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Executive Summary 
This document corresponds to Deliverable 3.6 “What-if Scenario Impact Studies based on real LV 
networks”. This report is part of the Low Carbon Network Fund Tier 1 project “LV Network Solutions” 
run by Electricity North West Limited (ENWL), the Distribution Network Operator of the North West of 

England, and The University of Manchester. 

In particular, this report studies and assesses the impacts of low carbon technologies (LCT) in real-life 
LV distribution feeders. This entails analysing the capabilities of these networks to host new LCT 

studying the penetration levels (% of houses with the technology) that trigger technical problems. 

The increase of LCT in LV networks could produce voltage issues (drop and/or rise), thermal overload 
of the lines or transformers, and higher energy losses. To assess the extent of these effects on the 

performance of LV networks, a Probabilistic Impact Assessment Methodology is implemented in this 
report. This methodology combines real networks, time-series analysis, a Monte Carlo approach 
(hundreds of simulations per penetration level) for loads and LCT (behaviour, location and size), and 

the use of an unbalance power flow engine to assess the impacts. Several metrics are used to assess 
the corresponding impacts. This includes percentage of customers with voltage problems per feeder, 
utilization level of the feeder, daily energy losses, probability distribution of having certain number of 

customers with problems, etc. With this methodology, the Distribution Network Operator can analyse 
the potential risk (in terms of probabilities) of having a given LCT penetration in their networks. 

The inputs for the Probabilistic Impact Assessment Methodology are the loads and LCT profiles, and 

the real-life LV networks. Hence, the creation of time-series profiles for loads, photovoltaic panels, 
electric vehicles, electric heat pumps and micro combined heat and power are also presented. The 
studies were carried out on 128 feeders implemented in OpenDSS (power flow engine) from the GIS 

data provided by ENWL, analysing the effects of residential photovoltaic panels (PV), electric heat 
pumps (EHP), electric vehicles (EV) and micro combined heat and power units (µCHP). 

Based on the application of the proposed probabilistic methodology, the following (general) 

conclusions can be made: 

 Low Carbon Technologies 

o The percentage of feeders with voltage problems is higher in the PV case (about 64% 

of the feeders) and the percentage of feeders with thermal problems is higher in the 
EHP case (around 57% of the feeders). 

o In the PV case, the first occurrence of problems is driven by voltage issues in all the 

feeders examined. For the EHP and EV case, the first occurrence of problems is 
driven by voltage and also by thermal issues. Indeed, the 45% and 35% of the feeders 
have the first problem due to thermal issues in the EHP and EV case, respectively.  

 Occurrence of Problems 

o Feeders with less than 25 customers do not present any problems among the feeders 
analysed. 

o The best individual metrics for the LCT analysed to explain the occurrence of 

problems in LV feeders are: the Initial Utilization Level and the Total Path Impedance.  

o The combination of the Initial Utilization Level and the Total Path Impedance 
increases the coefficient of determination (correlation performance) for all the 

technologies. In fact, the multiplication of these two metrics produces a coefficient  of 
determination equals to 0.80, 0.88 and 0.79 for the PV, EHP and EV cases, 
respectively.  

 Monitoring. The utilization of low resolution data (e.g., 15 min, 30 min and 60 min) for loads 
and generation profiles underestimates the impacts of LCT in LV networks. 

 Network Modelling. The utilization of single-phase (balanced) network and load 

representations underestimates the impacts of LCT in LV networks. 
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1 Introduction 
As part of the transition towards a low carbon economy, Electricity North West Limited (ENWL), the 
Distribution Network Operator of the North West of England, is involved in different projects funded by 
the Low Carbon Network Fund. The University of Manchester is part of several of those projects. In 

particular, this report is part of the Tier 1 project called “LV Networks Solutions”.  

Penetrations of low carbon technologies such as photovoltaic panels, electric vehicles, micro 
combined heat and power and heat pumps (called hereinafter Low Carbon Technologies or LCT), are 

likely to increase in the future, particularly at low voltage (LV) networks. The lack of observability  and 
network modelling, typical of this voltage level, are the major barriers to assess how capable are these 
networks to cope with the future.  

By modelling and analysing real-life LV networks, this project assesses the impacts of LCT and the 
technical viability of innovative solutions to manage future networks . Thus, the main objective is to 
provide greater understanding of the characteristics, behaviour, and future needs of LV networks.  

Particularly, in this report the impacts of LCT in LV distribution networks are analysed in detail. In fact, 
hundreds of computer-based models for LV feeders are created using the state-of-the-art distribution 
analysis software package OpenDSS developed by EPRI (Electric Power Research Institute, USA). To 

populate these feeders, thousands of individual profiles are created for loads, photovoltaic panels, 
electric vehicles, electric heat pump and micro combined heat and power. The methodology to create 
these profiles and their individual and aggregated behaviours are presented in this report. 

To assess the extent of the LCT effects on the performance of LV networks, a Probabilistic Impact 
Assessment Methodology is implemented. This methodology embeds the uncertainties related to LCT 
such as, location, size, behaviour, etc., and considers different penetration levels (percentage of 

houses with the new technology). Penetration levels ranging from 0% to 100% with increments of 10% 
are developed. This analysis takes into account 5-minute resolution time-series profiles and adopts a 
realistic representation of the unbalanced nature of LV networks (using OpenDSS). Thus, for each 

penetration level, a random siting of loads and LCT profiles (following a realistic probability 
distribution) is carried out to then run a power flow in order to capture the main results. This process is 
repeated one hundred times for each penetration level and is developed for each LCT independently.  

The results from the Probabilistic Impact Assessment Methodology  are analysed through several 
metrics. In this report, the percentage of customers with voltage problems, the utilization level 
(according to the rating capacity) of the head of the feeder, the daily energy losses , and the 

cumulative probability distribution of having problems are adopted and presented. 

The application of this probabilistic methodology considering several case studies is illustrated through 
the analysis of two particular feeders (Whitchurch road, feeder feature number: 528267202 and Mellor 

Street, feeder feature number: 227045574). This analysis is then extended to the 128 LV feeders 
considering all LCT. This allows investigating the main characteristics of LV feeders (e.g., number of 
customers, length, etc.) that could be related to the occurrence of thermal and/or voltage problems. 

Thus, by understanding this relationship it is possible to produce general guidelines in terms of the 
LCT penetration level that results in technical issues. 

1.1 Report Structure 

The rest of this report is divided into six chapters. Chapter 2 presents a brief summary about the 
individual profiles created in this project, namely, loads, electric vehicles, photovoltaic panels, electric 

heat pumps and micro combine heat and power units. The methodology to create them is also 
presented in this chapter. The aggregated behaviour of 100 of these profiles is also presented. The 
modelling of the studied LV networks is presented in Chapter 3. The Probabilistic Impact Assessment 

methodology is explained in Chapter 4; there the methodology, assessment metrics and the case 
studies are presented. The application of this methodology on 128 feeders is carried out in Chapter 5; 
the results of this analysis are also presented in this chapter for all the LCT under analysis. The 

conclusions are drawn in Chapter 6. Finally, the main references are presented in Chapter 7. 
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2 Profiling of Low Carbon Technologies 
To understand the impacts of LCT on low voltage distribution networks, the creation of realistic time-
series profiles is fundamental. In this section, a summary of the main characteristic of the profiles 
used/created is presented. Further details are included in the Deliverable 3.5 “Creation of aggregated 

profiles with and without new loads and DER based on monitored data” [1]. In particular, these profiles 
correspond to un-restricted residential loads, photovoltaic panels (PV), micro-combined heat and 
power (µCHP), electric heat pumps (EHP) and electric vehicles (EV).  All the profiles produced for the 

studies presented in this report consider 5-minute resolution data. This is to reduce the simulation time 
but it does not compromise accuracy. 

2.1 Load Profiles 

The load profiles are obtained from the computational model developed by CREST (Centre for 
Renewable Energy Systems Technology) at Loughborough University. This model creates time-series 

profiles for residential loads based on the domestic behaviour of British costumers [2]; it takes into 
account the number of people at home, the type of day, the month, and the uses of the appliances. In 
this way, it is possible to have one minute resolution profiles, indicating which appliance is ON and 

how much power is using. The profiles are randomly created based on a pre-defined set of 
characteristics. As an example, Figure 1 shows three different profiles created with the mentioned tool.  

 

Figure 1: Individual load profiles – 1 minute resolution 

Furthermore, to mimic the stochastic behaviour of the load consumption per household, a pool of 

2,000 different load profiles was created by using the tool. The proportion of profiles with certain 
number of people is based on UK statistics [3]. In this case, the proportion of houses with one person, 
two people, three people and four or more is 29, 35, 16 and 20%, respectively.  The 1-minute 

resolution profiles originally created by the CREST tool were converted into 5-minute profiles by 
considering the corresponding averages.  

2.2 Photovoltaic Profiles 

For the production of PV profiles is fundamental to have good quality sun radiation data. The data 
used for the PV profiles was monitored by the Whitworth Meteorological Observatory located at The 

University of Manchester. This data has a granularity of one minute for global and diffuse radiation 
(W/m2). To use this data in the simulations presented in this report, the average of 5 minutes was 
considered. As an example, the daily profiles for the period from July 2012 to December 2012 are 

presented in Figure 2. 
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Figure 2: Daily sun radiation profiles 

From the available data it is possible to determine the capacity factor for each day. These values are 
sorted from higher to lower (‘load’ duration curve approach) and presented in Figure 3. This 
calculation shows an average capacity factor for the sun radiation data of 9.9% during 2012. 

