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ABSTRACT
With the fast-growing electricity demand, challenges arise affecting the reliability and the quality of
the distribution network. The Dutch DSOs could expand the network capacity, but it is not sure if the
network can be expanded fast enough. Network expansion will result in higher total consumer costs
and if the network expansion rate is too low, the reliability of the distribution network would be highly
affected.

Currently, the distribution network tariff in the Netherlands for residential consumers is only based
on the connection type. Changing the network tariff structure to stimulate demand response is an
option to deal with these challenges.

The effects of different network tariff structures in the Netherlands are still unknown. This paper
investigates the effects of two configurations of a capacity bandwidth tariff and a personal peak charge
on the maximum network peak and the expected consumer charge. This is done by using the model
of Hennig et al. (2020) that simulates the allocation of flexible demand of consumers under different
network tariff structures.

To be able to compare the different network tariff structures, the five key regulatory principles
are used. Since these regulatory principles are often ill-defined and unclear, we first propose a set of
normative criteria which can be used to quantify if a tariff structure adheres to these principles.

The results show that all examined network tariff structures significantly reduce the overall network
peak. Furthermore, the examined tariff structures aremore efficient and cost-reflective than the current
fixed tariff. A capacity bandwidth tariff with bandwidths of 2, 4, 8 and 17 kW seems the best option
for a future-proof network tariff structure in the Netherlands.

1. Introduction
With the integration of RES and the fast-growing elec-

tricity demand, challenges arise affecting the reliability and
the quality of the electricity distribution network (Mahmud
and Zahedi, 2016). Voltage drops and thermal overloading
are two of these problems and these can be prevented in mul-
tiple ways (Mahmud and Zahedi, 2016; Etherden and Bollen,
2014). The Dutch DSOs could expand the network capacity.
However, these additional network cost will subsequently
be carried through to the consumers, resulting in higher to-
tal consumer costs (Schittekatte et al., 2018; Ortega et al.,
2008). Moreover, it is assumed that the electricity demand
will grow faster than network expansion can cope with.

Since the electricity distribution network is dimensioned
for the peak load (Schittekatte et al., 2018), another way to
prevent these problems is to change the way congestion is
priced and try to incentivise demand response to reduce the
peak load of the network. Demand response can be incen-
tivised by changing the current network tariff structure.

The two main categories of distribution network tariff
structures are volumetric tariffs and capacity based tariffs
(Schittekatte et al., 2018; Ortega et al., 2008). However,
within these two categories, there are still many variants.
Currently, the network tariff for residential consumers in the
Netherlands is a fixed tariff, only based on the size of the con-
nection (EuropeanCommission, 2015; Lu andWaddams Price,
2018). In the Netherlands, capacity based tariffs are dis-
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cussed and examined as potential future network tariff op-
tions (Droste et al., 2018; D-Cision, 2019).

The possibilities that the Netherlands has to change the
network tariff structure is bounded by Dutch and European
law and regulation. The legal framework includes so-called
regulatory principles to which a network tariff structure must
adhere (Ortega et al., 2008). A network tariff structure must
adhere to the following five principles: non-discriminatory,
cost-recovery, cost-reflectiveness, transparency and promot-
ing efficiency (European Commission, 2015; Droste et al.,
2018; CEER, 2017).

The current network tariff structure in most countries has
become unfit as the network tariffs are not cost-reflective
anymore (Strielkowski et al., 2017). The regulatory prin-
ciple of cost-reflectiveness states that costs are allocated to
those who impose costs on the network (CEER, 2017). This
is caused by the increased penetration of RES and the differ-
entiation of electricity demand. Shifting to a capacity based
tariff would be more efficient and cost-reflective (Ren et al.,
2016; Simshauser, 2016; Nijhuis et al., 2017). Furthermore,
the potential network cost reduction capacity of a capacity
based network tariffs would be significant (Ren et al., 2016;
Steen et al., 2015; Young et al., 2019). However, capac-
ity based tariffs come in different forms (Simshauser, 2016;
Young et al., 2019; Narayanan et al., 2018) and Brown et al.
(2015) even concluded that there is no single best network
tariff design.

Currently, in the Netherlands, multiple capacity based
network tariff structures are examined. A capacity band-
width tariff, where consumers contract a certain bandwidth
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in which they are free to consume electricity, and a personal
peak charge, where consumers pay for the maximum amount
of capacity required each month are two most prevalent op-
tions (Droste et al., 2018). In this paper, we aim to aid the
current discussion concerning the most suitable network tar-
iff structure in theNetherlands. This will be done by compar-
ing different capacity based network tariff structures based
on their ability to reduce network peak load, their expected
consumer charge, and how they adhere to the regulatory prin-
ciples of network tariff design. A simulation model is used
to analyse the effects of a network tariff structure by simulat-
ing the expected demand of consumers when subject to that
tariff structure. Furthermore, since these regulatory princi-
ples are often ill-defined and unclear, we first propose a set
of normative criteria which can be used to quantify if, and if
applicable to what extent, a tariff structure adheres to these
principles.

This paper is structured as follows. Section 2 discusses
the method used to simulate the expected demand of con-
sumers when subject to different network tariff structures.
Section 3 presents the proposed set of normative criteria used
to quantify the regulatory principles. Section 4 outlines the
generated results, which are subsequently discussed in Sec-
tion 5. Followed by some conclusions and policy implica-
tions in Section 6.

