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Abstract — With the development of technologies and the de-

crease in prices, the number of end-users that decide to invest in 

low-carbon (LC) technologies continuously grows. End-users are 

encouraged through incentives and other financial benefits to in-

stall photovoltaics (PVs), battery storages, or to drive electric ve-

hicles (EVs). Since the goal of the European Union (EU) and other 

governments is to decrease greenhouse gas emissions in the fol-

lowing years, the role of end-users in the energy transition is be-

coming more important. Besides financial and environmental as-

pects it is important to observe technical aspects in power systems 

with a high share of LC technologies. High penetration of LC 

technologies can cause different problems related to power qual-

ity (PQ). Therefore, it is important to analyze the impact of LC 

technologies on the PQ parameters, determine in which cases the 

limitations are violated, and propose methods that will enable dis-

tribution system operators easier planning and operation of the 

distribution network with a high share of LC technologies. This 

paper presents a review of such methods, but also gives a brief 

introduction into the development of the planning and the opera-

tion of distribution systems, with a focus on the importance of the 

modeling and analyses in the low-voltage (LV) distribution net-

work. Since the end-users are becoming more important partici-

pants in the energy transition, their impact on the network is pre-

sented in the paper. 

Index Terms — low-carbon technologies; geographical infor-

mation systems; distribution networks; power quality; flexibility; 

local energy markets; 

I. INTRODUCTION 

In the past years, a number of governments have become 

aware of the power system’s impact on the environment. As 

part of the 2030 Climate Target Plan [1], the European Union 

(EU) proposed in September 2020 to raise the 2030 greenhouse 

gas emission reduction target to no less than 55% compared to 

1999. The 2030 Climate and Energy Framework [2] has set key 

targets for 2030, that include at least 40% cuts in greenhouse 

emissions, 32% share for renewable energy and, 32.5% im-

provement in energy efficiency. According to the goals of 

2050 long-term strategy [3], the aim of the EU is to have an 

economy with net-zero greenhouse gas emissions, i.e., to be 

climate-neutral by 2050. In order to accomplish that goal, 

governments are creating different instruments to stimulate 

end-users to invest in low carbon (LC) technologies and in that 

way, to contribute to accomplishing set goals. 

Prices of LC technologies have been decreasing over the 

years. Photovoltaics (PVs) have become one of the most im-

portant technologies for realizing a decarbonized power sector 

and sustainable energy supply. Over the last four decades, solar 

module prices have significantly fallen. The European Union’s 

PV Report [4] states that the average selling price of solar mod-

ules fell by 20% for each doubling of a production volume. 

From the end of 2009, the benchmark Levelized Cost of Elec-

tricity from PV system fell by more than 80%. The solar mod-

ules’ price reduction was driven not only by technological de-

velopment but also by market conditions and increasing elec-

tricity prices. The share of battery storage systems follows the 

growth of the share of renewables. According to [5], it appears 

that the capacity of battery storage systems will triple by 2030 

if the share of renewables doubles. Similar to the solar modules 

price, the price of residential battery storage has decreased 

through the years and it is expected to continue decreasing in 

the coming years. The total installed cost of a lithium-ion bat-

tery could fall by an additional 54–61% by 2030. Since batter-

ies are the part of an EV that is the most influential on the price, 

the decreasing price of batteries should result in lower prices 

of EVs through the years. With the decrease of prices and fi-

nancial relief from governments, more end-users are able to 

invest in LC technologies. In that way, end-users can reduce 

their electricity bill and help in accomplishing goals set by the 

EU and other governments. 

The rest of the paper is organized as follows: Section II 

briefly introduces the modeling and calculation methods in the 

LV network and the importance of end-users’ flexibility. Sec-

tion III gives a detailed description of LC technologies’ impact 

on the LV network and presents the results of LC technologies‘ 

impact on the voltage unbalance in real-world Croatian LV 

network. Finally, Section IV highlights the conclusions and fu-

ture work. 
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II. PLANNING AND OPERATION OF DISTRIBUTION 

NETWORKS 

With the development of technology, the traditional struc-

ture of power systems is being abandoned and MV and LV 

networks are becoming more important, not only in terms of 

distribution and consumption but also in terms of the produc-

tion of energy. The high penetration of RESs shifts the produc-

tion from the transmission to the distribution network. Even 

though some of the RESs, e.g., wind powerplants are con-

nected to the transmission network, a large number of the RESs 

are connected to the distribution network, both MV and LV 

network. 