 

 

Figure 3: Capacity Factor 

Given that having the sun irradiance data is not enough for assessing the impacts of PV panels in 
distribution networks, the next step is the production of PV profiles. To do that, the efficiency of the PV 
panel must be considered. In this way, the amount of sun energy that can be converted into electrical 

energy is determined. Also the efficiency of the inverter (to transform the DC electricity into AC 
electricity) needs to be included. Finally, the size of the PV panel installed in each house needs to be 
determined. The efficiency for the PV inverter used in this work is 94.5% and for the energy 

conversion is 15%. The size of the PV systems in each house is randomly allocated based on UK 
statistics for residential PV generation [4]. The distribution of PV panels with installed capacity lower or 
equal to 4 kWp using the Feed-In-Tariff scheme is shown in Figure 4.  

With the above considerations it is possible to have for each sun profile the complete spectrum of 
possible PV profiles in a feeder. 
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Figure 4: Distribution of residential PV panels in UK 

2.3 Micro Combined Heat and Power 

Real load data for µCHP operation taken from a field trial [5] have been considered in this section. 
This data provides the electricity production for different µCHP sizes with 5-minute resolution. The 
electricity consumptions and the heat requirements for each home are also presented in that report.  

Out of the complete set of data, specific information has been selected for “cold” (and “very cold”) 
winter days and sixteen houses in central England areas so as to properly take into account the 
coincidence factor and, therefore, the diversity of the thermal load in a given area under harsh 

conditions. In order to create further diversity, a larger set of electricity and heat profiles has been 
generated by randomly shifting the original profiles by 5 to 30 minutes backward and forward. This 
shift allows increasing to certain extent the effect of diversity that would be observed in realistic 

consumption patterns for different users in different houses.  

Examples of individual µCHP generation and after diversity heating profiles (after the shifting process) 
for 1000 customers are shown in Figure 5. Examples of individual electricity profiles and after diversity 

electricity profiles for 1000 customers are shown in Figure 6. The after diversity electricity profiles 
obtained with this approach are consistent with typical electricity profiles [6], showing that the 
alternative of shifting the available data is coherent with the expected profile. 

 

 

Figure 5: Individual (left) and aggregated (right) µCHP generation 
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Figure 6: Individual (left) and aggregated (right) electricity load profiles 

Thus, it is possible to create a pool of thousands of µCHP profiles consistently with the electricity 
consumption of the houses in order to analyse the impact of this technology on the LV networks.  

2.4 Electric heat pump profiles 

Since the heat requirement data for each of the monitored homes is also presented in [5], it is possible 

to calculate the operation of a real EHP able to supply that heat requirement. The profiles created in 
this section were developed with the collaboration of Dr. Pierluigi Mancarella and they belong to a 
paper recently submitted [7]. 

The micro-generators used in the trial are of smaller size (typically with thermal production ranging 
from 8 kW t to 15 kW t) relative to traditional boilers (that can be of 20 kW t or higher), are equipped with 
an auxiliary heater, and are buffered by a hot water tank. Because of these characteristics that 

resemble very closely typical EHP installations, the heat production patterns from the trial represent a 
very good approximation of what the likely patterns of an EHP that is compatible with what UK 
radiators would exhibit. However, it is important to remark that in some locations the size or the 

number of radiators per home should be increased in order to have the same heat exchange power 
than in the micro-cogeneration case (this type of upgrading is recommended in the Heat Emitter Guide 
for Domestic Heat Pump [8]). 

 

 

Figure 7: Individual (left) and aggregated (right) thermal load profiles 
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Examples of individual heating profiles and after diversity heating profiles for 1000 customers are 
shown in Figure 7. 

Having the thermal requirement, an input-output black box model approach is used to “transform” the 

household thermal demand into EHP electrical demand. More specifically, the heat capacity and the 
relevant electricity consumption curves are taken from manufacturers’ catalogues  ([9] and [10]), and 
fitted through linear models to represent their dependence on the air outdoor or ground/brine 

temperature (depending if it is an air or ground sourced heat pump, respectively) and of the delivery 
temperature (typically air or water at different temperatures, depending on the house distribution 
system). Moreover, an auxiliary heater is assumed to be available with the EHP in order to increase 

the thermal capacity under harsh conditions. In this report, the EHP has been designed to cover 80% 
of the peak thermal load on the coldest day, as indicated by manufacturer’s recommendations [10]. 
The remaining capacity for space heating and domestic hot water is covered by the auxiliary heater if 

this is needed. 

The traditional operation of an EHP is an on-off process [11], where the length of each period depends 
on the heat requirements (for space heating and/or domestic hot water) and the temperature 

conditions (outside and inside). To be consistent with the real EHP operation, the on-off operation is 
simulated in this report by introducing different cycling period according to different heat requirements.  

 

 

Figure 8: Example of EHP and auxiliary heater profiles for two different houses 

An example of the operational load patterns is shown in Figure 8 for two different houses. The 
variation on the heat production output levels in Figure 8 is determined by the dependence of the heat 

output on the ambient temperature as from manufacturers’ performance maps. Hence, it is possible to 
see how the EHP production increases as the temperature increases. Also, it is possible to observe 
that EHP on-period is longer for the lower temperatures. 

2.5 Electric Vehicles Profiles 

In this work, the statistical analysis presented in [12], as the result of a one-year field trial of EV in 

Dublin, is used to create the electric vehicles profiles. The main information used for the creation of 
profiles is presented in Figure 9 and Figure 10. The first one presents the distribution (based on real 
data) of connection times, i.e., when the EV are connected to the charging point. The second one 

shows the energy required for each vehicle during each connection period.  
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Figure 9: Probability distribution function of EV connection times 

 

Figure 10: Probability distribution function for the daily EV energy requirement 

From the previous probability distributions, it is possible to know when an EV is connected to the 
network and how much energy is required. The latter will determine for how long the EV needs to be 
connected to the LV network taking into account the charging capacity (a normal single-phase 

connection is limited by 16 Amps). Indeed, the EV used in this simulation is based on a real EV: the 
Nissan Leaf, with a battery of 3kW and 24 kWh. 

Thus, taking into account the EV chosen and the two probability distributions it is possible to create a 

pool of thousand EV profiles to be used in the impact assessment. Some examples are presented in 
Figure 11. These profiles show different lengths since the different energy requirements of each car 
and they also present different starting points due to the variety in arriving time at home.  
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Figure 11: Example of individual EV profiles 

2.6 Aggregated Profiles – Diversified Profiles 

The creation of several individual profiles allows the creation of aggregated profiles and consequently 

the creation of diversified profiles (averaging the aggregated one). These are useful to understand the 
peak coincidence demand of low carbon technologies and residential consumption.  

A thousand individual profiles were created for each of the low carbon technologies and loads 

presented in this chapter. From each of these pools it is possible to select a group of one hundred 
profiles to represent the expected diversified profile that could appear in one LV feeder (typically no 
more than 100 loads per feeder). This random group of one hundred out of one thousand can present 

a slightly different shape and peak from a different group of one hundred profiles created from exactly 
the same pool (due to the difference among profiles in the pool). In order to represent this diversity, 
one thousand groups of one hundred profiles are created from each pool of profiles. The histogram for 

the maximum diversified demand (maximum demand of the diversified profile in one group of 100 
profiles) and the “median” profile (profile from the central bin in the histogram is presented for each 
technology). 

To illustrate the above, the right side of Figure 12 presents the histogram of the maximum demand of 
diversified profiles created from a group of 100 winter individual loads profiles (CREST model), 
showing that a few groups can have a peak demand higher than 1.2 kW and also a few can have a 

peak demand lower than 0.9 kW. In fact, most of the cases are concentrated between 0.95 kW and 
1.05 kW. The median value is 1.0 kW and the representative diversified profile for this value is 
presented in Figure 12 (left side).  

 

Figure 12: Diversified Profile and Maximum Demand Histogram for 100 winter load profiles 
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It is important to remark that for the Impact Assessment presented in this report, summer load profiles 
are used for the assessment of PV panels and winter profiles are used for the rest of the LCT under 
analysis. Thus, to complete the analysis, Figure 13 presents the median profile and corresponding 

histogram for summer loads. 

 

Figure 13: Diversified Profile and Maximum Demand Histogram for 100 load profiles 

 

Figure 14: Diversified Profile and Maximum Demand Histogram for 100 EV profiles 

 

Figure 15: Diversified Profile and Maximum Demand Histogram for 100 EHP profiles 
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Figure 16: Diversified Profile and Maximum Demand Histogram for 100 µCHP profiles 

Similar analysis is performed for EV, EHP and µCHP. The EV case is presented in Figure 14, this 

figure shows a maximum demand about 1.2 kW during the evening time, with an important number of 
groups with a peak demand above 1.3 kW. In the case of the EHP, the peak consumption is just 
above 2 kW and it is happening during the afternoon time (peak time for load consumption), 

furthermore in some of the groups the peak demand can be as high as 2.6 kW (Figure 15). In Figure 
16, the diversified peak generation coming from the aggregation of 100 µCHP profiles is about 0.5 kW. 
In this case the values are more concentrated and vary between 0.4 kW and 0.6 kW.   