2. Methods
An optimisation model is used to simulate the expected

electricity demand of consumers and the corresponding net-
work peaks. Similar mathematical models have already been
used before, where the behaviour of consumers is simulated
with the use of optimisation models (Zugno et al., 2013;
Momber et al., 2015; Saguan andMeeus, 2014). Schittekatte
et al. (2018) also used an optimisation model to simulate
the electricity demand of consumers when subject to dif-
ferent network tariff structures. These optimisation models
assume that consumers change their behaviour to minimise
their overall (network) costs. The main limitation of these
optimisationmodels is that a very complex phenomenon, the
behaviour of consumers, is modelled through a very simple
and straightforward assumption.
2.1. General model description

The used model to answer the main research question
and the corresponding sub-questions is constructed in Python.
Themodel objective is to simulate how different network tar-
iff structures influence the electricity demand of consumers.
The model does so under the assumption that consumers al-
locate their EV charging demand to minimise network costs.
The allocation of EV charging demand to minimise costs is
modelled as an optimisation problem using the Pyomo pack-
age. These optimisation problems are subsequently solved
using the GLPK solver.

The model is mainly constructed by Roman Hennig, a
PhD candidate at the Delft University of Technology. The
model is discussed in Hennig et al. (2020).

The model simulates the electricity demand of consumers
in a neighbourhood. The initial demand of the consumers is
assumed to be non-changeable. The electricity demand cor-
responding to the charging of EVs is assumed to be change-
able, and therefore subject to the optimisation model. The
optimisation model optimises the EV charging behaviour of
consumers under different network tariff structures and dif-
ferent charging strategies.

Themodel simulates an increasing number of consumers
that have an EV to analyse the effects on the network peak.
The results of the simulation for the different network tariff
structures and charging strategies can be comparedwith each
other. Also, based on the initial electricity demand of con-
sumers, the model can compute the expected network charge
for different tariff structures.
2.2. Data

The used data consists of the measured electricity con-
sumption for every fifteen minutes of 396 households in the
service area of Stedin. The data set also includes informa-
tion about the housing type, the presence of PV and EV of
the consumers. It contains data from the 2nd of July till the
30th of September of 2020, which accumulates to a total
of 91 days. Because the data originates from three summer
months the average loads are relatively low. The data is pro-
vided by Stedin, is processed in Excel and analysed using
SPSS. The descriptive statistics of the data set are shown in
Table 1.

Min Max Mean St. dev
Average load [kW] -0,90 1,30 0,199 0,254
Max load [kW] 0,51 14,9 4,351 1,683
Avg. max. load [kW] 0,02 6,97 2,037 0,814
% in peak 0,14 0,58 0,352 0,064

Table 1
Descriptive statistics of whole data set with 378 consumers.
Average maximum load represents the average daily maximum
peak of consumers, % in peak is the percentage of electricity
used between 17:00 and 23:00.

2.3. Recreation of neighbourhoods
This data set is used to recreate four different Dutch neigh-

bourhoods. Based on the housing type, consumers are drawn
from the data set to form a neighbourhood. These neighbour-
hoods are validated by comparing the load-duration curves
of the actual neighbourhoods and the recreated neighbour-
hoods. The recreated neighbourhoods are combined with
the LV-transformer characteristics to be able to analyse the
effects of tariff structures on the transformer load.
2.4. Network tariff structures

The initial electricity demand is assumed to be inflexi-
ble. Consumers do not change this part of their demand and
therefore this part of their demand is not subject to the opti-
misation problem. The flexible demand is simulated on top
of the inflexible load. This is done by simulating the de-
mand corresponding to the charging of EVs. The network
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tariff structures that are examined are the current fixed tar-
iff, two configurations of a capacity bandwidth tariff and a
personal peak charge.
2.4.1. Current fixed tariff

When consumers are subject to the current fixed tariff
they have no incentive to change their behaviour to minimise
their network costs. The capacity rate of this tariff structure
is approximately e160. It is assumed that the other com-
ponents, the standing charge, the measurement rate and the
periodic connection fee, remain constant.
2.4.2. Capacity bandwidth tariff

The second examined tariff structure is the capacity band-
width tariff, with an exceedance fee for usage outside the
band. Because of the uncertainty about the differences be-
tween a minimum bandwidth of only 2 kW compared to
a minimum bandwidth of 4 kW, both of these options are
examined. The characteristics of these two models can be
found in Table 2. The exceedance fee in both options is 0,50
e/kWh, which is following Hennig et al. (2020). The prices
shown in Table 2 are the prices for the capacity rate only.
It is assumed that when subject to a capacity bandwidth tar-
iff, a consumer will never exceed their bandwidth limit by
charging their EV.

Table 2
The two configurations of the examined capacity bandwidth
tariffs and their characteristics, prices in e.

CBT min 2kW CBT min 4kW
Bandwidth Price Bandwidth Price
2 kW e90 4 kW e160
4 kW e180 8 kW e320
8 kW e360 12 kW e480
17 kW e765 17 kW e680

2.4.3. Personal peak charge
The third investigated tariff structure is a personal peak

charge. In this case, the network charge of consumers is
dependent on the average maximum capacity they use each
month. The charge per needed kW of capacity is kept pro-
portionally to the charge under the current tariff. This corre-
sponds to e40 per kW of used capacity. This means a con-
sumer with a maximum capacity of 5 kW will have to pay
e200 for the capacity rate. It is assumed that when subject
to the personal peak charge, a consumer will never exceed
the maximum capacity limit of the personal peak charge by
charging their EV.
2.5. Simulating demand corresponding to the

charging of EVs
The demand corresponding to the charging of EVs is

simulated based on the 25 synthetic driving profiles derived
by Remco Verzijlbergh (Verzijlbergh, 2013). These 25 syn-
thetic driving profiles, in combination with some random-
ness, result in realistic driving patterns. These driving pat-
terns are translated to charging patterns of EVs. The de-

mand corresponding to the charging of these EVs is subject
to the optimisation problem of the model. Indicating that
consumers will schedule the charging of their EV to min-
imise network costs.
2.6. Examined charging strategies

The charging demand is allocated based on two different
charging strategies. These charging strategies are: charging
on arrival and individual optimisation (Hennig et al., 2020).
2.6.1. Charge on arrival

With the charging on arrival strategy, consumers charge
their EV as soon as they get home. The EV then starts charg-
ing as fast as possible while keeping the capacity under the
maximum allowed limit.
2.6.2. Individual optimisation

With the individual optimisation strategy, all consumers
charge when the wholesale electricity prices are the lowest.
In reality, future wholesale prices are not known, and there-
fore it is not possible to optimise the EV charging perfectly.
This results in the situation that all consumers charge at the
same time. Furthermore, it is expected that when a large
amount of EVs all start charging simultaneously this affects
the wholesale price. However, this interaction between the
change in electricity demand and the wholesale price is not
included in the model.

