficient to earn back the investment costs of the battery. However,
the expected increase in electricity prices did motivate the battery market. From 2013 till 2015
the German government stimulated batteries by subsidising 55% of the new residential battery
installations. As soon as this market had started up, the governmental support declined after 2015.
Because of the low feed-in tariff, the motivation for installing rooftop PV is reduced. Since 2012
the installation of PV has dropped as can be seen in figure C.2b. Because the Dutch government
has still ambitions for a significant increase in residential rooftop PV, the net-metering phase out
and thus lower feed-in could jeopardise this.
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(a) (b)

Figure C.2: (a) Trend of electricity retail prices and feed-in tariffs of households in Germany. Source:
(Figgener et al., 2020) (b) New and cumulative installation of PV power in Germany. Source: (Kairies et
al., 2019)
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Appendix D Load flow computation model: SE-
TIAM

For the simulation of the distribution grid load flow, the ’Stedin Energy Transition Impact Assess-
ment Model’ (SETIAM) will be used. This model represents all components and their connection
hierarchy within the real Stedin network. Their load profile is computed. The expected increase of
technological features impacting the grid like electric vehicles and PV parks is implemented based
on different scenarios as can be seen in figure A.3. The yearly load profiles of these new technolo-
gies are added to the initial load over the network by load summation. The model works with
yearly load profiles, which means that voltage changes are not taken into account. Using hourly
load summation, the load on all grid components can be simulated over one year. By comparing
these summed load profiles per substation with there load capacity, congestion bottlenecks can be
identified. For the initial year, in this case 2021, the initial load profiles are known from actual
measurements. The changes over the years are caused by different technology emerges: for exam-
ple an increasing amount of electric vehicles, heat pumps or rooftop PV. The corresponding load
profiles of these technologies is summed to the initial load values, based on the expected increase
per technology.

Stedin uses the model SETIAM to analyse the future load on the stations to determine when they
would require reinforcement (Stedin, 2021a). Their investment plan is based on these predictions.
Currently, the SETIAM model does not include any flexibility potentials. Although the potential
of flexibility is recognised by Stedin, the capacity effects and concrete applications are not included
in the model.
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Figure D.1: Overview of inputs, working and outputs of the SETIAM model

Model inputs

Scenarios - The electrification caused by the rise of technologies are quantified in scenarios. These
scenarios are based on national scenarios for 2030 made by grid operators (Netbeheer Nederland)
and on the climate neutral energy scenarios 2050 (den Ouden et al., 2020). Scenarios are created
for the cumulative expected amount per year until 2050 of all technologies. Examples of new
technologies are number of electric vehicles, capacity of rooftop PV, number of heat pumps, and
newly built residential areas. All scenario drivers that are included in the model are named in figure
D.2. For this research the scenario of National Ambition (ND) is chosen as a base case, which is
described in appendix A. The scenario for the emergence of residential batteries will be added.
The quantification of this scenario can be found in figure A.3. The ND scenario includes the most
electrification, energy-autonomy, and increase of renewable energy sources PV and wind.
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Grid topology - All substations and connections of the Stedin distribution area are included in the
simulation. This grid topology is build up by low, medium and high voltage hierarchy data sets,
which describe all customers by ean code, the connections, transformers, and cables. Over 2 million
customers are included in this data set.

Static asset and measurement data - Data of the connected customers of Stedin are included in
the model like, annual electricity and gas use, PV size, and collective heating connection. All
connections are assigned to a specific standard ’Nedu’ load profile in SETIAM (van Langen et
al., 2021). This profile is scaled with their annual energy consumption. The load profile of small
customers is averaged and general for all connections. This is justified for consideration of station
level is considered because averaged profiles add up. The initial load profile of substations is created
by comparing measured data with SCADA on the substation with calculated data from profiles of
large consumers and standard profiles of connected costumers. In this way the initial connection
loads are validated as well as the missing or false data points are filtered. The resolution of SETIAM
is hourly and the input and resulting output has a span of one full year.

Weather data - The temperature data is used in the model for calculation of heating amount. This
data is chosen as a worst case cold winter, which is the year of 1987. A PV and wind energy profile
are included to determine generation.

