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Abstract— The increasing adoption of residential-scale PV units
raises concerns about the potential interactions with MV
networks as large volumes of generation connected to one
voltage level can limit the hosting capacity of the other. This
work investigates such interactions from an integrated MV-LV
perspective by analyzing the impacts that different PV
penetrations in LV networks have on the hosting capacity of a
real UK MV network. Realistic time-series load and PV profiles
for a summer day are considered. It was found that the major
limitation on the hosting capacity of MV-connected PV units is
due to voltage issues of LV customers. In addition, results show
that the largest MV-LV aggregated hosting capacity can be
achieved by having most of the generation connected to LV
rather than MV, highlighting the benefits of small-scale PV.
These findings demonstrate the need to adopt more advanced,
integrated MV-LV models in future distribution network
studies.
Index Terms-- Photovoltaic units, low voltage networks, medium
voltage networks, MV hosting capacity

I.

INTRODUCTION

In the last few years the photovoltaic (PV) installed
capacity in several countries around the world has experienced
an important increase mainly due to government schemes
aimed at reducing greenhouse gas emissions. In particular, the
UK in the last 5 years has become one of the few countries
worldwide with more than 7.5 GW of PV installed capacity
[1] and one of the main PV markets in Europe.
The residential-scale PV units connected to the low
voltage (LV) distribution networks (0.4 kV in the UK)
represent only around a third of the national installed capacity
[1]. The remaining is given by medium-scale units (>50 kW)
likely to be connected directly to the medium voltage (MV)
networks (6.6, 11 and 33 kV). Hence, MV and downstream
connected LV networks may simultaneously experience high
PV penetration levels. Consequently, it is crucial for
Distribution Network Operators (DNOs) to understand how
the MV hosting capacity may be affected by high volumes of
existing residential-scale PV units (and vice versa) so new
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installations and the corresponding reinforcements (if needed)
can be planned accordingly. In addition, by understanding
these interactions it is possible to determine the most suitable
policies that will ensure the largest overall penetration of PV
units.
The quantification of the PV hosting capacity is a widely
investigated topic in the literature considering either planning
[2-4] or operational perspectives [5-7]. However, no study
undertakes an integrated MV-LV approach to quantify the
mutual interactions among networks at different voltage
levels. In [2, 3] the highest hosting capacity is found by
defining the best size and location of distributed generation
(DG) units connected to MV networks. However, the effect on
LV network was not considered. In [4] the impact assessment
of different low carbon technologies in LV networks was
quantified but the influence of the MV network was not
catered for. In [5] the voltage rise due to rooftop PV units was
investigated in a synthetic MV-LV Canadian network.
However, only LV-connected PV units were considered. In
[6, 7] decentralized control strategies were developed to
accommodate high volumes of DG without triggering voltages
or thermal problems. Nonetheless the benefits of such
approaches were limited to the MV network disregarding
potential problems that the same generation units may cause in
LV.
In this work, the MV-LV interactions are investigated
considering the impact that different PV penetration in LV
have on the hosting capacity of a real UK MV network. This
is achieved by adopting a simplified integrated MV-LV
network analysis considering realistic generation and demand
profiles. In addition, the overall MV-LV hosting capacity
(hereafter called “integrated” hosting capacity) is quantified
analyzing its trend for different PV penetration levels.
The rest of the paper is organized as follows. Section II
describes the methodology developed for the quantification of
the hosting capacity. The adopted case study is introduced in
section III while the main results are presented in section IV.
The assumptions adopted in this work are discussed in section
V. Finally, conclusions are drawn in section VI.
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II.