3. Defining the regulatory principles
The five key regulatory principles are: non-discriminatory,

cost-recovery, cost-reflectiveness, transparency and promot-
ing efficiency. The regulatory principles originate from Ar-
ticle 18 of European Regulation 2019/943 and can also be
found in Article 36 of the Dutch electricity law.
3.1. Non-discriminatory

Non-discriminatory cost allocation entails that consumers
are handled equally in equal circumstances (Droste et al.,
2018). To determine if a network tariff structure is non-
discriminatory, the following question is used: Are consumers
that have the same electricity pattern charged differently? If
this question can be answered with "no", it is determined that
a network tariff structure is non-discriminatory.
3.2. Cost-recovery

If a network tariff structure enables a DSO to recoup
all their efficient costs, it adheres to the principle of cost-
recovery (Droste et al., 2018).

The Dutch regulator determines the maximum height of
the tariffs that any DSO is allowed to charge consumers (Au-
toriteit Consument & Markt, 2020). The regulator does this
based on a system of yardstick competition to protect con-
sumers while giving incentives to DSOs to become more ef-
ficient (Authoriteit Consument & Markt, 2016).

Indicating that the heights of the current tariffs are set
in a way that all efficient costs are recouped through the net-
work charges. Implying that for another network tariff struc-
ture to adhere to the principle of cost-recovery, the sum of
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total network charges of all consumers in the service area of
that DSO should stay the same. Since all DSOs play a key
role in maintaining and monitoring the critical infrastructure
that is the electricity network, this should be the case for all
DSOs separately.
3.3. Cost-reflectiveness

The principle of cost-reflectiveness states that costs are
allocated to those who impose costs on the network (CEER,
2017). Because the costs of the network are not available
on the level of detail of individual users and some costs are
socialised, the principle of cost-reflectiveness does not hold
perfectly (Droste et al., 2018). From the standpoint of eco-
nomic theory, maximising social welfare is done by making
sure that prices are close to the marginal costs. However,
since the electricity distribution system is a naturalmonopoly,
the application of marginal costs may be inefficient. In such
cases, costs must be allocated in a way that they reflect the
marginal costs as closely as possible (Reneses and Ortega,
2014).

Because a network tariff structurewill never be fully cost-
reflective, the above definition of calculating cost-reflectiveness
does not hold perfectly. However, to be able to compare dif-
ferent network tariff structures based on cost-reflectiveness,
a criterion or definition has to be defined. We adopt the def-
inition of Passey et al. (2017).

Passey et al. (2017) analysed the cost-reflectiveness of
different capacity based network charges. They defined cost-
reflectiveness in capacity based tariffs as the linear Pearson’s
correlation between the network charge and the average of
the applicable peak demand over each month. In this case,
the applicable peak demand is the share of the total coinci-
dental network peak of that month (Passey et al., 2017).
3.4. Transparency

Transparency in network tariffs entails that it should be
clear to consumers what they are paying for (Droste et al.,
2018). A transparent network tariff also means a transparent
methodology (CEER, 2017; Reneses and Ortega, 2014). Al-
though transparency is one of the key regulatory principles
and is mentioned in both European and Dutch law and reg-
ulation, existing literature is not clear about what a transpar-
ent network tariff structure exactly entails and what criteria
could be used to determine this.

We use the following question to determine if a network
tariff structure is transparent: Is the tariff methodology clear
and unilateral interpretable? If this question can be an-
sweredwith "yes", it is determined that a network tariff struc-
ture is transparent.
3.5. Promoting efficiency

Network tariffs should promote efficient network usage
(Droste et al., 2018). To examine to which degree a net-
work tariff structure promotes efficient network usage, the
percentage change in load factor of the network, in compar-
ison with the load factor of the network when consumers are
subject to the current tariff structure, is used.

The load factor of a network under a tariff structure is cal-
culated by dividing the average load by the maximum load
of the network. It is assumed that with higher load factors
the network capacity is used more efficiently and herewith a
network tariff structure better promotes efficiency.

4. Results
4.1. Effect on maximum network peak

The four recreated neighbourhoods are used to examine
the effects of different capacity based network tariff struc-
tures on the maximum network peak. The effect on the max-
imum network peak is examined by looking at the maximum
transformer loading for an increasing number of consumers
that charge an EV. The results of all four neighbourhoods
are very comparable, therefore only the results of one of the
four neighbourhoods are shown. This neighbourhood has a
total of 97 consumers and the LV-transformer has a capacity
of 400 kW. The initial maximum transformer loading of this
neighbourhood is relatively low, at only 20 percent. The re-
sults are averaged over 40 simulations for each combination
of tariff structure and charging strategy.
4.1.1. Current fixed tariff

Figure 1 shows the maximum transformer capacity as a
function of the amount of EVs for the simulated neighbour-
hood. From the results of Figure 1, it can be seen that trans-
former overloading occurs before 100 percent EV penetra-
tion. Furthermore, there is a significant difference between
the results of the individual optimisation and the charging on
arrival strategy.

