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Abstract—The increasing penetration of distributed energy re-
sources in distribution networks is expected to bring operational
challenges to network operators. It is commonly assumed that
congestion management mechanisms are required to counteract
the anticipated problems. However, to investigate such mecha-
nisms, careful and detailed simulations are required to determine
the exact impact and effectiveness in distribution networks.
Simulations need to consider a detailed prosumer modelling,
their participation in the energy markets, an accurate network
representation and the effect of network tariffs, among others.
Only then different congestion management mechanisms can be
fairly assessed. This paper presents such a simulation platform as
a first step towards a holistic assessment framework, and presents
some exemplary case studies as a preliminary assessment.

Index Terms—Congestion management, Network tariffs, Dis-
tributed Energy Resources, Distribution network

I. INTRODUCTION

Many countries have set ambitious sustainability goals
which require that power systems use primarily renewable
generation sources, and that a large part of energy demand is
electrified. For example, Denmark plans to reduce greenhouse
gas emissions by 70% by 2030 (compared to the 1990 levels)
and reach climate neutrality by 2050 [1]], [2]]. The electrifi-
cation of demand will result in an increase of the number
of installed |electric vehicles (EVs)| and heat pumps. Further,
one of the means of replacement of fossil-fueled energy
production is via residential [photovoltaic (PV)|systems, which
are sometimes accompanied by battery storage systems. These
[distributed energy resources (DERs)| challenge the operation
of |distribution networks (DNs)| in the form of congestion
and voltage deviations/range violations [3]P_-I It is a rather
popular opinion in the power systems literature that the high
penetration of will cause operational problems, and that
eventually some sort of congestion management will be needed
to resolve them, to avoid excessive grid investments [4].

However, it is not straightforward to assess if and how often
the existence of large numbers of will cause operational
problems in the [DN] and the answer is very case-specific.
To investigate this, first, a proper case description must be

ICongestion refers to a situation where the power flowing through a
component exceeds its physical and/or operational capabilities.
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provided by specifying the network type/topology, the applied
network tariffs and system prices, the inflexible consumption,
the amount, type and placement of the objectives of the
customers when controlling flexible demand and storage units,
etc. Second, the result of the assessment should be provided
in probabilistic terms because of the large number of involved
uncertainties, such as electricity prices, weather conditions,
driving patterns and the realization of inflexible demand,
among others.

A number of studies that assess the impact of
on exist in the literature, which typically apply and
compare various congestion management mechanisms. The
authors of [5] perform an assessment of various network
tariff schemes in terms of predictability and cost-reflectivity,
but without detailed modelling of customers, inclusion of
prosumer/aggregator optimization or power flow simulation
results. Instead, the effect of each house on network loading
is estimated by using the Veelander load equation and Monte
Carlo sampling, instead of conducting detailed simulations.
The authors of [6]] examine the effect of different tariff struc-
tures on prosumers based on cost minimization, but without
consideration of the network. Ref. [[7] conducts an assessment
of the effect of widespread adoption of and [PV} battery
systems. This is done by a bottom-up approach for residential
customers, but the assessment is limited to the effect on
system-level generation cost, rather than the [DN}Hevel.

Ref. [8]] assesses the performance of various congestion
management methods in terms of grid balance and value of
flexibility on the balancing market. The work considers only
and it reveals that a peak tariff and a flexibility market can
provide sufficient incentives to prevent grid congestion, but are
not effective in the use of flexible demand for balancing under
all circumstances. Ref. [9] analyzes cost-optimal operation
of four different capacity-based grid tariff settings based on
a Norwegian campus site with flexible demand. The study
investigates how the frequency of adjusting the tariffs (weekly
versus annually) influences the peak loads and cost savings.
However, only are considered in the analysis and the
DN is neglected. The authors of [I0] use an agent-based
tariff simulator to assess the impact of different network tariff
schemes on the consumption, production, and storage behavior
of residential households. However, no network considerations
are made and the assessment focuses on one congestion man-
agement mechanism. Further, only and storage systems



are considered and the overall goal is to predict the impact of
network pricing on the decision of customers to invest in such
resources.

To the best of our knowledge, there is currently no com-
plete assessment framework that considers all the necessary
components to allow a realistic study of the impact of
and congestion management methods on under different
conditions and inputs. The main contribution of this paper
is to present a simulation platform that incorporates, among
others, load modelling included), [DN] choice and power
flows, consideration of different |distribution system operator]
[[DSO)| and prosumer/aggregator strategies, and congestion
management mechanisms. This platform forms the basis of
a holistic assessment framework, which we are currently
developing. The second contribution lies in using this platform
to investigate the impact of [DER] placement and penetration
levels, as well as different network pricing schemes, on [DN
loading and voltage levels. Further, we discuss those results
with reference to modelling needs and limitations.