A similar process is carried out for the calculation of the PV diversified profile. However, in this case, it 
is important to remark that each profile inside each group of 100 profiles has the same sun radiation 
data (assumption: the houses in the same feeder are affected for almost the same sun irradiance), but 

different groups can have different radiation. Hence, the variation of peak generation is wider than the 
µCHP case. The peak generation can be between 2.4 kW and 3.6 kW, with a median value of 3.0 kW. 
In fact, Figure 17 shows one diversified profile with peak generation of 3.0 kW, where the sun 

irradiance was the same for all of the customers in the group, in this sense, the cloud effects was also 
common for the whole feeder.  

 

Figure 17: Diversified Profile and Maximum Demand Histogram for 100 PV profiles 

2.6.1 Sensitivities for the EV 

The EV profiles presented above were made based on the assumption of the utilization of EV with 
slow charging mode. Nonetheless, it is also possible to have the connection of EV with fast charging 
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Figure 18: Diversified Profile and Maximum Demand Histogram for 100 Fast Charging EV 
profiles 

To analyse this effect, the same procedure considered in Section 2.5 is repeated but this time using 
an EV with a rating capacity of 6 kW (twice than in the slow mode) and an energy capacity of 24 kWh 
(same battery as in the slow mode). With this higher demand, the individual power requirements from 

the grid will be higher and the time of connection will be lower, hence reducing the coincidence among 
different EV. These two effects will determine the diversified peak demand for the fast charging EV. 

Again, a pool of 1000 fast charging EV profiles were created, and 1000 sets  of 100 profiles were 

analysed. The main results are presented in Figure 18, indicating a peak demand during the night time 
about 1.5 kW and presenting several scenarios with a peak demand between 1.5 kW and 2.0 kW. In 
comparison with the slow charging mode (Figure 14), the median value of peak demand is 25% higher 

in the fast charging mode, although the rating capacity is 100% larger.  

An important point in the analysis implemented is that the probability distributions for “connection time” 
and “energy required in each EV connection” are coming from real information gathered in Ireland and 

therefore they will not necessarily represent the behaviour of customers in the North West of England. 
In order to incorporate the possibility to have the peak requirement of EV during the afternoon peak in 
England (so called tea time peak) instead of having the peak at 21:00 as in the Irish real data, the 

“connection time” curve was shifted accordingly and the new results are presented in Figure 19 for the 
slow mode case (base EV case). In this new case, the peak diversified demand is also 1.2 kW in 
comparison with the case without shifting, but now the peak occurs at 19:00.  

 

Figure 19: Diversified Profile and Maximum Demand Histogram for 100 EV profiles – Shifted 

Case 
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Summarising, to have an idea about the interaction of the profiles presented, Figure 20 depicts the net 
profile (consumption minus generation) for all the technologies under analysis. It is interesting to note 
that the EHP results in the highest power requirement from the network, followed by the EV shifted 

case. In contrast, the EV case without shifting (for slow and fast mode) produces a power requirement 
lower than 2 kW. In respect of the generation technologies, it is possible to see that the µCHP does 
not in general produce reverse power flows. On the other hand, the PV penetration can produce about 

2.3 kW of reverse power flow per load.  

As a result of this section, thousands of profiles for loads, PV, EV, EHP and µCHP have been created 
and they can be used to assess the impact of low carbon technologies in low voltage distribution 

networks. 

 

Figure 20: Comparison of diversified net profiles for different low carbon technologies 
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3 LV Networks 
After the creation of the profiles of household loads and low carbon technologies, it is crucial to have 
realistic low voltage feeders to analyse the corresponding impacts. The information to create such 
networks was facilitated by ENWL through GIS files containing the network topology and the cable 

characteristics (type of cable, phase connection, etc.). The main stages of this modelling process are 
the topology reconnection and the OpenDSS representation. Both of them are fully explained in 
Deliverable 1.2: “Tool for Translating Network Data from ENWL to OpenDSS” [13]. 

3.1 Modelling Summary 

The first stage is needed because the ENWL GIS database presents many connections that seem 

connected but in reality they are separated by very small distanced (from mm. to a couple of cm.). This 
does not allow power flow simulations given that all segments must be connected. To make the 
reconnection, the basic idea was to determine all the connected components (by using the Breath 

First Search Algorithm) and then implementing the reconnection according to the distance among 
them. In this way, it is possible to have fully connected networks. 

The power flow studies were carried out using OpenDSS, an open source software package to solve 

power flows, harmonics analysis and fault current calculation in electrical distribution systems. One of 
the main characteristics of OpenDSS is the ability to represent the time dimension (daily and yearly 
simulations with different time step) in networks with distributed generation. This is very important to 

measure the real impacts of intermittent sources (PV, micro-CHP, micron-wind turbines, etc.) and 
loads (EV, EHP etc.) on distribution networks. The second stage of the modelling process required all 
GIS files (fully connected) to be translated into OpenDSS format. 

3.2 Studied LV Networks 

By using the methodology above described (additional details in [13]), 25 LV networks have been fully 

modelled in OpenDSS; this corresponds to 128 feeders, 7539 customers and about 200 kilometres of 
cables (including service cables) and 19 MVA of installed transformer capacity. All the networks 
modelled are underground networks. The visualization of all the studied networks is shown in Figure 

21, Figure 22, Figure 23, Figure 24 and Figure 25. 

 

Figure 21: LV Networks 1-2 
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Figure 22: LV Networks 3-8
1
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Figure 23: LV Networks 9-14 
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Figure 24: LV Networks 15-20 
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Figure 25: LV Networks 21-26 
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The methodology to create the network models has been implemented and tested in the 25 LV 
networks presented in this chapter.  
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4 Probabilistic Impact Assessment Methodology 
The objective of the methodology presented in this section is to assess the expected impacts on low 
voltage distribution networks due to the penetration of low carbon technologies  under different 
scenarios. The profiles and feeders used in this chapter correspond to the ones presented in chapters 

2 and 3, respectively. 

4.1 Literature Review 

Several papers have focus on different aspects related to the penetration of DG in distribution 
systems. Most of them by using simplified networks or American real-life networks (much smaller LV 
networks than the European case). In [14], the maximum amount of DG that an LV feeder can host 

without exhibiting under and/or over voltage problems is determined. The network implemented is a 
meshed USA distribution network (13.8kV/120 and 138kV/208V) with 311 loads. The study is, 
however, limited to maximum generation and minimum load (no time-series analysis) but adopts a 

Monte Carlo approach for the DG location and size. The simulations are executed in a three-phase 
power flow engine. The utilization of energy storage systems to avoid the peak generation from the PV 
panels is proposed in [15]. This is particularly done to tackle the unbalance problems related with the 

uneven distribution of PV connections (and injections). However, a simplified network is used and only 
a couple of scenarios with different generation and demand are simulated.  

A proper alternative to cope with typical uncertainty of the low carbon technologies (location of DG, 

size of the DG, load behaviour, etc.) is presented in [16]. Here, a Monte Carlo process is implemented 
to model the location and size of a single CHP (combined heat and power) plant in the network under 
study. Unfortunately, this work only uses a fictitious network (LV feeder supplying a circular area) and 

the power flow model is a single-phase representation (balanced case). A more simplified study is 
presented in [17], where a basic framework regarding PV penetration limits in radial distribution 
systems, focusing on voltage rises and cable ratings is presented. However, the analysis is based on 

a two-bus network with balanced loads. In contrast, the work presented in [18] implements a real 
Canadian residential suburban feeder (running a three-phase unbalanced case), providing an 
assessment on voltage profiles in residential neighbourhoods in the presence of PV. The analysis is 

carried out only for certain scenarios (no time-series analysis). Furthermore, several real networks are 
implemented in [19]. The 16 LV feeders analysed correspond to U.S radial feeders simulated with a 
three-phase unbalanced power flow. They are studied by using a time-series simulation framework but 

only with hourly resolution. 

4.2 Methodology 

From the studies described above, there are several analysis about DG impacts with different 
characteristics (time series, peak demand, balanced power flow, unbalance power flow, Monte Carlo 
Analysis, deterministic scenarios, etc.). Nonetheless, at the moment there are no analyses combining 

the following features at the same time: Monte Carlo analysis, time-series simulation, unbalance 
power flows, and real-life networks (European style). The impact assessment methodology presented 
in this section considers all of these characteristics [20], [21]. The main steps are described below and 

also summarised in Figure 26. 

1. Firstly, different load profiles are allocated to each load in the feeder. These load profiles are 
randomly selected from the pool created in section 2.1 in order to represent properly the 

diversity among the residential customers.  

2. Secondly, for a given penetration level (from 0 to 100% in steps of 10%), the houses to have 
the analysed low carbon technology (LCT) are randomly selected. In this work, the penetration 

level is defined as the percentage of houses with the LCT under analysis. Thus, if the 
penetration level is 20%, then 20% of the houses are selected to install a given technology. 
For example, the size of each PV panel is randomly selected according to the distribution of 

residential PV panels in the UK (as presented in section 2.2). It is important to remark that the 
sun profile used for all the houses in the feeder is the same (assumption: there are not big 
changes in a small geographical region). Specifically, for the simulations presented in this 

report, only the sunniest days are considered. In fact, the random sun profile is chosen among 
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the thirty sunniest days of the year. The idea behind this assumption is to assess the worst 
case scenario, avoiding the analysis of very cloudy days. This random selection is also 
applied for EV, EHP and µCHP. This probabilistic process is carried out to cater for the 

uncertainties related to the location, size and behaviour of these technologies. 