Because all consumers have full information about the
future wholesale prices, every consumer charges coinciden-
tal in the individual optimisation charging strategy. Since
not everyone arrives home at the same time, the coincidence

Figure 1: The maximum transformer capacity as a function of
the percentage of consumers in the neighbourhood that have
an EV under the current network tariff structure. ’CoA’ de-
notes the Charge on arrival strategy, ’IO’ denotes the individual
optimisation strategy.
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factor is a lot lower when this charging strategy is used. Un-
der the charging on arrival strategy, even though consumers
charge more during peak hours, transformer overloading oc-
curs after a higher amount of EV penetration. This shows
the importance of the coincidence factor of the electricity
demand of consumers.
4.1.2. Capacity bandwidth tariff

In Figure 2, the results of the simulations of the two dif-
ferent configurations of a capacity bandwidth tariff are added
to the results of the fixed tariff. The results clearly show that
the maximum transformer loading is a lot lower than with-
out the introduction of the capacity bandwidth tariff. The
amount of EV penetration could be as high as 100 percent be-
fore transformer overloading occurs under a capacity band-
width tariff structure.

The results also show that the capacity bandwidth tariff
with the smallest bandwidth of 2 kW, shown in red, has a
higher peak shaving capacity than the capacity bandwidth
tariff with the smallest bandwidth of 4 kW, shown in pink.
Although, the results of the charging on arrival strategy for
the two different capacity bandwidth tariffs are more com-
parable.

The differences between the results of the simulation of
two charging strategies are the smallest under the capacity
bandwidth tariff with the 2 kW bandwidth. This suggests
that this tariff structure does not only reduce the peak load
but also reduces the impact of the coincidence factor.

Furthermore, it is seen that with low amounts of EV
penetration the individual optimisation strategy outperforms
the charging on arrival strategy. However, this is not true
for high amounts of EV penetration. This is because with
the individual optimisation strategy consumers charge out-
side of the already existing network peak. Therefore, at low
amounts of EV penetration, the total network peak is not that
high. But as the amount of EV penetration increases, and
because of the high coincidence factor under this charging
strategy, with higher amounts of EV penetration, the net-
work peak is primarily caused by the coincident charging
of all consumers.
4.1.3. Personal peak charge

In Figure 3, the results of the simulationwhen consumers
were subject to the personal peak charge are added to the al-
ready existing results from Figure 2. The results in Figure 3
clearly show the peak shaving capacity of the personal peak
charge tariff. Furthermore, the effects on the network peak
of implementing a personal peak charge are very compara-
ble with the effects of a capacity bandwidth tariff where the
smallest bandwidth is 4 kW.
4.2. Expected network charge

Themodel is used to calculate the expected network charges
for every consumer in the data set. The expected network
charge for the current fixed tariff is constant at e160.

Figure 2: The maximum transformer capacity as a function of
the amount of added EVs under a capacity bandwidth tariff.
’CoA’ denotes the Charge on arrival strategy, ’IO’ denotes the
individual optimisation strategy.

Figure 3: The maximum transformer capacity as a function of
the amount of added EVs under all examined tariff structures.
’CoA’ denotes the Charge on arrival strategy, ’IO’ denotes the
individual optimisation strategy.

4.2.1. Expected network charge for the consumers in
the data set

Table 3 shows the descriptive statistics of the expected
charges for all consumers in the data set.

It can be seen that the average expected charge is the low-
est under the capacity bandwidth tariff with a smallest band-
width of 2 kW, but the standard deviation under this tariff
structure is also the highest, meaning that the differences in
expected charges are the largest. Furthermore, the average
charge of the capacity bandwidth tariff with a smallest band-
width of 4 kW and the average charge under the personal
peak charge is comparable with the current charge under the
fixed tariff. These results are highly dependent on the as-
sumed heights of the tariffs of Table 2
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Table 3
Descriptive statistics of the expected network charges of the
consumers in the data set for different network tariff structures,
all prices in euro (e).

Min Mean Max St. dev
Fixed tariff 160,00 160,00 160,00 0,00
CBT min 2kW 90,00 127,17 765,00 70,11
CBT min 4kW 160,00 169,00 484,06 40,03
Personal peak 14,32 150,72 501,64 54,74

Table 4
Descriptive statistics of the expected charges of the data set
based on the division in active and passive consumers.

CBT min 2kW CBT min 4kW Pers. peak
Active e145,23 e179,19 e166,71
Passive e116,55 e163,02 e141,32

Table 5
The results of the independent t-test for the expected network
charges for the division in active and passive consumers.

CBT min 2kW CBT min 4kW Pers. peak
Sig. 0,001 0, 002 0,000
ΔMean e28,68 e16,17 e25,40

4.2.2. Difference between active and passive
consumers

The financial effects of different tariff structures on two
different groups of consumers, active and passive consumers,
are also analysed. Active consumers are consumers who pro-
duce electricity with the help of PV or have an EV. Passive
consumers are consumers who do not produce electricity
with the help of PV and do not drive an EV. The average
expected charges for both consumer groups under the differ-
ent tariff structures are shown in Table 4.

The differences in expected network charges show that
for all three tariff structures, active consumers are expected
to pay more than passive consumers. To test if the differ-
ences in Table 4 are significant an independent t-test is per-
formed. A summary of the results of this t-test is shown in
Table 5.

The results from Table 5 show that the network charges
for active consumers are significantly higher for all three
network tariff structures. Indicating that under a capacity
based tariff structure, active consumers are going to be pay-
ingmore than passive consumers. Because the growing amount
of RES and growing electricity usage due to electrification
of heating and transport are partly causing the increasing
amount of challenges for the distribution network (Mahmud
and Zahedi, 2016; Moraga-González andMulder, 2018), the
fact that active consumers are expected to be paying more
under a capacity based tariff structure can be seen as posi-
tive.
4.3. Reflection on regulatory principles

In Section 3 normative criteria to define the key regu-
latory principles are proposed. These five key principles

are: non-discriminatory, cost-recovery, cost-reflectiveness,
transparency and promoting efficiency.
4.3.1. Non-discriminatory

Both options of the capacity bandwidth tariff and the per-
sonal peak charge have not shown any instance where con-
sumers with the same electricity pattern are charged differ-
ently. Furthermore, since the height of the tariffs is solely
based on the electricity pattern itself, there will never be any
instances where this would be the case. Therefore it is de-
termined that for all examined options, consumers that have
the same electricity pattern are not charged differently. This
means that both options of the capacity bandwidth tariff and
the personal peak charge are non-discriminatory.
4.3.2. Cost-recovery

For a network tariff to satisfy the principle of cost-recovery,
the total sum of all network charges in the service area of all
DSOs should at least be equal to the total sum of all network
charges under the current fixed tariff. The expected network
charges in Table 3 show that only the average expected net-
work charge of a capacity bandwidth tariff where the small-
est bandwidth is 4 kW is higher than that of the current fixed
tariff.