The remainder of the paper is structured as follows. Section
[ presents the developed simulation platform and all relevant
components. In Section [III| a case study with real data is
presented and various aspects of [DER] integration in are
assessed. Finally, Section[IV]concludes the paper and discusses
the future direction of the presented work.

II. METHODOLOGY

In this section, we present the simulation platform which
forms the core of the assessment framework for studying
the impact of and congestion management mechanisms
on The platform with its building blocks is shown in
Fig. [[| and has three main parts: data input, simulation and
assessment.

Customers Distribution network

Choice of customers/DERs Network choice

Modelling Pricing

Data sources Congestion

management method

m Operational strategy

Observability options
Operational strategy

Input

Customers placement |

Prosumers Power flow o DSO .
optimization simulation actions 1
Y e -
Electricity
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Results

Fig. 1: Simulation platform with its constituent blocks

A. Input

The necessary input can be broadly divided into two cat-
egories: customers and network. We use the following input
blocks for the customers category.

e Choice of customers: defining the overall level of in-
flexible consumption (low/medium/high), whether each
customer owns a unit, an and a
[storage system (BESS)| their parameters etc.

e Modelling: a modelling approach must be chosen to
describe the operation of the aforementioned components
(BESS] [EV] charging etc.).

o Data sources: the necessary inflexible consumption and
[EV] driving/charging profiles, as well as [PV] production
data must be collected.

o Operational strategy: this block defines the optimization
problem of each customer, with the associated DERs] The
objective could be the maximization of self-consumption
or spot-price cost minimization, and the operational strat-
egy incorporates all uncertainty considerations. Finally,
the existence or absence of aggregators who control
the flexible assets of the customers should be defined,
together with the overarching aggregator optimization
problem and goals, for example participation in the
balancing market.

The following input blocks are defined for the network

category.

o Network choice: here the to be studied is chosen.

« Pricing: it refers to the applied network pricing, i.e., flat
or time-of-use tariffs, and transmission fees and taxes.

o Congestion management method: it defines the used
method and its implementation, i.e., bilateral agreements
or a local flexibility market.

o Observability option: this block defines the [DSOJs level
of network observability, which is important in defining
the operator’s operational strategy.

o Operational strategy: this block defines how the [DSO|
operates the network, i.e., if on-load tap changers are acti-
vated at specific voltage values, if protection is triggered
at certain overloadings etc. This block can also define
mandatory reactive power support, as is often the case
with [PV] systems.

Finally, another important aspect of the assessment is the

placement of the customers together with the in the
nodes of the chosen

B. Simulation

The following blocks are defined for this category.

e Prosumers optimization: this block solves the optimiza-
tion problem of each prosumer (which may be part of
an aggregator) and provides the active/reactive power
setpoints.

o Electricity markets: this block provides the interac-
tion with the electricity markets for allowing the
prosumers/aggregators to participate in the whole-
sale/ancillary service markets.

o Power flow simulation: this block takes the aforemen-
tioned setpoints and runs the power flow in the

o [DSO] actions: depending on the observability of the
the resulting power flows and the existence of a
congestion management mechanism, the [DSO| may take
actions, some of which may provide direct input to the
prosumers, e.g., activating a flexibility service.



C. Assessment

The assessment of the impact of in can be

performed by using the obtained simulation data. Examples
could be the calculation of overloadings of components and
voltage levels, or the impact of different pricing schemes
on aggregator costs and [DSOJ revenue. Importantly, such a
coherent framework allows a more systematic comparison of
the chosen factors by using the same metrics.

III. CASE STUDY

A. Simulation setup

In our case study we use a semi-urban network model from
(1T, shown in Fig. 2] The topology of the [DN]is radial, the
rated voltage is equal to 400 V and the transformer’s capacity
equal to 400 kVA.
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Fig. 2: Simulated network model

It should be noted that the referenced network contains only
40 individual customers. A single set of active and reactive
power values is provided, which allows the user/investigator
to obtain one snapshot of the power flows. These values are
considerably higher than typical inflexible demand profiles. To
obtain a realistic utilization of the network’s transformer (equal
to a maximum loading of 50% [12]]), 4 — 6 customers were
assigned in each bus, leading to 200 loads. The residential
inflexible load profiles are obtained by the Low carbon London
project [[13]. The yearly consumption ranges from 800 to
15000 kWh per year (average value of 4000 kWh), with an
average peak load of 3.5 kW.