3. Next, with the load profiles and LCT profiles allocated in the feeder, a time-series power flow 
with 5 minute resolution data is executed by using OpenDSS.  

 

Figure 26: Methodology Flow Chart 

The power flow results (voltage, current, losses, power, etc.) will be different according to the load 
profiles, the location and size of the low carbon technologies. To capture this stochastic nature a 

Monte Carlo analysis is considered in this work. Thus, the process presented here (Figure 26) is run a 
hundred of times for each penetration level (steps 1 to 3). The corresponding impacts are then stored 
for every single simulation (one penetration level, one case, 5 min) to develop a probabilistic impact 

assessment. Therefore, after a complete process the results for 1100 simulations are analysed. The 
main metrics to carry out this assessment are presented in the next section.  

4.3 Assessment Metrics 

To assess the probabilistic impacts, several metrics are implemented. For demonstration purposes, 
the impact assessment for the feeder shown in Figure 27 is presented in this section for the four 

technologies under analysis (PV, EV, EHP and µCHP). In each case 100 simulations were carried out 
per penetration level (from 0 to 100%). This particular feeder supplies 94 customers through a network 
of 2.2 kilometres (including laterals and service cables). 

 

 

Figure 27: Example Feeder 
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4.3.1 Voltage Problems 

To understand the impacts of the Low Carbon Technologies in terms of the voltage performance of LV 

networks, the percentage of customers with voltage problems is calculated in each simulation.  

Percentage of Customers with Voltage Problems: This metric takes the voltage profile calculated for 
each customer connection point from the power flow simulation, checking that the European Standard 

EN 50160 [22] is satisfied. If the customer’s voltage does not comply with the standard, then this 
costumer is considered to have a problem. All the customers with problems are added up, and this 
number is divided by the total number of customers in the feeder. In this way, the percentage of 

customers with problems is calculated.  

EN 50160 [22] indicates that the nominal voltage (Un) in LV networks is 230 V (between phases and 
neutral) and:  

“Under normal operating conditions, excluding situations arising from faults or voltages interruptions,  

 During each period of one week 95% of the 10 min mean rms values of the supply voltage 
shall be within the range Un +/- 10%. 

 All 10 minutes mean rms values of the supply voltage shall be within the range of Un +10% / -
15%.” [22]. 

Since the time-series profiles have a resolution of 5 minutes, the daily voltage profiles for each 

customer in the feeder are averaged in 10 minutes to make the calculation according to EN 50160.  

 

 

 

Figure 28: Example of customer voltage analysis for each technology 
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Once, the percentage of customers with voltage problems is calculated for each simulation, the 
average and standard deviation is determined for each penetration level. These results are presented 
in Figure 28 for the four technologies, adopting the average value +/- one standard deviation. For 

example, for the PV case, the problems, although limited to ~2% of the customers, start at 40% of 
penetration level (40% of the houses with a PV panel). At 60% of penetration, however, 10% of the 
customers (in average) is not within the statutory limits. 

On the other hand, the EHP produces voltage problems at 60% of penetration level and the magnitude 
of the problems are lower than in the PV case. In fact, the same average 10% of customers with 
voltage problems is reached after the 80% of penetration level in the EHP case. It is important to 

remark, that in order to avoid outliers (low probability events), these figures only plot the cases when 
at least in average 1% of the customers have a problem. Under this criterion, the EV does not present 
any voltage problems (it never has in average 1% of the customers with voltage problems). For 

comparison purposes, Figure 28 presents for the EV case all the problems (including those below 
1%), showing that just at 100% of penetration level occurs the first problems and in average these 
problems affect in average only to 0.7% of the customers. Figure 28 does not show the µCHP case 

because no voltage problems are observed with the penetration of this technology. 

To summarise, in this particular feeder, in terms of voltage problems, the adoption of PV produces 
higher and earlier impacts. 

4.3.2 Thermal Problems 

To understand the impacts of the Low Carbon Technologies in the adequacy (capacity to supply 

demand) of LV networks, the utilization factor at the head of the feeder is calculated in each 
simulation. 

Utilization Factor at the head of the Feeder: This metric assesses the utilization level in the main 

segment of the feeder. This index is calculated as the hourly maximum current divided by the 
ampacity (cable rating) of the main segment of the feeder. To calculate the hourly maximum current, 
the current in the main feeder calculated from the power simulation (five minutes resolution) is 

averaged in one hour. 

The idea of this index is to show how the utilization of the network behaves with different penetration 
levels of low carbon technologies. The average value +/- one standard deviation per penetration level 

for each technology is presented in Figure 29. The initial utilization level of the feeder is around 40%. 
This value increases linearly with the penetration level for the case of the new loads (EHP and EV). 
The maximum utilization level (100%) is reached in average at 70% of penetration level for the EHP 

case and that level is never reached for any penetration level in the EV case (in this example feeder). 

In the case of the DG technologies, the relationship between utilization level and penetration level is 
different. As it can be observed in the µCHP case, the utilization level decreases with the penetration 

level increase. This happens because the local generation at feeder level is coincident with the 
electricity consumption (the heat is likely to be produced when the people is at home and when they 
are also using electricity). Nonetheless, the PV case is slightly different; the utilization level decreases 

till 30%-40% of penetration level and then start to increase again. The reduction in the first penetration 
levels is due to the local generation in the feeder, but this decrease is much smaller than the µCHP 
case because the coincidence between the generation and peak demand is also lower. Once, the 

local production is higher than the local consumption, the feeder starts to export energy to the system. 
As such, higher penetration levels produce more power to be exported and therefore a higher 
utilization of the electric infrastructure (in any case the 100% is not reached with the PV technology). 

To summarise, in terms of utilization level, the EHP technology is the only one that reaches the rating 
capacity of the head of the feeder in this example. 
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Figure 29: Example of feeder utilization for each technology 

4.3.3 Energy Losses 

Different low carbon technologies can produce different effects in the behaviour of losses in LV 
feeders. Energy losses can either decrease or increase. To understand this effect, the energy daily 
losses are calculated. 

Energy daily losses: This metric assesses the total daily energy losses through the feeder for each 
penetration level. The difference between the power at the head of the feeder (energy  imports) and 
the power consumption in each load (or generation) is determined in each time period. Since the time 

period of the power consumption/generation is known (i.e., 5 minutes) it is possible to calculate the 
corresponding energy losses. 

These results are presented in Figure 30 for the four technologies adopting the average value +/- one 

standard deviation. In the case of the PV penetration, the energy losses decrease as the penetration 
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again due to the higher energy exports to the HV network. The initial reduction is more evident than in 

the utilization level metric (rating capacity) for the PV case since the losses are quadratic with the 
current. This quadratic nature can also be observed in the EHP case. In respect of the µCHP 
technology, it can be seen that the daily energy losses decrease with the penetration level, mainly 

because of the coincidence between local generation and local consumption in the feeder.  
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Figure 30: Example of daily energy losses for each technology 

4.3.4 Probability Distribution of Impacts 

Since a Monte Carlo analysis was performed, it is possible to build the probability distribution of 

customers with voltage problems for each penetration level. 

Probability to have at most X% of the customers with problems        )): For each penetration level, 
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created, indicating the probability to have less than X% of customers in each penetration level.  

Probability to have at least X% of the customers with problems: This is the complement of the previous 

distribution (       )), indicating the probability to have more than X% of customers with 
problems in each penetration level. 

These two cumulative distributions are presented in Figure 31 and Figure 32, respectively, for the four 
technologies under analysis. For example, for the PV case (top-left in Figure 31), the probability to 
have less than 40% of the customers with voltage problems for 90% of penetration level is around 0.8 

(i.e., 80% probability). In comparison, for the EHP case (top-right in Figure 31) and EV case (centre-
down in Figure 31), the probability to have less than 40% of the customers with voltage problems for 
90% of penetration level is 1.0, which means that there is no simulation that produces more than 40% 
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to have no problems at all (0% of customers with voltage issues) at 60% of penetration level is slightly 
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Since there are no voltage problems for the µCHP, this technology is not presented in Figure 31. 
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Figure 31: Example of probabilities to have at most X% of customers with problems: PV case 
(top-left), EHP case (top-right) and EV case (centre-down) 
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with voltage problems. For the same example, the probability to have more than 40% of the customers 
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is zero (none of the one hundred simulations presents a customer with voltage problems). 

Consequently, with these metrics, the DNO and/or the regulator (i.e., Ofgem) could assess the risk of 

different penetration levels in different feeders in order to take the most suitable and efficient 
corrective actions or policies. In fact, the DNO might conclude that in some cases, it is feasible to 
accept penetration levels that present low probabilit ies of customers with problems (low risk of having 

complaints) instead of resorting to significant reinforcements.  
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Figure 32: Example of probabilities to have at least X% of customers with problems: PV case 
(top-left), EHP case (top-right) and EV case (centre-down) 

4.3.5 Additional Metric for DG Technologies 

To visualise the diversity of results that can be found for the same penetration level and to identify the 
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those thousands simulations. To illustrate this, Figure 33 presents the results for the example feeder 
considering PV. Three different zones are defined. Zone I is the area without any voltage violation, i.e., 
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voltage limit is exceeded in all cases. 