However, it can not be assumed that the used data set
is an actual representation of the consumers in the service
area of Stedin. Moreover, nothing can be said about the
expected network charges in the service areas of the other
Dutch DSOs.

Therefore, with the limited amount of data, nothing can
be concluded about the ability to recover the efficient net-
work costs for each Dutch DSO for each examined tariff
structure. When another tariff structure is implemented in
the future, the tariffs must ideally be set in such a way that
all Dutch DSO are exactly able to recoup their efficient costs.
When n accurate representation of a service area of a DSO or
the Netherlands is available. The heights of the tariffs that
enable a DSO to recoup their efficient costs can be calcu-
lated by simulating this problem as a non-cooperative game
between the consumers and the regulator (Hoarau and Perez,
2019; Schittekatte et al., 2018; Schittekatte andMeeus, 2018)
A capacity based network tariff results is an income risk for
DSOs, since the tariffs in a capacity based tariff structure
are dependent on the behaviour of consumers, whereas this
is currently not the case.

This might influence the preference of a DSO. The ser-
vice areas of all Dutch DSOs are different and these different
consumers have different characteristics and behave differ-
ently, this could result in a DSO preferring a certain network
tariff structure over another. A tariff structure that minimises
these risks could be preferred by DSOs.
4.3.3. Cost-reflectiveness

The regulatory principle of cost-reflectiveness states that
costs must be allocated to those who impose costs on the net-
work (CEER, 2017). Cost-reflectiveness is defined by the
definition of Passey et al. (2017). Passey et al. (2017) de-
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Table 6
The Pearson’s correlation coefficients between expected net-
work charge and average applicable peak demand, highest cor-
relation in each calculation in bold

CBT min 2kW CBT min 4kW Pers. peak
NBH1 0,530 0,322 0,498
NBH2 0,645 0,484 0,688
NBH3 0,705 0,573 0,627
NBH4 0,399 0,261 0,375
Data set 0,361 0,292 0,419

fined cost-reflectiveness as the linear Pearson’s correlation
between the network charge and the average of the applica-
ble peak demand over each month. In which the applicable
peak demand is the share of the total coincidental network
peak of that month.

To calculate this correlation, the average of the appli-
cable peak demand over each month is calculated for each
consumer in the data set. Because the cost-reflectiveness is
depended on the network peak, the cost-reflectiveness is dif-
ferent for each network. Therefore, the cost-reflectiveness is
calculated for each neighbourhood separately, as well as for
the entire data set.

The results of the linear Pearson’s correlation between
the expected network charge and the average of the applica-
ble peak demand over each month for the different network
tariff structures in the different neighbourhoods and the en-
tire data set are shown in Table 6.

The results in Table 6 show that in neighbourhoods 1, 3
and 4, the capacity bandwidth tariff with a smallest band-
width of 2 kW is the most cost-reflective. In neighbourhood
2 and the situation that it is assumed that the entire data set
is one neighbourhood, the personal peak charge is the most
cost-reflective.

When the averages of the correlation coefficients are taken
over the different neighbourhoods and the data set, the most
cost-reflective tariff is the capacity bandwidth tariff with a
smallest bandwidth of 2 kW. The average correlation coeffi-
cient of this tariff is 0,528. The second most cost-reflective
tariff is the personal peak charge, with an average of 0,521.
The least cost-reflective tariff is the capacity bandwidth tariff
with a smallest bandwidth, with an average of 0,386.

These results are based on four fictive neighbourhoods
and one data set of only 378 consumers. The results al-
ready show that for these five different options, no single
tariff structure is the most cost-reflective in each case. This
shows the difficulty in calculating the cost-reflectiveness of
a network tariff structure and the difficulty of designing cost-
reflective tariffs. Because the cost-reflectiveness is deter-
mined by the maximum network peak of each neighbour-
hood, which is caused by the coincidence of all independent
electricity patterns of all consumers in that neighbourhood.
4.3.4. Transparency

Transparency in network tariffs means that it should be
clear to consumers what they are paying for (Droste et al.,
2018). A transparent network tariff alsomeans that themethod-

ology to calculate the height of the tariffs should be transpar-
ent (CEER, 2017; Reneses and Ortega, 2014). The current
methodology for calculating the current tariffs is very sim-
ple since everyone pays the same fixed amount. If the cur-
rent network tariff structure would be changed, this always
means that the methodology will become at least a bit more
complicated.

The methodology to calculate the tariffs for the exam-
ined network tariff structures is transparent. Calculating the
expected network charge based on an electricity pattern is
simple for both tariff structures. Therefore, it is concluded
that both options of the capacity bandwidth tariff and the
personal peak charge are transparent.
4.3.5. Promoting efficiency

To examine to the degree to which a network tariff struc-
ture promotes efficient network usage, the percentage change
in load factor of the network under a certain network tar-
iff structure in comparison with the load factor of the net-
work under the current tariff structure is computed. Figure
4 shows the load factor of the neighbourhood as a function
of the percentage of consumers that have an EV.

Figure 4: The load factor as a function of the amount of added
EVs under all examined tariff structures.

The average percentage change over both charging strate-
gies and all neighbourhoods in the situation with 100 per-
cent EV penetration for the capacity bandwidth tariff with a
smallest bandwidth 2 kW is 218 percent. For the other ca-
pacity bandwidth tariff, it is 97 percent. For the personal
peak charge, the percentage change is 113 percent.