In this case study a 50% penetrationf] is considered,
with three scenarios: only only and combinations
of both types, referred to as EVPV. [EV] profiles are selected
from [14], with a charger nominal capacity of 3.7 kW and a
charging efficiency of 0.9. profiles are generated for the
area of Copenhagen in year 2019 by using a simulator [[15],
with a power capacity of each being equal to 5 kW.

Spot prices for the DK?2 area of Denmark and for year 2019
are downloaded from [16]. Both flat and [time of use (ToU)|
tariffs are considered. In the former case a flat network tariff

ZPenetration refers to the ratio of installed [ﬁ] to the total number of
customers.

equal to 0.276 DKK/kWh is applied to each kWh imported
by the customer. In the latter, a network tariff equal to 0.63
DKK/kWh is applied between 17.00 and 20.00 from October
to March; in all remaining hours it is equal to 0.236 DKK/kWh
[17]. The rest of the price components are equal in both cases,
with a tax of 0.9 DKK/kWh and a transmission tariff of 0.11
DKK/kWh. Retailer buy and sell prices are set equal to 1.25
and 0.75 times the spot prices, respectively. Finally, prosumers
are subject to hourly net metering and receive the sell price
when exporting energy at a given hour, or pay the buy price
and the aforementioned taxes/tariffs, with a 25% VAT added.
Time resolution is set to 1 hour for the whole simulated year
and the load flow problem is solved via pandapower in Python
3 18], and Mosek is used as an optimization solver [[19].

B. Impact of load placement

Since the studied network is not accompanied by sufficient
historical data and the time-series were retrieved as discussed
in the previous subsection, first we investigate the effect of
load placement. We start by placing a selected set of 200
customers only with inflexible load randomly in the nodes
of the network, and run a power flow for the whole simulated
year. We repeated the simulations with 50 different random
load placements. The 5th percentile of the 6 leaf bus voltages
are shown in Fig.[3] (a). The effect of the exact load placement
does not seem to have a substantial impact on bus voltages and
the variability of the resulting percentiles is negligible.

We repeated the simulations by introducing 100 (50%
penetration) and assume they are randomly assigned by
customers, since system operator cannot change place-
ment. [EV] charging is optimized to minimize prosumer cost
(see the Appendix for more details). Even though voltage
variability slightly increases (see Fig. [3] (b)), again the exact
placement of the does not have a significant impact on

voltage.
C. Assessment of network tariffs

Next, we investigate the effect of employing a flat versus
the specified tariff for the 50% [EV] scenario. Apart from
the optimal [EV] charging, we consider the case where
charge as soon as they plug-in, and charge until their energy
needs are covered; we call this case normal charging.

Table [I] presents the annual cost for the demand of pro-
sumers and the associated [DSO] revenue. We present only the
[EVlrelated consumer cost and revenue because inflexible
demand is insensitive to the tariffs, and including it does not
facilitate the interpretation of the results. With flat tariffs, [DSO]|
revenue remains unaffected by optimal charging, since the
consumed energy remains the same. Optimal charging reduces
costs by 3.0%, since the average daily demand is relatively
small (7.5 kWh), and because energy costs are approximately
equal to only 20% of the final electricity price.

The introduction of tariffs does not result in a notice-
able change in either charging costs or [DSO| revenue under
normal charging. However, a[ToU] tariff with optimal charging
reduces [DSO] revenue by shifting a part of the [EV]load away
from hours with higher tariffs; a similar effect is observed on
the charging cost, which drop by a larger amount compared to
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Fig. 3: 5th percentile of bus voltage for each random placement

the flat tariff due to the reduced [DSOl revenue. Notice that the
additional charging cost reduction is equal to the DSO]revenue
loss due to optimal charging.

Normal charging  Optimal charging

Flat Tariff

EV charging cost 707.56 686.24

DSO revenue 94.22 94.22
ToU Tariff

EV charging cost 707.28 673.57

DSO revenue 93.99 84.08

TABLE I: Annual charging cost and revenue in
thousands DKK for a 50% penetration scenario.

The asset utilization under the two tariff schemes with
optimal charging are shown in Tab. [l where the 95—th
and 99—th percentiles are reported. A 50% penetration
does not lead to transformer congestion, whereas congestion
appears 5% of the time in line-24 (the line between node
14 and 20). What is interesting to note is that both tariff
schemes lead to the same metrics values for asset utilization.
This happens because under optimized charging, [EVs| mostly
charge at early morning hours when system prices are lowest.
Therefore, a high network tariff between 17.00 and 20.00 does
not affect the charging profiles in most cases, since system
prices are typically high during those hours. As a result, the
particular [ToU] tariff choice does not contribute to the reduction
of congestion in the considered case, where a significant part
of the total network load comes from [EV] charging needs.

