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ABSTRACT
BKW as the Distribution System Operator (DSO) of the
Swiss cantons of Berne and Jura installed more than 800
measurement devices in a representative contiguous area
in order to evaluate the existing guidelines and the
potential benefit of additional measurement devices at
different levels of the distribution network (DN) for
planning and operation purposes. The aim of this paper is
to present the results of the KALAMEUS project. The
analysis of power flow and the simulation of different
scenarios enabled the development of new models in order
to estimate the maximum load per customer connection
and the simultaneity of peak loads. Moreover, the analysis
of further simulations with additional distribution
generators helped to identify the optimal number of
measurement devices for different potential scenarios.
This pilot project has identified and analysed about 80 key
questions with the collected measurement data of the last
two years.
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The KALAMEUS project started a cascaded measurement
campaign as shown in Figure 1. Hence, BKW equipped
105 secondary substations (transformer stations, TS) with
Power Quality (PQ) devices. Additionally, BKW equipped
all distribution cabinets in four selected Low Voltage (LV)
networks with the same PQ devices and deployed 700
Smart Meters in every house in these LV networks [1].
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Figure 1: Measurement setup of the Kalameus project

DNs are facing a historic change of technology in their
design, components and operation. The expansion of local
intermittent renewable power generation and the ongoing
electrification of vehicles and heating systems transforms
the electrical transmission and distribution systems.
Furthermore, DN planning heavily relies on guidelines.
Several assumptions regarding network usage concerning
e.g. simultaneity and peak loads provide their basis.
Today, the last permanently available measurement is
located at the Medium Voltage (MV) feeders of the
substations. Thus, with the current measurement design in
electric networks, the actual state of the network remains
unknown. Yet, it is unclear how many points of
measurement are sufficient.

Data architecture

PROJECT CONCEPT
Measurement Setup

In order to integrate the data for further analysis, BKW
developed a platform where all the data elements are stored
using CIM as standard format. BKW has chosen to work
on a common standard for further collaboration with other
network operators or universities in order to facilitate the
exchange of knowledge and developments.
For the last two years, a cloud solution platform serves to
store the collected measured data. The aim of this platform
is to have a robust and standardized database that allows
further advanced data analytics such as load flow (LF) or
short-circuit calculations. Figure 2 shows the daily process
in which the BKW collects the measured data and transfers
the data to the cloud through ESB & SQL interfaces.
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In the KALAMEUS project, more than 800 measurement
devices in a representative contiguous area serve to
evaluate the existing guidelines and the potential benefit of
additional measurement devices at different levels of the
DN for planning and operation purposes.
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Figure 2: Data Architecture
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Daily Calculations
Every day the cloud platform receives the collected
measurement data and the new network topology.
Different packages built in Spark Environment use the
injected data for short circuit & LF calculations.
Gridlab-D performs the daily LF calculation. This open
source software does not provide a visual user-interface,
but it provides an efficient calculation performance and the
possibility to automate processes. For the LV calculation,
the measurement inputs are the voltage at the 0.4 kV side
of the TS and the measured current at every smart meter.
For the MV calculation, the relevant input data is the
voltage at the 16 kV side of the substation and the current
measurements at each TS. Every day the system generates
new LF files based on the newest network topology with
different possible switch configurations, in order to
analyse the status of the network in case of an unplanned
event through the N-1 contingency planning.

Maximum load per customer connection
As a first step, the maximum power per customer has to be
estimated based on already existing data such as the annual
energy consumption or the customer class. About 10 % of
BKW customers are equipped with load profile meters that
are capable of measuring the monthly maximum power.
Using the data collected by these load profile meters BKW
has built a linear model for each customer class to estimate
the maximum power of all customers based on their annual
consumption and customer class. Figure 3 shows an
example for the class private household.

BKW stores the obtained results in several SQL Databases
for further evaluations and visualizations.