METHODOLOGY

In this section the adopted definitions of PV penetration
level and hosting capacity are introduced. Thereafter, the
methodology developed for the quantification of the latter is
presented.
A. Definition of PV Penetration Level: PVLV and PVMV
The PV penetration level in LV (PVLV) is defined here as
the percentage of LV customers of every secondary
substation, within the analyzed MV network, with a rooftop
PV unit installation. On the other hand, the PV penetration
level in MV (PVMV) is defined as the size of the MVconnected PV unit. For simplicity, only one MV site was
considered in this work to have a PV installation.
B. Definition of Hosting Capacity: MVHC and IHC
The hosting capacity is here defined as the maximum PV
penetration that can be connected without triggering neither
transformer thermal problems nor customer overvoltages
(hereafter simply called “network issues”) considering both
MV and LV networks.
In particular, the MV hosting capacity (MVHC) is the
highest PVMV penetration level that is possible to connect
whilst the MV-LV integrated hosting capacity (IHC) is defined
as the highest aggregated MV and LV installed capacity.
The adopted definitions of network issues are described as
follows.
1) Thermal Problems of LV or MV Transformers
In this work a transformer (either MV or LV) experiences
a thermal problem when the 10-min three-phase loading level
exceeds its nominal capacity. For simplicity, no constraints
due to reverse power flows were considered.
2) Customer Overvoltages
In this work an overvoltage problem arises when a
customer voltage (either at LV or MV) exceeds the statutory
limits imposed by the UK standard BS EN 50160 [8].
a) LV customer
Due to the significant challenge of explicitly modelling
dozens or hundreds of LV networks within a given MV
network, here the LV busbars at the secondary substations are
used as proxies of LV customer voltages. As such, the LV
busbar voltage should be compliant with the UK standard
BS EN 50160 [8], i.e., 95 % of the supplied voltages (10-min
average rms values) within a week are between 1.10 and
0.90 p.u., and never outside 1.10 and 0.85 p.u. For simplicity,
given that PV installations lead to voltage rise issues, only the
upper limit of 1.10 p.u. is considered.
b) MV customer
A MV customer is compliant when 99 % of the supplied
voltages (10-min average rms values) within a week is 1.15
and between 1.06 and 0.94 p.u., and never outside 0.85 p.u.
For simplicity, given that PV installations lead to voltage rise
issues, only the upper limit of 1.06 p.u is considered.

Figure 1 MV-LV integrated hosting capacity quantification: Flowchart

C. Quantification of the Hosting Capacity
The methodology adopted to quantify the MV (MVHC) and
integrated MV-LV hosting capacities (IHC) is summarized in
Figure 1. First, demand profiles per secondary substation
within the studied MV network are defined based on, for
instance, historical data. Then, the PVLV penetration level
(from 0 to 100 %) and associated generation profiles are fixed.
Thereafter, the size of the MV-connected PV unit is gradually
increased (from 0 kW with steps of 100 kW) until a network
issue is identified by carrying out a 10-min daily power flow
analysis
The MV hosting capacity MVHC corresponds to the PVMV
penetration level before the one that triggers network issues.
The integrated hosting capacity is then obtained by adding up
the MV hosting capacity to the PVLV penetration level, Figure
1. Finally, the whole procedure is repeated for each PVLV
penetration level (in 10 % steps) showing the influence that
PV units in LV networks have on the MV one.
The two extreme scenarios in which the PV units are
connected exclusively to one voltage level (i.e., with PVLV
penetration level equals to 0 and 100 %) provide extra insights
on the interactions among networks. Indeed, with a PVLV
penetration of 0 % (MV-only scenario) it is of interest to
understand whether the LV networks, even if no PV units are
connected at this voltage level, still have an influence on the
MV network analysis. Similar studies for the 100 % PVLV
penetration level (LV-only scenario) can be performed.
III.

CASE STUDY – NETWORK MODELLING

This section describes the case study in terms of network
models, load and generation profiles that will be used to
demonstrate the proposed methodology.
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No MV customers are connected in this specific network.
Consequently, to cater for the MV customers overvoltage the
primary side of every secondary substation is considered as
proxy for the MV customers location and, therefore, used to
check compliance with the standard BS EN 50160.
B. Load Profiles
Individual demand profiles for every customer “category”
(e.g., residential, commercial, etc.) were adopted in this work.
In particular, to realistically reproduce the aggregated
residential demand per secondary substation a UK-based tool
(CREST tool [10]) is used. Seasonality, number of occupants,
geographical location, type of day (i.e., weekend or weekday)
and data on energy and power consumption are considered
within the tool. The outcome is a minute-by-minute
stochastically produced demand profiles per single dwelling.
This, in turn, gives realistic variability among the aggregated
residential demand per secondary substation.
For the other customer categories (non-residential), halfhourly average demand profiles produced by ELEXON (the
UK balancing and settlement company) are used [11].
For every secondary substation the number of supplied
customers per category is known. Hence, by combining these
numbers with the associated demand profiles previously
discussed the aggregated demand per secondary substation
was obtained. Figure 3 shows few examples. For consistency
with the BS EN 50160 standard the resolution adopted for the
profiles is 10 minutes.
C. PV Generation Profiles
The generation profiles for PV units are provided by the
aforementioned CREST tool. By considering geographical
location and cloud coverage it is able to stochastically produce
realistic PV profiles for specific days (23rd June, weekday).
The residential-scale PV units (all with an installed
capacity of 3 kW) of LV customers supplied by the same
secondary substation are assumed to share the same irradiation
profile given the relatively small area (i.e., geographically
close to each other). Hence, a total of 89 different irradiance
profiles (one per secondary substation in the analyzed MV
network) are considered. For the MV-connected PV unit a
different generation profile was produced with the CREST
tool.
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A. Real UK MV Distribution Network
A real radial urban MV distribution network (11 kV) from
the North West of England is adopted. This network has been
modelled into OpenDSS [9] from GIS data. Hence, the real
topology, conductor and transformer characteristics were fully
considered. In particular, the topology is shown in Figure 2. It
consists of 10 feeders that supply around 12,000 customers
through 89 secondary substations (single 11/0.433 kV
transformers) depicted as green circles in Figure 2. The
primary substation (two 33/11 kV 14 MVA parallel
transformers) is depicted as a purple square. In addition, the
aggregated LV demand and PV generation is considered
adopting realistic profiles.
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Figure 3 Aggregated demand profile for 4 secondary substations