Methods developed and analyses made in the high voltage 

(HV) network cannot be adopted in the MV and especially in 

the LV network. A radial configuration, a higher R/X ratio, a 

high number of RESs, a three-phase configuration, intermittent 

production, etc. are the reasons for the necessity of new tech-

niques and methods that will be used for analyses in the distri-

bution network. 

A. GIS Tools in Power System Analyses 

Geographical Information System (GIS) has an important 

role in the development of new methods and tools that are used 

both in the MV and LV network. GIS data are becoming more 

important and are often used in distribution network modeling 

[6] and distribution network analyses, e.g., distribution net-

works with a high penetration of PVs [7] and future distribu-

tion networks [8]. The Croatian Distribution System Opera-

tor’s (DSO’s) GIS tool is used for the distribution network 

planning with the help of heuristic and genetic algorithms [9] 

and the open-source Open Street Map GIS tool is used for the 

distribution network planning in [10]. Authors in [11] analyze 

the voltage conditions, the network losses, and the difference 

between a radial and meshed MV network. All the analyses are 

made in the synthetic distribution network with high renewa-

bles penetration, which is created with the help of GIS tools. 

Authors in [12] propose a GIS integrated automation of a near 

real-time power flow (PF) service for networks with the high 

share of a local generation and new options of retail and whole-

sale of electricity. GIS integrated automation has given rise to 

the opportunity for new PF management mechanisms for 

prosumers.  

B. New Method for Planning of Distribution Networks 

Since the rapid growth of the share of LC technologies, there 

is a necessity for a number of algorithms that will enable the 

planning and operation of smart distribution networks, espe-

cially LV networks. Authors in [13] propose a practical and 

scalable, stochastic, progressive multi-year planning method-

ology that considers technical, customer economic, and envi-

ronmental aspects to make holistic planning decisions for ex-

isting LV networks to accommodate EVs in coming years. The 

approach is implementable by DSOs as it builds on existing 

power flow analysis tools, which are not affected by network 

size.  

The aim of the planning approach proposed in [14] is to in-

crease the decentralized installed PV power as well as the de-

centralized produced energy while accepting small active 

power curtailments. This goal is only achievable if the DSO 

can curtail active power in a feeder or switch off PV installa-

tions for seldom periods when the voltage upper limit is 

reached. [15] presents a planning method of PV-ESS system in 

distribution networks. To improve the rationality of traditional 

configuration schemes, the proposed model considers PV pen-

etration. Consequently, an actual distribution network is stud-

ied to verify the effectiveness of the planning method. In order 

to address the positive ecological effects of sustainable energy, 

a PV penetration term reflecting the cushioning role of distrib-

uted PV in lessening pollution is added to the objective func-

tion. Numerical calculation results guarantee the effectiveness 

and rationality of the proposed configuration strategy. Due to 

the consideration of PV penetration, the planning scheme is 

more appropriate in current energy development trends, which 

encourage the large-scale application of distributed sustainable 

energy. 

 Given the limitations of traditional load forecasting in ac-

tive distribution network planning (ADN), [16] establishes a 

trusted output model of intermittent DG such as WG and PV, 

which makes the load forecasting result more scientific and 

reasonable. Based on load forecasting, a bi-level optimization 

model of ADN planning is constructed to achieve the grid plan-

ning and energy storage system location and capacity. Finally, 

an economic park is taken as an example to verify the load 

forecasting and bi-level optimization methods. The calculation 

results show that the proposed method has a certain practical 

application value.  

C. Power Flow Methods for Unbalanced Distribution 

Networks 

Since the configuration of the LV network is different com-

pared to the MV and HV network, the traditional operation 

methods cannot be adopted. PF methods such as Gauss-Seidel 

or Newton-Raphson must be improved or replaced with newly 

developed methods to analyze LV networks. Newton PF 

method described in [17] extends the Newton PF method for 

single-phase problems to three-phase PF problems. The math-

ematical model of the load, three-phase load connection, and 

three-phase transformer connection are studied and applied in 

the numerical experiments. The authors introduced six possi-

ble versions of the Newton PF method for three-phase power 

systems, and the extended polar current mismatch (NR-c-pol) 

and the Cartesian current mismatch (NR-c-car) versions are 

explained in detail.  

A study [18] presents the modeling of distribution network 

elements and their implementation in the backward/forward 

sweep (BFS) PF method. An already existing BFS method is 

improved by using the breadth-first search method for network 

renumbering and the creation of a modified incidence matrix. 