PROJECT REALIZATION
The KALAMEUS project aims to evaluate the existing
guidelines for the planning and operation of the DN. Other
evaluations such as PQ and Quality of Services (QoS) have
been also analysed and evaluated but not considered for
the conclusions and recommendations of this paper.
During the last 2 years, about 80 key questions have been
proposed and evaluated. In particular, this project focusses
a on the following questions:
1.
2.
3.

Developing of new models for a better design of
grid components.
Evaluating the required number of devices for the
optimal planning and operation of the DN.
Evaluating the state of the transformers based on
current loading and temperature

New models for grid components design
One of the hardest challenges for network operators is
planning the DN without any measurement data after the
substation feeders. Today, the sizing of the various
network components depends on the experience and the
subjective opinion of the respective experts under
consideration of various worst-case scenarios. This often
results in a network planning with more reserves than
actually needed (oversizing of the network components)
and therefore to higher costs. Thence, this project develops
new models to reproduce the network state and avoid
extreme worst-case scenarios.
These new models aim to estimate the maximum load per
customer connection and the simultaneity of peak loads.

CIRED 2019

Figure 3: Estimation of the maximum power per customer
based on the annual year consumption and customer class.
BKW updates this model monthly including the newest
customer data and the new installed smart meters. Thus,
BKW expects that the accuracy of the model will improve
with additional data.
Simultaneity of peak loads
For the correct design of the network components, it is
important to consider the simultaneity of peak loads. The
peak load factor aims to define the maximum estimated
load of a component (i.e. transformer or cable), based on
the maximum power of each connected customer and the
number of customers connected to this component.
𝑃max,Component

𝐹𝑎𝑐𝑡𝑜𝑟PeakLoad = ∑𝑛

𝑃max,Customer 𝑛

[Eq.1]

As four LV-Networks are fully equipped with
measurements, it was possible to compare the maximum
power measurement at each transformer and electric
cabinet feeder with the sum of the maximum power per
customer connected to them.
Figure 4 shows the simultaneity of peak loads based on the
number of customers connected. A logarithmical model is
capable of estimating this factor, although there are some
inaccuracies for a lower number of connected customers.
The reason is that the model represents deliberately a
rather conservative approach, so that it avoids possible
hazardous estimations (undersizing of network
components).
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For this purpose, several LF calculations estimate the
extreme voltage deviations at each customer connection
using different assumptions. The project has compared
each assumption with the extreme measured voltages at
each SM. The comparison shows that the best method is
the implementation of a separate LF calculation for each
house, considering a maximum load for this specific
house. For all other houses, the simultaneity peak factor is
used, as shown in the following.
𝑃House =

Figure 4: Simultaneity factor based on the number of
customers connected.

(1+𝐹S )∗𝑃max,House
2

𝑃otherHouses.𝑖 = 𝐹S ∗ 𝑃𝑚𝑎𝑥house.𝑖

[Eq.2]

Figure 6 visualizes the accuracy of this method to estimate
voltages. It allows estimating the extreme voltage with a
conservative bias (up to 3 %) but being able to identify all
potential voltage problems.

These two models (maximum load per customer and
simultaneity peak load factor) allow estimating the
maximum load of each component in the DN. In order to
evaluate the accuracy of these models, this study has
compared the transformer maximum load estimation with
the measured maximum power at all 105 TS from the
KALAMEUS project.
Moreover, the project also compared the results with the
current best practice for the sizing of new transformers,
which depends on one-week measurement campaigns.
Figure 5 compares the accuracy of both methods. As
expected, the weekly campaigns collect a smaller
maximum load than the yearly maximum measurement.
On the other hand, the estimation of the new model is more
conservative than the measurement campaigns but the
average error is closer to zero.