The MV-connected PV unit is located in one of the
furthest points of the MV network (purple star in Figure 2).
This allows capturing the highest voltage influence that MV
units might have in the surrounding LV networks.
IV.

CASE STUDY – RESULTS

This section firstly reports and discusses the main findings
on the hosting capacity (MVHC and IHC) for the extreme
scenarios where PV units are exclusively connected to LV
(LV-only) and MV (MV-only) networks. Thereafter, the
results for every considered PV penetration levels (PVLV) are
provided
A. LV-only and MV-only Hosting Capacities
The integrated hosting capacity (IHC) given by PV units
connected exclusively to LV networks (LV-only) was found to
be 20.46 MW (or 60 % if in terms of PVLV).
In this case, it can be concluded that the main constraint to
the hosting capacity in LV is given by voltage problems
within the same networks. Indeed, as shown in Table I, no
overvoltages appear in MV for any PVLV penetration level. In
Figure 4, the 10-min daily voltage values (minimum, average
and maximum) on the primary and secondary side of all LV
transformers on the analyzed MV network are summarized.
As it can be seen from Figure 4-a the highest LV busbar
voltage overcomes the statutory limit (i.e., 1.1 p.u) for PV
penetrations above 60 %. On the other hand, no voltage
problem appears in MV as voltages lay far below the limit of
1.06 p.u, Figure 4-b.
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TABLE I LV-ONLY CASE: PVLV PENETRATION LIMIT PER NETWORK ISSUE
Voltage level
Network Issue
LV
MV
60 % (20.46 MW)
none
Overvoltage
70 % (23.87 MW)
90 % (30.69 MW)
Thermal

MVHC - MV hosting capacity (MW)

2.5

LV busbar voltage (pu)

1.12
LV voltage constraint

1.1
1.08

1.04
1.02

0.00
0

3.41
10

6.82
20

0.5

1.02
1
3.41
10

6.82
20
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30
50
60
70
80
90
100
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PVLV penetration (MW-%)

Primary side voltage (pu)
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b)
Figure 4 LV-only case - LV transformers voltages with PVMV=0 MW: a) LV
busbar b) MV busbar
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a)

1.10

3.41
6.82
10.23
13.64
17.05
10
20
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PVLV- PV penetration in LV (MW-%)

0.60
25.0%
20.46
60

5
0

In the MV-only case it can be concluded that the main
constraint to the IHC is given by voltage problems in LV
networks. This, in turn, highlights the need in adopting an
integrated MV-LV approach even in those cases in which no
generation is connected to LV.

B. MV-LV Integrated Hosting Capacity
The MV hosting capacity (MVHC) for different PVLV
penetration levels is shown by green bars in Figure 6 as well
as with the integrated hosting capacity (IHC). For instance,
with a PVLV penetration level of 20 % (or an aggregated
capacity of 6.82 MW, third bar in Figure 6) the MV hosting
capacity is 2 MW (or 83.3 % of the hosting capacity without
PV in LV). The resulting IHC is, therefore, 8.82 MW (blue
value in the third bar in Figure 6).
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In the following section the influence between MV and LV
considering PV units simultaneously at both voltage levels is
presented and discussed

1.05
1.00

2.40

11.83

15
1.30
54.2%

This effect is clearly shown in Figure 5. In particular, in
Figure 5-a, the LV busbar voltages of a few LV transformers
(i.e., proxy of the LV customer voltage) were raised above the
statutory limit whilst no voltage issues were found in MV
(Figure 5-b). No thermal issues were found in this case.
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raises the voltage in their surrounding area (due to its large
size) leading to voltage problems in LV earlier than in MV.
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Figure 6 MV and integrated hosting capacity for different PVLV
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As clearly highlighted by the sharp descending trend in the
MV hosting capacity, the PV generation units in LV networks
limit significantly the volume of those that can be installed in
MV. More specifically, a 10 % increase in the PV penetration
in LV leads to approximately an 8 to 16 % reduction of the
MV hosting capacity.
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b)
Figure 5 MV-only case example- Daily LV transformer voltages with
PVMV=3 MW and PVLV=0%: a) LV busbar b) MV busbar

Thermal issues appear in the MV network for penetrations
level equal to and greater than 90 % (more than 30 MW)
whilst for a few LV transformers thermal problems were
noticed as early as 70 % (more than 23 MW).