Thismeans that, based on the regulatory principle of pro-
moting efficiency, the capacity bandwidth tariffwith a small-
est bandwidth of 2 kWpromotes efficiency the best, followed
by the personal peak charge tariff, and lastly the capacity
bandwidth tariff with a smallest bandwidth of 4 kW.

5. Discussion
The results show that the examined capacity based tar-

iffs are more cost-reflective and efficient. Which confirms
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the findings by Nijhuis et al. (2017), Ren et al. (2016) and
Simshauser (2016). Moreover, the results showed that im-
plementing a capacity based network tariff would result in
significant reductions of themaximumnetwork peak, in com-
parison with the current network tariff structure. Lastly, the
results showed that the effects are the most significant for a
capacity bandwidth tariff with possible bandwidths of 2, 4,
8 and 17 kW.

Some important limitations have to be recognised and
the impact of different assumptions must be assessed. The
first limitation is the fact that the used data originates from
summer months. Hereafter we discuss the effect of the most
important assumptions. Lastly, the simplifications made by
quantifying the regulatory principles are discussed.
5.1. Impact of data originating from summer

months
The fact that the data originated from three summermonths

could influence the results highly. Since it is assumed that
all consumers do not exceed their allocated bandwidth, the
bandwidths that get allocated are a measure of the impact of
a capacity bandwidth tariff. The same is true for the personal
peak charge, where consumers do not exceed their personal
peak.

Since all bandwidths are allocated to the consumers based
on the electricity pattern of these three summer months, it
can be disputed if the generated results are realistic. It could
be the case that the allocation of bandwidths to consumers
would be done differently if it was based on a whole year of
data. An analysis is performed to assess the impact of the
used data.
According to the consumption profiles from the Dutch Asso-
ciation for Energy Data Exchange (NEDU) the months July,
August and September respectively correspond with 6,5, 6,7
and 7,2 percent of the total yearly load of a typical Dutch
consumer (NEDU). October corresponds with 8,7 percent
of the total yearly load. Therefore the electricity demand
of October approximately represents the average of a year.
Therefore, to analyse the impact of the used data, the elec-
tricity demand of October is used. The average electricity
demand in October is 0,35 kW, which is closer to the yearly
average of 0,31 kW CBSverbruik.

Based on this changed electricity pattern, the simulation
is run for the neighbourhood. Figure 5 shows the results of
this simulation. This figure shows the average used trans-
former capacities for each examined tariff structure for both
the data originating from the summer months and the newly
generated average month.

Figure 5 clearly shows how the difference between the
uninterrupted lines and the dashed lines are the largest for
the capacity bandwidth tariff with the smallest bandwidth of
2 kW and the personal peak charge. The results of the three
examined capacity based network tariff structures lie closer
together thanwith the data of the three summermonths. This
implies that when the results are generated with a full year
of data, the difference in the results would be smaller than

suggested in Section 4.

Figure 5: The maximum transformer capacity as a function of
the percentage of consumers that have an EV for all examined
tariff structures.

5.2. Impact of assumptions on results
To be able to simulate the expected electricity demand

of consumers when subject to different network tariff struc-
tures, important assumptionsweremade. The first paragraph
discusses the assumption that consumers minimise their net-
work costs, the second paragraph discusses the assumptions
that consumers either charge upon arrival or individually op-
timise. The third paragraph shortly discusses the interaction
between the assumed tariff heights and the results.
5.2.1. Consumers minimise their network costs

It was assumed that consumers behave in a way that they
will not charge their EV if this would result in higher net-
work costs. This assumption was made to make the model
more feasible since the optimisation model needs strict con-
straints. However, there are multiple situations, in reality,
where this assumption does not hold. The two examined
network tariff structures differ most from each other when
this assumption does not hold.

If a consumer is willing to exceed their bandwidth limit
or personal peak and increase the network costs, what they
have to pay is inherently different. Imagine a consumer, who
has a bandwidth of 4 kW and a maximum personal peak of 4
kW, that wants to charge their EVwith an additional 10 kWh
of electricity. When this consumer is subject to a capacity
bandwidth tariff, this tariff gives no incentive to minimise
the total amount of needed capacity, whereas the personal
peak charge does. If this consumer is subject to a capacity
bandwidth tariff it is possible to use 14 kW for one hour.
However, when subject to a personal peak charge, it would
still be cheaper if this consumer used 6 kW for five hours.
This key difference between a capacity bandwidth tariff and
a personal peak charge is currently not taken into account,
because of the assumption that all consumers minimise their
network costs.
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Because of the assumption that consumers minimise their
network costs, the main differences between a personal peak
charge and a capacity bandwidth tariff are not captured in
the simulation model. Therefore, both models give compa-
rable incentives to reduce peak load, as in both models con-
sumers just minimise their peak load to a certain value. This
also explains why the results of a capacity bandwidth model
with bandwidths of 4, 8, 12 and 17 kW and a personal peak
charge model yielded such similar results. Because the aver-
age of all allocated bandwidths of all consumers present in
the neighbourhoods is 4,022 kW, and the average peak load
is 4,048 kW.
5.2.2. Consumers charge upon arrival or individually

optimise
Secondly, it was assumed that consumers either all charge

upon arrival or all individually optimise based on the whole-
sale electricity prices. However, it can be expected that these
two charging strategies do not accurately describe the actual
charging behaviour of consumers.

Since it was assumed that all consumers follow the same
charging strategy, both strategies depict some kind of worst-
case scenario. When all consumers charge upon arrival they
mainly charge during the already existing peak hours. When
all consumers individually optimise they are all charge at the
same time.

In reality, it can be assumed that not all consumers fol-
low the same charging strategy. In a situation where part
of the consumers charge upon arrival and another part in-
dividually optimises, both the percentage of electricity used
during peak hours and the coincidence factor is lower.