This metric allows us to identify the maximum average capacity that does not produce any voltage 
issue (0.6 kW in the Figure 33) and the minimum average capacity that always produces a problem 
(2.4 kW in the Figure 33).  
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Figure 33: Example of maximum voltage per average DG capacity – PV Case 

 

Figure 34: Maximum voltage per Average DG capacity – µCHP Case 

The same analysis is carried out for the other DG under analysis, i.e., the µCHP technology. The 

corresponding results are shown in Figure 34. Here, it is possible to observe that only Zone I is 
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the PV and EHP, respectively) than the thermal problems (100% of utilization level at 70% of EHP 
penetration). Thus, the occurrence of problems in this feeder is driven mostly by PV penetration.  

4.4 Case studies 

In order to demonstrate the capabilities of the Impact Assessment Methodology described in this 
Chapter, several case studies are implemented. Firstly, the analysis of the balanced versus 

unbalanced modelling is developed considering PV installations. Secondly, the importance of data 
granularity is explored. To visualise the combine effect of granularity and balanced modelling, the 
utilization of ELEXON profiles is considered in the third case study. Then, a sensitivity analysis 

considering EV is done. Finally, all the metrics are presented for another feeder, showing how different 
the impacts can be for different feeders. 

4.4.1 Balanced versus unbalanced LV feeder 

By using the Impact Assessment Methodology, the comparison between the perfect balanced low 
voltage feeder (single-phase equivalent representation) and a real LV feeder (three-phase system with 

single-phase connections) is developed. For the example feeder presented in Figure 35 (70 loads and 
2.2 km of total feeder length, including laterals and service cables), the percentage of customers with 
voltage problems, the daily energy losses and the utilization level of the head of the feeder are 

calculated for both cases (balanced and unbalanced systems). The results are illustrated in Figure 36 
and Figure 37, respectively. This sensitivity analysis is only carried out for the PV case.  

 

Figure 35: Feeder for the Balanced Case Study and for the Granularity Case Study 
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Figure 36: Percentage of Customers with Voltage Problems – Comparison 

 

 

Figure 37: Energy Losses (left) and Utilization Level (right) - Comparison 

Figure 36 and Figure 37 show that the balance case (single-phase equivalent representation) 
underestimated the impacts of PV panels. The most considerable difference is observed in the voltage 
impacts mainly due to the evenly distribution of each load among the three phases. It is interesting to 

explore the differences in the utilization level because, even if the power supply transmitted is the 
same (same consumption and generation), they present important divergences. This can be easily 
understood by using the example presented in Figure 38. In this figure it is possible to see that the 

balanced load distribution produces a smaller utilization level.  

 

 

Figure 38: Calculation of the utilization level - Example 

4.4.2 Analysis of data granularity 

To analyse the effect of different data granularity in the impact assessment, the complete process 

presented in section 4.2 was executed again but considering 10, 15, 30 and 60 minute resolution for 
the load and PV generation profiles. This analysis was implemented in the feeder presented in Figure 
35. 

The daily energy losses and the percentage of customers with voltage problems from the Impact 
Assessment Methodology are presented in Figure 39 and Figure 40, respectively. It is important to 
remark that the granularity effect is not relevant in the utilization level mainly because this index 

integrates the results in one hour. In contrast, the effect on the calculation of voltage issues is 
significant due to the EN50160 requirement of 10 min averages. Indeed, the consideration of one hour 
daily profiles underestimates considerably the impacts from PV. For example, around 15% of 

customers would have a voltage problem at 70% PV penetration when considering 5 min resolution 
(base case). This figure goes down to about 4% when 60 min resolution is considered (Figure 40). A 
similar effect, although not so significant, can be observed for the daily energy losses. 
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This particular analysis highlights the importance of carrying out detailed load and generation models 
to assess the impacts of low carbon technologies in LV networks. It also highlights the need of 
adequate sampling rates if monitoring is to be deployed in networks with LCT.  

 

Figure 39: Daily energy losses – Data granularity 

 

Figure 40: Voltage problems - Data granularity 
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the same profiles are aggregated in 30 minutes in order to analyse the granularity effect (Case 2). 
Finally, in Case 3, the diversified profile is calculated as the average profile from Case 2 and applied 
to every house in the feeder. The feeder implemented in these simulations is the one presented in 

Figure 27. 

The percentage of customers with voltage problems for these three cases is presented in Figure 41. 
There it is possible to observe that the voltage problems are underestimated in cases 2 and 3. In fact 

both cases present the occurrence of the first problems at 50% of penetration level ins tead of 40% of 
penetration level as in the base case (Case 1). Also, the magnitude of the problems is 
underestimated. For example, in Case 2 and Case 3 only 40% and 32% (average values) of the 

customers present voltage issues at 100% of penetration level, respectively. In contrast, for Case 1 
that percentage is slightly above 50%. 

 

 

 

Figure 41: Voltage problems Comparison: Case 1 (top-left), Case 2 (top-right) and Case 3 
(centre-down) 

By analysing the previous figures, it is possible to realise that in average the utilization of 30 minutes 

resolution data underestimates the results in 40% (40% of the voltage metric) and using the same 
profile with 30 minutes resolution data in each node underestimates the voltage problems in 60% 
(average). Consequently, the utilization of the same profile with a granularity of 30 minutes (ELEXON 

alike) underestimates the voltage impacts, 40% explained by the rough granularity and 20% for the 
lack of diversity.  

Nonetheless, the previous analysis was done by using profiles created with CREST and with 

aggregation of those profiles to get the similar ELEXON profile behaviour. For that reason, to extend 
these results to an ELEXON profile, the list of residential ELEXON profiles was compared with the 
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diversified profile obtained in Case 3 (average profile from the CREST model with 30 min resolution 
data) and the better match in terms of energy consumption and peak demand is chosen for the 
analysis. The idea behind this is to show that the diversified profile used in Case 3 has a comparable 

ELEXON profile (close enough) and therefore the previous conclusions can be extended.  

The closest ELEXON profile is presented in Figure 42; this has a difference of only 3% in terms of 
daily energy consumption and 2% in terms of peak demand. With this diversified profile, the Impact 

assessment tool is run and the voltage results are presented in Figure 43. Consistently with the results 
presented in this case study, the utilization of ELEXON profiles underestimates the assessment of 
voltage problems in LV feeders. It is interesting to note that, as expected, the results for the ELEXON 

profile case are similar to the ones presented for the Case 3 in Figure 41. As a result, it is possible to 
state that the utilization of ELEXON profiles at residential level underestimates the technical impacts 
along the LV feeders. 

 

 

Figure 42: Diversified profile used in Case 3 (CREST) and closest ELEXON profile  

 

Figure 43: Voltage problems by using the ELEXON profile  
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Figure 44: Average problems for the four cases analysed 

4.4.4 EV Sensitivities: Fast charging and Peak shifting 

The EV profiles analysed along this section were made based on the assumption of the utilization of 
EV with slow charging mode. Nonetheless, it is also possible to have the connection of EV with fast 
charging mode. Furthermore, the profiles were based on an Irish field trial (Section 2.5), presenting 

the EV connection peak time around 21:00. It is likely that this peak time can happen before in the UK. 

With the purpose of analysing these two cases, fast and slow charging EV profiles with a new peak 
time (19:00) were produced in Section 2.6.1. These profiles were incorporated in the Impact 

Assessment Methodology, and the results for voltage problems and the thermal issues are presented 
in this section. 

From Figure 45, it is possible to observe the earlier and higher impacts of EV in the shifted case and 

fast charging case in comparison with the base case (Figure 28). In fact, the voltage problems only 
occur at 100% of penetration level in the base case and in average only 0.7% of customers presents 
voltage issues. In contrast, the voltage problems start at 70% and 60% of penetration level for the EV 

shifted case and EV fast charging case, respectively. The magnitude of the problems is also higher for 
the new cases, thus at 100% of penetration level, the average number of customers with voltage 
problems is above 2% and 6% for the EV shifted case and EV fast charging case, respectively.  

 

Figure 45: Percentage of customers with voltage problems for the EV case: EV shifted (left) and 
EV fast charging (right) 
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Figure 46: Utilization level at the head of the feeder for the EV case: EV shifted (left) and EV fast 
charging (right) 

In terms of voltages, the EV fast charging case produces the highest impacts among the three EV 

cases. However, these impacts are lower than the voltage impacts of the PV technology for the same 
feeder (Figure 28).  

Regarding to the utilization level, Figure 46 shows that the maximum level (100%) is reached in 

average only in the EV fast charging case at 100% of penetration level. Hence, the feeder under 
analysis is able to host the EV connection in terms of rating capacity of almost every penetration level 
in the three EV cases. Nevertheless, in terms of voltage problems, the feeder is not able to host every 

penetration level.  

4.4.5 Additional Feeder Assessment 

This section presents the results for a different feeder to highlight the differences with respect to the 
one used in section 4.3. This new feeder is shown in Figure 47 and it supplies 57 customers through a 
network of 1.4 km (main and services cables). The four technologies are implemented (PV, EV, EHP 

and µCHP) and 100 simulations are carried out per penetration level (from 0 to 100% in steps of 10%). 
The results for the percentage of customers with voltages problems and the utilization level at the 
head of the feeder are presented in Figure 48 and Figure 49, respectively. 