ToU Tariff Flat Tariff
Transformer 400kVA
99th percentile 90.7% 90.7%
95th percentile 67.9% 67.9%
Line-24 0.27kA
99th percentile 129.4% 129.4%
95th percentile 99.7% 99.7%

TABLE II: Asset utilization with optimal charging for a 50%
EV penetration scenario.
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Fig. 4: Voltage variation under different penetration
levels at bus 25.

D. Investigation of DER penetration levels

Finally, we explore the impact of type and penetration
on network voltage. Voltage at bus 25 is selected in the
examined network because it is the bus that has the lowest
voltage values. Fig. [ (a) shows that [EV] penetration does not
result in significant voltage drops even with a share of 50%.
However, after this level the reduction in voltage becomes
steeper, leading in values below 0.94 p.u. 1% of the time.
In contrast to that behavior, an increasing [PV] penetration
increases voltage linearly, with the maximum value still lying
within the safety limits. Tab. [Tl compares the utilization of the
transformer and line 20 for three scenarios: no [DER), 50%
and 50% EVPV under a flat tariff. The introduction of
results in a significant increase in loading, which leads
to frequent overloadings in line 24, whereas the transformer
is above 90% of its rated capacity for approximately 90
hours in the given year. The existence of [PV] systems slightly
reduces network loading via self-consumption. This reduction
is relatively small because typically overloadings occur at early
morning hours with low energy prices and zero [PV] production.



No DERs  50% EV ~ 50% EVPV
Transformer 400kVA
99% percentile 49.6% 90.7% 85.3%
95% percentile 43.5% 67.9% 65.8%
Average loading 26.1% 37.4% 32.4%
Line-24 0.27kA
99% percentile 70.2% 129.4% 121.5%
95% percentile 61.5% 99.7% 93.4%
Average loading 36.7% 53.0% 45.8%

TABLE III: Asset utilization for the no [DERS case vs the 50%
penetration scenarios.

IV. DISCUSSION AND CONCLUSION

This paper makes a step towards developing a holistic
framework to assess the impact of and the effective-
ness of congestion management(tariff) methods in an unified
way, by developing a Python-based simulation platform. The
challenge with such assessments lies in the fact that a wide
variety of factors and options affect the results, making it
hard to derive concrete and sound conclusions. Since a few
critical assumptions or simplifications may lead to very dif-
ferent results, the use of a systematic analysis framework is
fundamental to achieve coherent results.

A case study was used to exemplify how the impact of a
few factors can be assessed. It was shown that the introduction
of [ToU] tariffs does not prevent overloadings under optimal
charging, since those usually occur in hours outside high
tariff period. However, such tariffs are usually placed
to counteract the impact of normal charging, which usually
leads to high evening peaks. Under optimal charging it is very
likely that operators would design those tariffs in a different
manner. It was also shown that the exact load placement does
not seem to play a particular role in network voltage, but a
more thorough investigation is needed with regards to line
currents. The common assumption of 50% max transformer
loading can be met with different load placements along the
network’s branches, so a more careful assessment is required to
determine the effect of placement on line loading. In our future
work we will expand the presented simulation platform to a
holistic detailed and congestion management methods
assessment framework.

APPENDIX

Inflexible consumption is denoted by p} and production
by pf at each step t. Let p$¥ as EV charging, p? and p be the
energy bought from or sold to the retailer, at corresponding
prices A? and \;. The prosumer’s cost minimization problem
is formulated as

ngn Z(plg(/\‘; +ct) —pAL) M
teT

st pt>0, pi>0, vt )

P —p; =p' + 1} — 1t v, ()

Note that only energy imports p? are subject to tariffs/taxes
(c). Each undergoes ¢ € Q sessions in a given day. In
each session: plug-in time ¢, plug-out time t‘;‘“ and charging

needs d, in kWh. We define 77 as the ordered set of the
union of the time steps where the [EV] is plugged-in, i.e.,
[[Er, e U ¢, 9"], ...]. Let X, be the state-of-charge
expressed in kWh, p® the nominal charging power, 7 the
charging efficiency, C' the battery capacity and C*' the state-
of-charge at the end of each session. The [EV]constraints apply:

0<p <p¥ 01C<X,<C Vte TP (4)
o
> oo n=d,, VeeQ (5
t=tin
Xy =X 1+, vte TP (6)
Xy =C* —dy,  Xpu = C*, VgeQ (1)
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