Figure 5: Comparison between the accuracy of the new
developed model and the weekly measurement campaign.
Therefore, it is possible to avoid some of the measurement
campaigns and the respective additional costs, while
increasing the reliability of the network.
Voltage estimation using new model
Besides the load capacity of the network components, the
optimal design of a DN must of course consider the voltage
quality. Thus, the project also tested the accuracy of the
new model regarding voltage estimations.
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Figure 6: Accuracy of the extreme voltage estimation
Standard load Profiles
An alternative to the method described here, would be a
time-series analysis using standard load profiles.
The KALAMEUS project has developed new cluster
profiles using a K-Means Algorithm. This non-supervised
clustering method aims to categorize all available smart
meter profiles into clusters. It allocates each profile to the
cluster with the nearest mean. Then, based on existing
customer data (i.e. annual consumed energy, heating
system, house class), the project built a Random Forest
Machine Learning algorithm, which allocates all
customers without smart meters to one of the defined
clusters. Both these algorithms have been tested for
different numbers of clusters. The study reached the
highest classification accuracy (88 %) with six clusters.
However, the comparison between the measured
transformer load and the aggregation of standard load
profiles present disparate results. Furthermore, the analysis
with standard load profiles leads in most cases to bigger
errors than the analysis with the peak load method.
Therefore, further development is necessary in order to
identify if more smart meter data is required to develop
better clusters or if standard load profiles can be used only
for specific customer types or for a limited percentage of
the customers.
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Required number of measurement devices
The main goal of the KALAMEUS project is to set the
requirements regarding the most efficient quantity and
location of measurement points for the planning and
operation of the DN. Today, the last available
measurement is located at the substations’ feeders.
Network planners evaluate the status of the MV grid by
distributing this last measurement on each TS based on the
installed capacity per TS. This method produces several
inaccuracies because not all transformers are optimally
designed. The KALAMEUS project proposes a new
method, which uses the estimated simultaneous peak load
per TS, based on the presented developed models, instead
of the installed capacity. Therefore, the following equation
estimates each MV-load:
𝐼TS 𝑛,𝑚 = ∑

𝑃max TS 𝑛,𝑚

𝑛 𝑃max TS 𝑛,𝑚

∗ 𝐼feed 𝑚

[Eq.3]

Where the load ITS n,m at a TS n of a feeder m is equal to the
measured load Ifeed m of the feeder m divided by the ratio
between the estimated maximum Power PmaxTSn of the TS
n and the sum of the estimated maximum Power PmaxTS of
all other TS connected at the feeder m. BKW implemented
this method using the current measurements at the
substation feeders and the estimated maximum load per
transformer. Furthermore, the project has compared the
LF-calculation with measurements for a whole year with a
LF using the estimated profiles obtained with this method.
Figure 8 shows that no node produces a voltage error
higher than 0.6 % and no cable shows a loading error
higher than 13.4 %. In comparison with the existing
method, the proposed method improves the estimation
accuracy by 43 %. The new method leads therefore not
only to a massive accuracy improvement of the voltage
estimations compared to the existing method but also
generates errors, that are generally considered as
acceptable for the proper planning and operation of the
grid. As a result, additional measurement devices would
not be required.

simulations where simulated PV profiles are mixed with
the transformer measurements. Table 1 presents the
obtained accuracy results.
Scenario
2017-18
PV Sim 1
PV Sim 1a
PV Sim 2
Solar Park
1MW
Solar Park
2MW
Solar Park
3MW

Description

Input data

Just measurement data
from 10.17 to 11.18
Adding 2MW of PVs
in 10 different TS
Adding 2MW of PVs
in 10 different TS
Adding 8MW of PVs
in 20 different TS
Adding 1MW PV at a
single TS
Adding 2MW PV at a
single TS
Adding 3MW PV at a
single TS

Abs. I per
Feeder
Abs. I per
Feeder
bi-d P&Q
per Feeder
bi-d P&Q
per Feeder
bi-d P&Q
per Feeder
bi-d P&Q
per Feeder
bi-d P&Q
per Feeder

Max.U
Error
[%]
0.57 %

Loading
Error
[%]
13.4%

1.25%

6%

0.2%

6%

0.6%

14%

0.3%

6%

0.55%

10%

0.7%

15%

Table 1: Summary with all implemented scenarios and
the obtained accuracies
The first scenario simulates a total addition of 2 MW and
the estimations result from the developed model together
with the absolute current per feeder. In this case, the
voltage errors rise because there is no bi-directional flow
measurement on the substation feeders. Thence, the
simulation setup considers the DG injections as loads. In
order to solve this problem, each substation feeder must be
equipped with bi-directional (bi-d) power (P and Q)
measurements.
Furthermore, the installation of DG with more than about
1 MW at the MV-Network will also require measurement
devices because even though the voltage error is not higher
than 0.6 %, the injected power could produce voltage rises
higher than the DACHCZ recommendations [2].