Model running

Technology distribution - All technology components described in the scenarios are distributed
over the Stedin area and assigned to a specific location. This distribution is done stochastic.
Probabilities for particular technologies are assigned to locations. As an example, the distribution
of rooftop PV is as follows: The installation of PV per household is estimated based on data of the
house like build year, building type, roof area, and rooftop PV of its surrounding neighbours. This
is based on the fact that the chance is higher to install PV when your neighbors have them.

Load flow computation - Based on the simulated grid topology, the load profiles of the cumulative
technology scenarios are added to the initial load year. Power quality of the distributed electricity
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is not part of the scope of the research.

Solution and cost estimation - The capacity limit of all substations are included in the model. There-
fore, when the load exceeds this limit, the necessary reinforcement costs can be calculated.

Model outputs

Load prognoses - The load peak prognoses over the years up till 2050 are computed as well as the
expected hourly load on the stations. The resolution of the used model is hourly data over one
year. The load profile calculations on HS/MS substation level are more accurate than on the lower
MS/LS level.

Capacity issues - By comparing the yearly load prognoses over all grid components with their load
capacity, capacity issues are mapped. When load peaks exceed this capacity limit structural, the
is a high change of failure and black-outs.

Required investments - As soon as the grid components are not sufficient and capacity issues are
occurring, grid reinforcement is required. The necessary investments are analysed and choices are
made.

Flex possibilities - Because of the limited financial resources of Stedin, not all reinforcements can
be finished on time. Therefore, the possibility of flexibility is analyses to absorb the load peaks
and relieve the grid pressure. This model feature is still in the development phase.

65



APPENDIX E. STATION SCENARIOS AND LOAD PROFILES

Appendix E Station scenarios and load profiles
In this appendix the scenarios for the selected substation and the resulting station load are shown.
Section E.1 provides the scenarios corresponding for the selected medium voltage substation without
the emergence of residential batteries taken into account. Then, in section E.2, the resulting load
profiles are presented.

E.1 Before distribution of batteries
The selected substation is a 10 kV (medium voltage) substation with a safety capacity of 27 MWh.
There are 20 medium voltage feeders, 950 transformers and 834 fields connected to the station.
Figure E.1 shows the increasing generation technologies for the years 2021-2037 of the selected
station. As can be seen, residential rooftop PV (LV-PV residential) increases significantly faster
than the other technologies. The substation is expected to be overloaded in 2024 on the demand
side and in 2030 on the generation side, as can be seen in figure E.2.
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Figure E.2: Expected load increase on selected station leading to congestion. In 2024 the station is expected
to overload its maximum capacity and after 2030 the generation exceeds the minimum safety capacity.
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E.2 After distribution of batteries
To analyse the effect of the emergence of residential batteries on the selected medium voltage
substation, the battery profiles are added to the yearly station load in the years 2030, 2040 and 2050.
The effect of three different control methods are analysed: maximising self-consumption, market
prices arbitrage and load peak reduction. Additionally, three emergence scenarios for residential
batteries are considered, a high, medium, and low emergence scenario. The results of the yearly
station load profiles are shown in figures E.3, E.4 and E.5. Please note that the y-axis limits of the
graphs from 2030 differ from the others. In order to analyse the effect of the residential batteries,
the overload and minimum and maximum peak values are determined. When the load exceeds the
safety capacity of the station there is overload. The cumulative size of all the overload hours per
battery scenario and control is presented in figure E.6. At last, the minimum and maximum station
load peak per year is determined after the distribution of all residential batteries. The results can
be found in table E.1. The load peak is maximum on 11 January at 18:00 and the minimal load
occurred on 18 April at 12:00.
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Figure E.3: Station load in high scenario for 2030, 2040 and 2050
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Figure E.4: Station load in medium scenario for 2030, 2040 and 2050
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Figure E.5: Station load in low scenario for 2030, 2040 and 2050

(a) Maximum station load peaks

(b) Minimum station load peaks

Table E.1: Change in the maximum and minimum station peak by the emergence of residential batteries
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Figure E.6: Change in annual overload size of the selected station with the emergence of residential batteries
in different controls and scenarios
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