 

Figure 47: Additional Feeder Example 
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Figure 48: Percentage of customers with voltage problems per technology 

The feeder used as an example in Section 4.3 supplied a larger number of customers using a longer 
feeder (70 loads, 2.2 km) and therefore the impacts of LCT in these two networks are different. For 
example, only the PV and EHP technologies experience voltage problems in this feeder (Figure 48). In 

contrast, the base feeder presents voltage problems for PV, EV and EHP technologies (Figure 28). 
These voltage problems are smaller and appear later in the new feeder than in the base feeder. 
Indeed, the new feeder shows voltage problems starting at 60 and 90% of penetration level for the PV 

and EHP, respectively. The percentage of customers with voltage problems is in average 22 and 1% 
at 100% of penetration level for the PV and EHP case, respectively. In contrast, the base feeder has 
an average percentage of customers with voltage problems of 50% for the PV case and 20% for the 

EHP case at 100% of penetration level (Figure 28). 

In respect of the possible thermal problems, the utilization level of the head of the feeder is shown in 
Figure 49. This illustrates that the EHP and EV technologies reach the 100% of utilization, the EV 

reaches the limit at 100% penetration level and the EHP reaches it at 50% penetration level, which is 
earlier than the 70% of penetration level presented in the base feeder (Figure 28).  

As a result, in the new feeder under analysis, the EHP produces technical problems earlier than the 

other technologies, and these are primarily congestion problems. It is worth to mention than in the 
base feeder in Section 4.3, the first problems were voltage issues due to PV penetration. This fact 
shows how feeders with different characteristics will face different impacts for different low carbon 

technologies. 
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Figure 49: Utilization Level at the head of the feeder per technology 
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5 Multi-Feeder Analysis 
The Impact Assessment Methodology implemented in Chapter 4 is useful for understanding the 
behaviour of one particular feeder under different penetration levels of low carbon technologies. 
Nonetheless, the lessons obtained from one feeder cannot be necessarily extrapolated to a different 

one. In fact, the two feeders compared in section 4.4.5 face the occurrence of the first problems at 
different penetration levels. It is for that reason, that a larger number of feeders are analysed in this 
section. 

The main idea is to apply the Probabilistic Impact Assessment Methodology over hundreds of feeders 
in order to get some general lessons about the impacts of low carbon technologies in LV networks. By 
analysing specific characteristics of LV networks (e.g., number of customers, feeder length, etc.) this 

methodology can also be used to find the corresponding correlation with the potential impacts of LCT. 
Ultimately, this correlation can then be adopted by Distribution Network Operators to directly quantify 
those impacts without the need of further detailed network analyses. 

The Probabilistic Impact Assessment Methodology is applied to 128 feeders. All the low carbon 
technologies (PV, EV, EHP and µCHP) are investigated considering daily profiles with 5 minutes 
resolution data and running 100 simulations for each penetration level for each feeder under analysis.  

The voltage reference implemented at the secondary of the transformer is 241V phase to neutral (1.05 
p.u.) in order to have the same headroom for voltage drops and voltage rises due to the penetration of 
DG and new loads, respectively. Nevertheless, there could be some very long feeders that might 

present under voltage problems at 0% of penetration level (without any low carbon technology) with 
this reference voltage. To solve this problem, the reference voltage (secondary of the transformer) is 
increased gradually with the purpose of avoiding any under voltage issue. For this, an ADMD of 1.5 

kW is first allocated to each load (according to ENWL’s planning criteria [23]) to then calculate the 
voltage for the last customer running a power flow. This voltage cannot be lower than 0.94 p.u. For 
example, if the feeder has an under voltage problem with 241V, then the voltage is increased by 1%. 

This process is repeated till the problem is solved (no more than 255V are considered). Consequently, 
once the problem is solved, the Probabilistic Impact Assessment Methodology is executed.  

5.1 Results Overview 

5.1.1 General Analysis 

After the application of the Probabilistic Impact Assessment Methodology in each of the 128 feeders 
under analysis for each of the technologies, it is possible to get a general overview about how 
problematic are the different technologies and what type of technical problem (voltage or thermal 

issues) is more likely to occur. 

The percentages of feeders that present voltage problems or thermal problems for at least one of the 
penetration levels are illustrated in Figure 50. For instance, 45% of the feeders experience voltage 

problems and almost 10% of feeders reach the 100% of utilization level in the PV case. In contrast, in 
the EHP case, the percentage of feeders with voltage and thermal problems is 30% and 39%, 
respectively. It is worth mentioning that less than 4% of the feeders present problems in the µCHP 

case, and these problems are only related with voltage rise.  
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Figure 50: Feeders with technical problems per technology (any number of customers) 

In Figure 50, the 128 feeders are considered. Nonetheless, a detailed analysis revealed that those 
feeders with less than 25 customers (38 feeders) do not face any technical problem for any 
penetration of any LCT. To avoid underestimating the corresponding impacts, Figure 51 illustrates the 

percentage of feeders with more than 25 customers (90 feeders) with voltage and thermal problems. 
This figure shows a percentage of feeders with voltage problems above 64% for the PV case and 
slightly below 14% for those feeders with thermal issues. On the other hand, a higher proportion of 

feeders experiment thermal issues in the EHP case (57%) in comparison with the occurrence of 
voltage problems (44%). 

 

Figure 51: Feeders with technical problems per technology (more than 25 customers) 

Figure 51 only points out the percentage of feeders with a particular technical problem, so it can 
happen that the same feeder is affected by both problems at different penetration levels. 

Consequently, it is interesting to know which of these problems appears first in each feeder. This 
analysis is summarised in Figure 52. This figure displays the percentage of feeders (among the 90 
feeders) that experience one technical problem (voltage or thermal) before the other.  

The “bottleneck” for all the feeders in the case of PV is voltage. This also happens for the µCHP case 
but it is important to recall that only 4% of the feeders have problems. In the EHP case, the problems 
are triggered by voltage and thermal issues almost in half and half (54% for voltage and 46% for 

thermal issues). For the EV base case and EV Fast case, the occurrence of the first problems are 
divided around 35% and 65% between thermal and voltage issues. Finally, the EV Shifted Charging 
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case presents a higher proportion of thermal issues as the first problem in comparison with the other 
EV cases (about 40% of the feeders). 

 

Figure 52: First technical issue among the feeders with problems per technology 

5.1.2 Occurrence of the First Problems 

The previous section gives a general idea about the proportion of feeders with technical problems for 

each of the technologies. Nonetheless, that general analysis does not provide any insight about when 
the problems start; for that reason, the histograms of the first penetration level with voltage and 
thermal problems are presented in this section. 

 

 

Figure 53: Histograms of First Penetration Level with Technical Problems – PV Case 

Figure 53 illustrates the histograms for voltage and thermal problems (left and right side, respectively) 
for the PV case. In particular, the histogram of thermal problems points out that the thermal limit at the 

head of the feeder is reached for high penetration levels (80% and above). On the other hand, the 
histogram of voltage problems shows that the distribution of the first penetration level with problems is 
observed in almost every single penetration level, having most of the cases between 30% and 50% of 

penetration level. 

The same analysis is carried out for the EHP case (see Figure 54). The histogram of thermal problems 
shows that there are feeders with the first problems occurring in each penetration level – with the 

largest number of cases at 60% of penetration level. In the case of voltage problems, the higher 
amount of feeders is observed between 10% and 30% of penetration level.  
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Figure 54: Histograms of First Penetration Level with Technical Problems – EHP Case 

Due to the fact that the µCHP case only has four feeders with voltage problems and no feeders with 
thermal problems, the histograms are not developed for this technology. Histograms are also 

produced for three EV families: EV case, EV Fast Charging and EV Shifted. They are presented in 
Figure 55, Figure 56 and Figure 57. By comparing these figures, the EV Fast Charging case appears 
as the more problematic EV family from the impacts point of view. Indeed, this particular case presents 

the occurrence of either voltage or thermal problems for each penetration level. It is interesting to note 
that in the three EV families, voltage problems occur not only with high penetration levels but also at 
early stages (below 30% of penetration level). 

 

 

Figure 55: Histograms of First Penetration Level with Technical Problems – EV Case 
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Figure 56: Histograms of First Penetration Level with Technical Problems – EV Fast Charging 

Case 

 

Figure 57: Histograms of First Penetration Level with Technical Problems – EV Shifted Case 

5.1.3 Transformer thermal ratings 

The penetration of low carbon technologies could also reach the thermal limit at the MV/LV 

transformer level. To analyses this effect, the power flows for each of the simulations are aggregated 
among the feeders that belong to the same MV/LV transformer, and then the total power flow is 
compared with the transformer rating (nominal rating) for each of the 25 substations under analysis.  

Figure 58 indicates the percentage of transformers overloaded for at least one of the penetration level. 
There it possible to see that only the µCHP case does not present any problem and the EHP case is 
the one that provokes more challenges at transformer level.  In fact, 68% of the transformers under 

analysis have a thermal problem in the EHP case. Additionally, 20%, 28% and 36% of the 
transformers have problems in the EV, EV fast charging and EV peak shifted cases, respectively.  