These findings demonstrate the need to adopt more
advanced, integrated MV-LV models in future network
studies. Indeed, limiting the investigation to the same voltage
level in which the PV units are connected might lead to
misleading results when evaluating the benefits of operational
strategies or planning solutions.

In the MV-only case, the IHC was found to be only
2.4 MW, i.e., around 9 times smaller compared to the LV-only
case. It is interesting to remark that the major constraint is
again the LV overvoltages even without PV installations in
LV networks. Indeed, the MV-connected PV unit quickly

Finally, in Figure 6 it can be noticed that the largest MVLV aggregated hosting capacity (IHC) can be achieved by
having most of the PV generation connected to LV rather than
MV. In particular, for this case study, it was found that almost
9 times more PV generation can be installed (i.e., from
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2.4 MW to 21.06 MW) when the PV are almost entirely
connected to the LV rather than MV network.
These findings provide a numerical quantification of the
well-known benefits of having small PV generation units close
to the demand. Consequently, policies that aim at maximizing
the overall PV generation should encourage connections of
residential-scale PV units in LV rather than medium-scale PV
units in MV.
V.

DISCUSSION

In this section the approximations adopted in this work and
the impact on the final results are discussed.
LV network models have not been explicitly included
mainly due to their number (89) and lack of data. To
overcome this limitation the LV busbar voltage of the
secondary substation was adopted as a proxy of customer
voltages. However, with high PV penetration levels in LV the
voltage of some customers can be even higher than that at the
LV busbar. This, in turn, makes the LV networks an even
more significant bottleneck to the MV hosting capacity.
In this work a thermal problem was considered to arise
when the three-phase power through a transformer exceeds its
rating capacity. However, transformers are typically designed
to tolerate higher demands for limited periods. Hence, in
reality, thermal problems are likely to appear later. On the
hand, particularly at primary substations, transformers have
reverse power flow limitations. Depending on the overall PV
penetration and network characteristics, this could also be a
bottleneck.
The primary side of every secondary substation was
adopted as a proxy for the MV customer voltages.
Consequently, also the nodes characterized by the highest
voltages (i.e., close to the MV-connected PV unit) were
considered as potential locations. However, in reality, the
number of MV customers is typically much lower than the
number of secondary substations. This, in turn, makes very
unlikely to have MV customers close to the PV unit.
Consequently voltage issues in MV are expected to have an
even less influence on the MV hosting capacity.
The numeric results of this work are associated with the
specific location of the MV-connected PV unit. In particular, a
position closer to the primary substation is expected to results
in a higher MV hosting capacity than quantified here (given
that voltages at the busbar of primary substations are
regulated). Indeed, in such a case, its influence on the
surrounding LV networks will be much lower. In addition, the
number of MV-connected PV units (only one in this work)
will also have an effect on the hosting capacity.
Finally, although the above assumptions might affect the
numerical results, they are not expected to influence the key
findings of this work.
VI.

CONCLUSIONS

This work investigated the interactions between MV and
LV networks by analyzing the impact that PV units in LV
have on the hosting capacity of a real UK MV network as well

as on the integrated MV-LV hosting capacity. Realistic
generation and demand profiles have been considered with
different PV penetration levels in a 10-min time-series
analysis for a summer day.
Results show that LV networks (with or without PV units)
represent a major limitation to the hosting capacity that can be
connected in MV networks. In particular, it was found that
customer voltages in LV are the major bottleneck. Hence,
traditional approaches in which the downstream LV networks
is neglected might result in overestimations of the actual MV
hosting capacity
These findings demonstrate the need to adopt more
advanced, integrated MV-LV models in future planning and
operational network studies. Indeed, limiting the investigation
to the same voltage level in which the PV units are connected
might lead to misleading results when evaluating the benefits
of potential operational strategies or planning solutions.
It was also found that the largest MV-LV PV installed
capacity can be obtained by having most of the generation in
LV rather than in MV. Indeed, small units spread across
the LV networks can reach, in the aggregate, much higher
volumes compared to a single medium-scale MV-connected
PV unit.
Finally, although this work considered only a single MV
network, the findings suggest that policies that aim at
maximizing the penetration of PV units across a region or a
nation should focus efforts on encouraging/incentivizing
residential-scale LV connections.
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