Nevertheless, the charging strategies did create some in-
sights. For low amounts of EV penetration, it is more effi-
cient to stimulate the charging outside of peak hours. How-
ever, for higher amounts of EV penetration, reducing the co-
incidence factor seems to yield more benefits.

Furthermore, it must also be taken into account that the
coincidence factor is highly influenced by the assumption
that all consumers know the wholesale prices beforehand.
The effect of charging a whole fleet of EVs at the same time
on the wholesale price is also not taken into account. Both
of these simplifications result in extra high coincidence fac-
tors when consumers individually optimise their charging
behaviour. Therefore, the expected maximum transformer
loading of a neighbourhood might be lower in reality.
5.2.3. Interaction between tariff height and results

Changing the heights of the tariffs does not only result
in other expected charges for consumers, but it also influ-
ences other results since there exists an interaction between
the heights of the tariffs and the results of the capacity band-
width tariffs.

The heights of the tariffs influences which bandwidth
gets allocated a consumer. If the difference in price between
two bandwidths is larger, consumers aremore likely to get al-
located a smaller bandwidth. The opposite is true for the ex-

ceedance fee. A larger exceedance fee would result in more
consumers choosing a higher bandwidth. Therefore, a sensi-
tivity analysis is performed. Since it was found that the sum
of all bandwidths of all consumers is a good indicator for
the expected effects of that bandwidth tariff. It is examined
how this sum of bandwidth changes when the heights of the
tariffs or the height of the exceedance fee changes.

Figure 6 below shows the results of a sensitivity analysis
between the assumed heights of the tariffs and the assumed
exceedance fee for both configurations of the capacity band-
width tariff.

Figure 6: Results of the sensitivity analysis for the height of
the tariffs and the exceedance fee for both configurations of
the capacity bandwidth tariff

The results of the sensitivity analysis show that the assump-
tions for the heights of the tariff and the exceedance fee have
a larger impact for the capacity bandwidth tariffwith a small-
est bandwidth of 2 kW. In the area surrounding the the cur-
rent assumptions, the relation between the exceedance fee
and the tariff heights with the total sum of bandwidths is
almost linear. However, it can be seen that with a lower
tariff per kW the total sum of bandwidths rises almost ex-
ponentially. This means that if the difference between the
two bandwidths is getting very small, almost all consumers
would choose higher bandwidths. Next to this, if the ex-
ceedance fee is chosen to be very small, more consumers
choose a higher bandwidth.

The results of the sensitivity analysis show that the im-
pact of the chosen tariff heights is larger with the capacity
bandwidth tariff with the smallest bandwidth of 2 kW. Fur-
thermore, it shows how a small change in tariff height can
lead to a lot of consumers choosing a larger bandwidth.
5.3. Quantifying the regulatory principles

The five key principles were defined in Section 3. By
doing so, some complexities surrounding the key regulatory
principles, and these identified trade-offs, are not reflected
upon and some did not become apparent in the results of this
paper.
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First, as already briefly touched upon, the cost-recovery prob-
lem of the DSOs is not fully taken into account within the
scope of this paper. Due to the fact that the available data
is no accurate representation of the service area of a DSO
or the Netherlands. This paper focused on small-scale con-
sumers, but a lot more consumer groups exist. The current
tariff structure in the Netherlands is a fixed tariff based on the
connection type. In the end, a tariff structure must be cost-
reflective when taken into account the generated revenue of
all consumer groups. This complicates the cost-recovery
problem a bit more.

The heights of the tariffs that enable a DSO to recoup
their efficient costs can be calculated by simulating this prob-
lem as a non-cooperative game between the consumers and
the regulator (Hoarau and Perez, 2019; Schittekatte et al.,
2018; Schittekatte and Meeus, 2018). This ideally should
be expanded with the costs and revenues for the other con-
sumer groups, which is based on the electricity demand and
the expected behaviour of consumers in different consumer
groups. Within the scope of this paper, no conclusions can
be drawn about the effects on other consumer groups, simply
because of the limited availability of data and resources.
Second, the regulatory principle of cost-reflectiveness might
have been oversimplified. The regulatory principle of cost-
reflectiveness states that costs are allocated to those who im-
pose costs on the network (CEER, 2017). Since the costs of
the network are not available on the level of detail of individ-
ual users and some costs are socialised, network tariffs can
never be fully cost-reflective (Droste et al., 2018). This in-
herently means that the used definition to quantify the cost-
reflectiveness of a network tariff structure in a neighbour-
hood is imperfect. In this paper, the definition of Passey et al.
(2017). was used.

The cost-reflectiveness was quantified as the linear Pear-
son’s correlation between the applicable network peak and
the consumer charge. Which shows the dependency of the
cost-reflectiveness of the network characteristics. Further-
more, if a certain network has a linear Pearson’s correlation
coefficient of 1, it can be questioned if the tariff structure
is perfectly cost-reflective. In theory, if you multiply all
consumer charges with the same value, the correlation co-
efficient stays the same. This indicates that the definition
of cost-reflectiveness only concerns the ratio of consumer
charges to the overall network peak. Therefore the defini-
tion of Passey et al. does not specify the heights of the tar-
iffs. Therefore, in theory, a tariff structure can be perfectly
cost-reflective while the consumer charges are not even close
to the marginal costs. According to the definition of Reneses
and Ortega (2014), a tariff structure is cost-reflective when
prices are close to marginal costs.
Third, the trade-off between the cost-reflectiveness and cost-
recovery was not accurately represented. By defining cost-
reflectivenesswith the definition of Passey et al. (2017), cost-
reflective charges do not represent the marginal cost of con-
sumers. The trade-off between cost-reflectiveness and cost-

recovery is a trade-off between short and long term incen-
tives. According to the cost-recovery principle, the long-
term costs have to be recouped through network tariffs. But
cost-reflective tariffs should represent short-term marginal
costs. This trade-off was identified by Vogelsang (2006) and
interacts with the promoting efficiency principle. On the one
hand, cost-reflective tariffs must promote efficient behaviour
through efficient incentives with cost-reflective tariffs. On
the other hand, network tariffs must be efficient on the long-
term andDSOsmust be able to recoup all their efficient long-
term costs. Furthermore, when enough network capacity is
available in a certain LV-grid, incentivising a reduction in
peak load leads to higher overall costs.