In particular, the identification of when these thermal problems appear is presented in Figure 59, 

Figure 60 and Figure 61. 
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Figure 58: Transformers with thermal problems per technology 

 

Figure 59: Histograms of First Penetration Level with Thermal Problems – PV and EHP Cases 

Figure 59 indicates that the thermal problems start at higher penetration levels for the PV case (90% 
and 100%), in contrast for the EHP cases, there are thermal problems in almost every penetration 

level, although the higher number is concentrated above 60% of penetration level.   

Figure 60 and Figure 61 present the histograms of occurrence of the first thermal issues at the 
transformer level for the EV cases examined. These cases show that the problems are concentrated 

30% and 70% of penetration level. 

This analysis highlight that in some networks even with a small penetration level of EHP and/or EV (up 
30%), it will be required the replacement of the MV/LV transformer.  
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Figure 60: Histograms of First Penetration Level with Thermal Problems – EV and EV fast 
charging Cases 

 

Figure 61: Histograms of First Penetration Level with Thermal Problems – EV peak shifted Case 

5.2 Metrics and Correlations 

The percentage of feeders with voltage or thermal problems and the first occurrence of those 
problems were presented and summarised in Section 5.1. That analysis allows us to have a clear idea 
about the impacts of LCT in LV networks. However, it does not provide any insight about why some 

networks are more likely to present problems before others. For that reason, in parallel with the 
Probabilistic Impact Assessment for all the feeders, the main characteristics of each of them (such as 
length, number of customers, etc.) are also captured. Thus, it is possible to correlate physical features 

of the feeders with the first occurrence of technical problems. 

5.2.1 Metrics 

The physical characteristics considered to explain a cause-effect phenomenon are: 

 Feeder Length. This is the total length of each feeder, taking into account the length of the 
main cables and services cables.  

 Customer Number. This is the total number of customers supplied per feeder.  

 Initial Utilization Level. This is the utilization level (hourly maximum current divided by the 
ampacity) of each feeder at 0% of penetration level.  
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 Customers per km. This is a combined metric given by the number of customers divided by 
the length of the feeder (km). 

 Main Path. This is the distance between the distribution substation (MV/LV transformer) and 

the furthest customer. It is important to mention that the Main Path is a common metric in 
planning procedures of many Distribution Network Operators. 

 Main Path Impedance. This is the sum of all the series impedances for the main path. 

 Supplied Area. This is the total area supplied by the feeder. This area is estimated by 

calculating the convex hull
2
 from the feeder vertices. An example of a convex hull for two 

different feeders is shown in Figure 62. The black line in these figures represents the convex 
polygon able to enclose all the vertices (blue circles) in each feeder (red line) supplied by the 

transformer substation (green triangle). This special polygon is called convex hull. 

 

Figure 62: Convex Hull for a set of feeder vertices 

 Supplied Perimeter. This is the addition of the segment length for each convex hull edge (total 
length of the black line in Figure 62).  

 Total Impedance Aggregation. This is the simple addition of all cable impedances in the feeder 

(including service cables). 

 Total Path Impedance. This is the addition of every Path Impedance between the distribution 
substation (MV/LV transformer) and each customer. For a better understanding, the equation 

of this metric is presented: 

    ∑                

 

   

 

Path Impedancei: is the impedance between the transformer and the customer i.  

N   :  is the number of customer in each feeder. 

5.2.2 Correlation Analysis 

The metrics mentioned above are plotted against the penetration level in which the problem (either 
voltage or thermal issues) start in order to find a correlation. In this section, it is considered that a 

problem starts when either the average percentage of customers with voltage problems is higher or 
equal to 1% or when the average utilization level at the head of the feeder is higher than 100%. This 
analysis could help a DNO to understand in which type of feeders the problems will first appear and in 

which type they will not have any problem at all. 

                                                 
2
 A convex hull of a set of X points is the smallest convex sub-set of X that contains to all the points in X. 
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In each plot, a curve is fitted and the R
2
 (coefficient of determination) is presented. It is important to 

remark that in the plots the penetration level 110% is fictitious. This, however, helps considering all of 
the feeders without technical problems (even with 100% of penetration level). 

In this section, the previous indices are explored for the PV case. Afterwards, the main indices in 
terms of correlation performance are presented for all of the technologies (EV, EV Fast Charging, EV 
Shifted, PV, µCHP and EHP) in Section 5.2.3.  

Figure 63 indicates that longer feeders present problems before than the shorter ones, and those with 
more customers also present problems earlier. Although, in these cases the R

2
 is not very strong (i.e., 

closer to unity), this figure could represent an interesting correlation for the DNO. 

 

Figure 63: Feeder Length (left), R
2
:0.60 and Customer Number (right), R

2
:0.59 – PV Case 

 

Figure 64: Initial utilization level (left), R
2
:0.65 and Customers per km. (right), R

2
:0.01 – PV Case 

In Figure 64, the initial utilization level presents a better performance than with the previous metrics. In 
contrast, the customer per Km does not indicate any type of correlation. The Main Path and the Main 
Path Impedance are presented in Figure 65 and they do not perform as well as the number of 

customers per feeder. In addition, this analysis also shows that most of the Main Path values are 
lower than 700 metres. 
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Figure 65: Main Path (left), R
2
:0.50 and Main Path Impedance (right), R

2
:0.43 – PV Case 

 

Figure 66: Supplied Area (left), R
2
:0.56 and Supplied Perimeter (right), R

2
:0.45 – PV Case 

 

Figure 67: Total Impedance (left), R
2
:0.55 and Total Path Impedance (right), R

2
:0.78 – PV Case 

Figure 66 presents the results for the Supplied Area and Perimeter. The former metric performs better 
than the latter as a predictor of the occurrence of the first technical problem in a given feeder. From 
Figure 67, it is possible to note that the best metric to explain such an occurrence for the PV case is 
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the total path impedance. In fact, feeders with higher impedances (due to either length or size) are 
likely to be more susceptible to higher voltage rise. 

5.2.3 LCT Correlation Analysis 

This section explores the correlation for some of the metrics implemented previously. This selection is 
based on the R

2
 index and is limited to those metrics resulting in values higher than 0.55. These are: 

Feeder Length, Customers Number, Initial Utilization Level, Supplied Area and Total Path Impedance. 
The analysis is carried out for all the remaining technologies: EV, EV Fast Charging, EV Shifted and 
EHP. For each of them 128 feeders were studied and 100 scenarios were carried out per penetration 

level, therefore, about 144,000 simulations were executed in this analysis. 

The µCHP is not considered in this analysis because this technology (considering the sizes modelled 
in this report) produces only voltage problems in only four feeders and therefore the sample is too 

small to feed a statistical analysis. 

5.2.3.1 EHP Case 

 

Figure 68: Feeder Length (left), R
2
:0.59 and Customer Number (right), R

2
:0.65 – EHP Case 

 

Figure 69: Initial Utilization Level (left), R
2
:0.70 and Supplied Area (right), R

2
:0.48 – EHP Case 
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Figure 70: Total Path Impedance, R
2
:0.78 – EHP Case 

The results for the EHP case indicates that the best correlation metric to explain the occurrence of the 
first problems for this technology is the Total Path impedance (R

2
=0.78), followed by the Initial 

Utilization Level (R
2
=0.70). These two metrics are also the best metrics in the PV case analysed in 

Section 5.2.2.  

In respect of the other three metrics, it can be mentioned that the Feeder Length slightly decreased 
from R

2
=0.60 in the PV case to R

2
=0.59 in the EHP case. The Supplied Area performed poorly in the 

EHP compared to the PV case (R
2
=0.48 in the EHP case and R

2
=0.56 in the PV case). The Customer 

Number improved considerably in the EHP case (R
2
=0.65) in comparison with the PV case (R

2
=0.59). 

5.2.3.2 EV Case 

This section presents the results for the EV case and its sensitivities (Fast Charging and Shifted). The 
correlation analysis for the EV base case is shown in Figure 71, Figure 72 and Figure 73. From this 

analysis, it is possible to see that the five chosen metrics have lower correlation factors in the EV base 
case than in the EHP and PV cases. Nonetheless, the two best metrics are again the Initial utilization 
Level (R

2
=0.53) and the Total Path Impedance (R

2
=0.70). Comparatively, this smaller correlation can 

be explained by the fact that the number of feeders with problems in the EV case is smaller than in the 
PV and EHP case (see Figure 51). Therefore, the sample for the correlation is not as significant as in 
the previous cases. 

 

Figure 71: Feeder Length (left), R
2
:0.47 and Customer Number (right), R

2
:0.51 – EV Base Case 
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Figure 72: Initial Utilization Level (left), R
2
:0.53 and Supplied Area (right), R

2
:0.38 – EV Base 

Case 

 

Figure 73: Total Path Impedance, R
2
:0.70 – EV Base Case 

 

Figure 74: Feeder Length (left), R
2
:0.52 and Customer Number (right), R

2
:0.57 – EV Fast 

Charging Case 
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Figure 75: Initial Utilization Level (left), R
2
:0.62 and Supplied Area (right), R

2
:0.44 – EV Fast 

Charging Case 

 

Figure 76: Total Path Impedance, R
2
:0.75 – EV Fast Charging Case 

The analysis for the EV Fast Charging Case is presented in Figure 74, Figure 75 and Figure 76. 

These metrics show a better performance than the EV base case. In fact now, the coefficient of 
determination for the Initial Utilization Level and the Total Path impedance are 0.59 and 0.75, 
respectively (in comparison with 0.53 and 0.70 in the EV base case).  