Evaluation of the transformer loading status

Figure 8: Annual maximum error for each voltage node
and current flow using the proposed method

The design of the network components usually depends on
their maximum current loading. However, this is not
always a critical factor, because transformers and cables
are generally capable of operating over their rating current
for a defined period. The installed measurement devices in
this network region allow a better understanding about the
loading of the DN equipment.
BKW analyzed the transformer loading of 105 stations
equipped with measurement devices during 1 year. The
implemented analysis shows that 95 % transformers stay
under 25 % average loading. Furthermore, just eight
stations reach a maximum load higher than the rated power
of the transformer and only 1 out of 8 operate under
overload for more than 15 h per year.

However, in this region, there is not a high number of
injection through distributed generation (DG). Therefore,
the previous analysis cannot prove that this method can
handle the expected high penetration of DG. For this
purpose, the project implemented various additional

However, the main factor that affects the life cycle of a
transformer is not the current loading but the temperature.
For this purpose, BKW has implemented a thermal model
based on previous studies and installed temperature
sensors on the oil tank of four transformers in order to
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evaluate the quality of the thermal model [3]. The
maximum loading of the transformers has been determined
with the following four methods:
1.) Max. loading based on 5-minute average power
that flows through the transformer
2.) Max. loading based on 10-minute average power
that flows through the transformer
3.) Max. loading that considers the accumulated
thermal loading of the transformer by averaging
the 5-minute mean power over the averaging
period of the element, 4h (Loading_avg)
4.) Max. loading based on the thermal model
described in [3] (Loading_therm)
Figure 9 shows the comparison between all four
implemented methods. While the methods based on
current measurements show a higher deviation and are
closer to the limits, the developed thermal model shows a
narrower standard deviation and a maximum loading 40 %
smaller than the one calculated with the averaged 5-minute
values.

Therefore using a model that takes into account the thermal
loading of the components rather than the maximum
current loading, would allow a much more efficient design
of the transformers.
However, the implementation of such a thermal model
requires load profiles for the transformers. These can be
obtained either through measurements or alternatively by
using smart meter profile data or even standard load
profiles.

CONCLUSIONS AND OUTLOOK
The project showed that the lack of measurements after the
MV feeders of the substations often results in a network
planning with more reserves than actually needed
(oversizing of the network elements) and therefore to
higher costs.
Moreover, the evaluation has assisted in improving the
used method to estimate the maximum concurrent
consumption in a network as well as improving BKW’s
planning principles. The developed model helps to define
improved guidelines for the planning of DNs. New grid
components will be designed based on the provided
recommendations.
Furthermore, the project proposes that a bi-directional
P&Q measurement device should be equipped on each
substation feeder and all DG with installed power higher
than 1MW. This new guideline ensures a reliable and
efficient planning and operation of the DN.

Figure 9: Comparison between the maximum loadings of
the transformers based on the method used for evaluation
In order to evaluate the quality of the thermal model, the
project compared the estimated temperature values with
the measurements obtained by the PT100 sensor located
on the oil tank of the transformers. The results, as shown
in Figure 10, indicate that, despite the big difference
between the calculations with the thermal model and these
with current measurements, the model is actually more
conservative than the reality and the measured temperature
remains more constant with even smaller deviations.

The project also has proven the potential of the thermal
analysis of grid components instead of the traditional
worst-case loading. In order to implement this analysis,
further measurement data is required, as it is not
recommended to install measurement devices in MV/LV
Stations. The measurements should be installed at the
customer level (i.e. smart meters). The use of Cluster
profiles requires further analysis, the first results are
promising but further development is required.
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Figure 10: Comparison between the measured and the
estimated temperature of a TS with the thermal model
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