The complex nature of these interactions is all depen-
dent on the specifics of the LV-grid. In LV-grids with a high
chance of congestion, it can be assumed that it is more effi-
cient if a network tariff structure promotes the reduction of
peak load. However, this same tariff structure could lead to
more overall costs in networks where there is enough net-
work capacity. This implies that it would be more efficient
to implement different network tariff structures for different
LV-grids. The most obvious way to do this would be to im-
plement location-specific network tariff structures. Article
18, paragraph 7, of European Regulation 2019/943 states
that national regulators should consider locational pricing.
Because of their dependence on the specific network char-
acteristics and the trade-offs between the principles, the reg-
ulatory principles are difficult to quantify. Therefore, based
on these regulatory principles, comparing different network
tariff structures is also difficult. Other principles, such as
simplicity, predictability and non-distortionary, are not re-
flected upon in this paper. Although these principles do not
directly originate from European or Dutch law and regula-
tion they are identified as important by CEER (2017). These
principles were not taken into account in the scope of this
paper.

6. Conclusions and policy implications
6.1. General conclusions

The results showed that all three examined network tariff
structures significantly reduced the network peak load when
consumers were subject to one of the three examined net-
work tariff structures. The expected average network charge
of the three examined network tariff structures is highly de-
pendent on the chosen heights for each bandwidth or respec-
tively the price per kW in the personal peak charge model.
The results showed that active consumers are going to be
paying more than passive consumers under all three exam-
ined options.

The capacity bandwidth tariff with bandwidths of 2, 4,
8 and 17 kW outperformed the other two examined options
based on the expected effects on the electricity demand and
the network peak load. The results also showed that based
on the key regulatory principles the capacity bandwidth tariff
with bandwidths of 2, 4, 8 and 17 kW scored better than the
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other two examined network tariff structures.
6.2. Recommendations for future research

First, it is recommended to reanalyse the effects of dif-
ferent capacity based network tariff structures on the max-
imum network peak when data from a whole year is avail-
able. Since the allocation of the most applicable bandwidths
should be based on the electricity pattern of a whole year.
It is expected that the results of the examined network tariff
structures, in reality, are more comparable than is currently
depicted.

Second, the behaviour of consumers, when subject to a
capacity based tariff, should be more closely examined to be
able to more accurately model the impact of a capacity based
network tariff structure. In this research, it was assumed that
all consumers minimise their network costs, whichmight not
always be the case. This might also result in clearer differ-
ences between the effects of a capacity bandwidth tariff and
a personal peak charge.

Third, additional research should be done to more accu-
rately describe the charging behaviour of consumers, to be
able to analyse the effects of a capacity based network tariff
structure more accurately. This research assumed that con-
sumers either all charge upon arrival or individually optimise
based on the wholesale prices. The results showed large dif-
ferences in the effects of these two charging strategies.

Fourth, the impact of the examined network tariff struc-
tures on the cost-recovery of all Dutch DSOs should be anal-
ysed. It was acknowledged that the principle of cost-recovery
might play an important role in the selection of the most suit-
able network tariff structure. Within the scope of this thesis,
it was not possible to draw conclusions concerning the abil-
ity to recover the efficient costs of all Dutch DSOs. When a
data set that accurately represents the service area of a DSO
or the Netherlands, the cost-recovery problem can be inves-
tigated as a non-cooperative game between consumers and
a regulator. This will result in heights of tariffs that make it
possible for DSOs to recover their efficient costs. Based on
these tariffs the expected effects of different network tariff
structures can be examined and these network tariff struc-
tures can be more adequately compared.

Fifth, the preference of consumers should bemore exten-
sively investigated, for example with a simple questionnaire.
Since the effects of the different tariff structures were com-
parable, the preference of consumers might be decisive.

Sixth, the possibility to implement an aggregated band-
width tariff should be investigated. Under an aggregator band-
width tariff, an aggregator allocates the flexibility of the con-
sumers to not exceed their combined bandwidth. The ag-
gregator is allowed to schedule the flexible demand of con-
nected consumers. Aggregating the flexible load of multiple
consumers creates a higher peak shaving capacity than a nor-
mal capacity bandwidth tariff (O’Connell et al., 2012; Voulis
et al., 2017).
6.3. Policy advise

Based on the results, the following recommendations are
made:

First, all three examined capacity based network tariff
structures show significant potential to promote more effi-
cient electricity use, when compared with the current tar-
iff structure. Furthermore, all examined capacity based net-
work tariff structures appear to be more cost-reflective than
the current tariffs structure. Therefore it is recommended to
implement a capacity based network tariff structure in the
Netherlands in the near future.

Second, the results showed that the three examined ca-
pacity based network tariff structures are comparable. Al-
though, the capacity bandwidth tariff with bandwidths of 2,
4, 8 and 17 kW showed the most potential. However, it is ac-
knowledged that the principle of cost-recovery plays an im-
portant part in the preference of the Dutch DSOs. Therefore,
it is recommended to implement a capacity based network
tariff structure that adheres to the principle of cost-recovery
for all Dutch DSOs. Ideally, it is recommended to try to cre-
ate different data sets that accurately describes the service
area of the Dutch DSOs. Thereafter, the cost-recovery prob-
lem can be simulated as a non-cooperative game between
the consumers and each DSO, which should lead to cost-
reflective tariffs for each DSO individually. By comparing
the heights of these cost-reflective tariffs it should be pos-
sible to be able to choose the preferred configuration of the
capacity bandwidth tariff. However, the expected effects of
a capacity bandwidth tariff are still expected to be very com-
parable to the personal peak charge model.
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