Finally, the results for the correlation analysis for the EV Shifted case are illustrated in Figure 77, 
Figure 78 and Figure 79. Once more, the two metrics with the best performance are the Initial 
utilization Level (R

2
=0.59) and the Total Path Impedance (R

2
=0.75). 
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Figure 77: Feeder Length (left), R
2
:0.52 and Customer Number (right), R

2
:0.58 – EV Shifted Case 

 

Figure 78: Initial Utilization Level (left), R
2
:0.59 and Supplied Area (right), R

2
:0.42 – EV Shifted 

Case 

 

Figure 79: Total Path Impedance, R
2
:0.75 – EV Shifted Case 
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5.2.3.3 Combined Metric 

The implementation of the Probabilistic Impact Assessment Methodology in the 128 feeders modelled 

for each of the four technologies under analysis enabled the identification of two main characteristics 
to explain the occurrence of technical problems in LV feeders. These are: the Initial Utilization Level 
and the Total Path Impedance. 

In general terms, the Initial Utilization Level gives an idea of the current rating status and therefore can 
anticipate the occurrence of thermal problems. The Total Path Impedance, on the other hand, 
quantifies the overall impedance of the feeders, and therefore is a good estimator of the possible 

voltage drop/rise in the feeder. 

To explore the potential better correlation of a combined metric the Initial Utilization Level and the 
Total Path impedance are multiplied. The correlation analysis for this combined metric is presented in 

Figure 80, Figure 81 and Figure 82 for the PV, EHP and EV case, respectively. From these figures, it 
is possible to observe that this metric performs better than all the metrics implemented in the previous 
sections. Indeed, the new coefficients of determination are 0.80, 0.88 and 0.79 in comparison with the 

previous best metric (Total Path Impedance) of 0.78, 0.78 and 0.70 for the PV, EHP and EV, 
respectively. 

 

Figure 80: Initial Utilization Level and Total Path Impedance for the PV Case, R
2
:0.80 

 

Figure 81: Initial Utilization Level and Total Path Impedance for the EHP Case, R
2
:0.88 
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Figure 82: Initial Utilization Level and Total Path Impedance for the EV Case, R
2
:0.79 

To complement the analysis, the new combined metric is also implemented for the EV sensitivities. 
For the EV Fast Charging case the coefficient of determination is improved from 0.75 to 0.83. 

Similarly, for the EV Shifted case this figure increases from 0.75 to 0.84. 

 

 

Figure 83: Initial Utilization Level and Total Path Impedance for the EV Fast Charging Case, 
R

2
:0.83 (left) and EV Shifted Case (right), R

2
:0.84 

5.2.3.4 Alternative Combined Metric 

In the previous section, the advantage of the implementation of one metric mixing the initial utilization 
level and the total path impedance was demonstrated. Unfortunately, the two underlying metrics used 

are not easy to get for the DNO in each of its thousands of feeders. In fact, for the calculation of the 
initial utilization level, the current in each of the phases at the head of the feeder is needed and 
therefore a monitoring scheme in each MV/LV substation should be in place. For the total path 

impedance, the complete topological information (connectivity and impedance) of every feeder is 
required plus the ability to calculate the path between the transformer and each load. Having this in 
mind, it is important to get a metric easier to implement by the DNO, even though the quality of the 

results can be decreased.  

Figure 84 indicates the coefficient of determination for all the metrics presented in Section 5.2.1 with 
the exception of the customer/km (this was excluded due to its bad performance) for all the 

technologies analysed. This figure shows that some indexes behave similar although the coeffic ients 
of determination are different. Thus, the idea is to identify the index that behaves more similar to the 
initial utilization level and to the total path impedance, to do that the correlation between the initial 
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utilization level and the rest of the metrics is calculated (the same process is made for the total path 
impedance). As a result, the metric that correlates better with the initial utilization level is the customer 
number (ρ=0.91) and in the case of the total path impedance is the feeder length (ρ=0.97).  

 

 

Figure 84: Coefficient of determination per metric and technology 

In this way, an alternative combined metric is proposed that corresponds to the multiplication between 
the customer number and the feeder length. The coefficients of determination for this new metric are 
0.63, 0.70, 0.59, 0.63 and 0.66 for the PV, EHP, EV, EV fast charging and EV peak shifted, 

respectively. These values are better than the ones obtained by the implementation of the customer 
number or the feeder length independently, but they are worse than the coefficients of determinations 
calculated after the application of the initial utilization level and the total path impedance together. 

The results for the alternative combine metric (customer number multiplied by feeder length) are 
presented from Figure 85 to Figure 88. 

 

 

Figure 85: Customer Number and Feeder Length for the PV Case, R
2
:0.63 
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Figure 86: Customer Number and Feeder Length for the EHP Case, R
2
:0.70 

 

Figure 87: Customer Number and Feeder Length for the EV Case, R
2
:0.59 

 

Figure 88: Customer Number and Feeder Length for the EV fast charging (left) and peak shifted 
(right), R

2
:0.63 and R

2
:0.66, respectively. 
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6 Conclusions  
Many Governments around the globe want to increase the penetration of Low Carbon Technologies, 
particularly in Low Voltage Distributions Networks. The effects of these technologies remain unclear 
for Distribution Network Operators and Energy Authorities, mostly with regard to technical impacts 

(e.g., voltage regulation, rating capacity, etc.) of large penetration levels. This report clarifies these 
uncertainties by analysing the capabilities of hundreds of LV feeders to host new low carbon 
technologies, studying the penetration levels that trigger power quality problems for each technology.  

This work combines real low voltage distribution feeders, time series analysis, Monte Carlo approach 
for loads and behaviour, location and size of low carbon technologies, and unbalance power flow as 
the tool presented in this report. 

This report developed an Impact Assessment Methodology able to analyse in a probabilistic approach 
the expected impacts of low carbon technologies in LV networks. By using this tool was possible to get 
several lessons in different aspect related to the operation of future LV networks:  

 The utilization of small resolution data (e.g., 15 min, 30min and 60 min) for loads and 
generation profiles underestimates the impacts of low carbon technologies in LV networks.  

 The utilization of single-phase equivalent representation (balanced case) for networks and 

loads underestimates the impacts of low carbon technologies in LV networks.  

 The utilization of ELEXON profiles to assess LV feeders underestimates the technical 
problems due to its small resolution (30 minutes) and diversified nature (peak demand of 0.8 
kW in each node). 

 Feeders with less than 25 customers (among the 128 feeders studied) do not present any 
technical problem for any of the technologies under analysis  (even with 100% penetration). 

 The percentage of feeders with the occurrence of voltage problems is higher in the PV case 

(about 64% of the feeders) and the percentage of feeders with thermal problems is higher in 
the EHP case (around 57% of the feeders). 

 The percentage of feeders with problems (either voltage or thermal issues) for the EV case is 
around 25%. However, this proportion increases to 35% for the EV Shifted case and almost to 

42% for the EV Fast Charging case. 

 The technology with lower proportion of feeders with problems is the µCHP. In fact only four 
feeders experienced voltage problems. 

 In the PV case, the first occurrence of problems is driven by voltage issues in all the feeders 
examined. For the EHP and EV case, the first occurrence of problems is driven by voltage and 
also by thermal issues. Indeed, 45% and 35% of the feeders have the first problem due to 

thermal issues in the EHP and EV case, respectively.  

 The technology that produces the highest thermal impacts at the transformer level is the EHP. 
In fact, 68% of the transformers examined are overload for at least one penetration level.  

 The uCHP technology does not produce any thermal problem at the transformer level for the 

networks studied. 

 The best individual metrics for the LCT analysed that explain the occurrence of problems in LV 
feeders are the Initial Utilization Level and the Total Path Impedance. In general terms, the 

former gives an idea of the current rating status and therefore can anticipate the occurrence of 
thermal problems. The latter gives an idea about the overall impedance of the feeders, and 
therefore is a good estimator of the possible voltage drop/rise in the feeder. 

 The coefficients of determination (i.e., correlations) for the Initial utilization Level for the PV, 
EHP and EV cases are 0.65, 0.70 and 0.53, respectively. 

 The coefficients of determination for the Total Path Impedance for the PV, EHP and EV cases 
are 0.78, 0.78 and 0.70, respectively. 
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 The combination of the Initial Utilization Level and the Total Path Impedance increases the 
coefficient of determination for all the technologies. In fact, the multiplication of these two 
metrics produces coefficients of determination equal to 0.80, 0.88 and 0.79 for the PV, EHP 

and EV cases, respectively. 

 Due to it is highly likely that the DNOs cannot introduce in the short term the combine metric 
proposed, an alternative metric was developed as a proxy. This metric is the multiplication 

between the number of customers and the feeder length.  

Finally, it is important to remark that with the methodology implemented, the DNO can analyse the 
potential risk (in terms of probabilities) of having certain low carbon technology penetration in their 

networks. 

It is important to highlight that this document (version 14, September 2014) corresponds to an updated 
version of the Deliverable 3.6 “What-if Scenario Impact Studies based on real LV networks” produced 

in May 2014 which was used for the project’s Close Down report. This updated version considers 
summer load profiles for the PV cases. The corresponding updated analysis did not result in any 
significant difference in the conclusions presented in this report or the Close Down report. 
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