The proposed method is used for the calculation of power 

losses in the unbalanced and symmetrical networks which are 

compared. The results show that although the three-phase cal-

culation model is more complex than the symmetrical model, 

and thus it lasts longer, an improvement presented by the au-

thors makes the proposed method suitable for application in 

real-time analyses. Since the BFS method is the most com-

monly used PF method in the LV distribution network, authors 



in [19] also analyze the LV network using the BFS method. 

Authors modify the already developed method without ignor-

ing the effect of the neutral conductor through Kron’s reduc-

tion method. The majority of loads in LV distribution networks 

are single-phase connected and are supplied through a phase 

conductor and the neutral. Results of the paper show that the 

proposed method achieves significantly more accurate results 

than relevant existing methods with a slight increase in the re-

quired iterations due to the increased complexity.  

In practice, the LV side of the distribution transformer is of-

ten asymmetric. Due to the lack of information, the existing PF 

methods in LV distribution networks assume that the voltage 

phase angle of the slack bus is symmetric. Based on the actual 

smart meter measurements, taking phase A of the slack bus as 

a zero-phase reference point, the PV and PQ model of phase 

B, and phase C for the slack bus are constructed. Considering 

the actual access mode and control mode of the photovoltaic 

inverter power in the LV distribution network, a more realistic 

power and voltage-independent control model of the three-

phase relative to the neutral point is established. Based on the 

above two constructed models, authors in [20] propose a three-

phase power flow model of a low-voltage distribution network 

considering phase asymmetry and photovoltaic access. Results 

of the simulation show that the constructed model can effec-

tively and accurately calculate the three-phase PF in the LV 

distribution network with the phase asymmetry and PV access. 

With the high penetration of the LC technologies with the 

unpredictable and intermittent production and consumptions, 

especially PVs, in the LV network, there is a necessity for the 

development of tools that are able to calculate voltages and 

currents in power systems with the production’s and consump-

tion’s uncertainty. Authors in [21] present a review of proba-

bilistic load flow approaches for power distribution systems 

with PV generation and EV charging. Authors present model-

ing the uncertainty of PVs, EVs, and the correlation between 

them. Also, the authors present the probabilistic PF method 

and emphasize the potential for improvement and for playing 

a vital role in future distribution systems. 

After the development of PF methods and with the distribu-

tion network transition from passive to active, a number of op-

timal power flow methods (OPF) was introduced. [22] presents 

a three-phase AC OPF scheme that helps the system operator 

in PV-rich distribution networks. Authors in [23] propose a 

novel non-linear programming (NLP) approximation for OPF 

problems that include shiftable loads and complements it with 

a multi-version heuristic technique to efficiently handle large-

scale mixed-integer NLP OPF problems with the high presence 

of shiftable loads. Alternative approaches proposed in the pa-

per are shown to be scalable, providing fast and accurate solu-

tions in the high number of examined cases. Even though the 

proposed ranking scheme is simple, it presents consistent re-

sults regarding the performance of each approach for different 

problem sizes. [24] presents a novel, generic, and versatile 

OPF framework including various residential flexibility re-

sources. Since the attention has been paid to the modeling as-

pects, authors proposed a cost-modeling based on customer-

driven flexibility, customer-driven modeling, such as PVs, 

shiftable loads, flexible loads, EVs, energy storages, etc. The 

developed model aims at achieving cost-optimal operation by 

considering practical issues such as limited flexibility re-

sources controllability or minimizing ‘disruptions’ of the cus-

tomer-desired operation of each device. A model developed in 

[25] presents an extensive multi-period OPF framework for 

smart LV distribution systems that rely on residential flexibil-

ity for combating operational issues. The proposed unbalanced 

OPF serves two key functions: it proposes and compares the 

performance of state-of-the-art device models for unlocking 

the flexibility potential of smart distribution networks and it 

provides up-to-date guidelines concerning how each of the 

most commonly employed (or ignored) modeling choices af-

fect the quality and the reliability of the solution. 

D. Unbalanced Network Modelling 

In practice, most distribution systems are operated in unbal-

anced conditions. In order to use a three-phase PF, network el-

ements must be modeled in a way that enables using the devel-

oped algorithms. Most of the algorithms reduce the three-phase 

four-wire LV distribution network to a three-wire model [26]–

[29]. The network is reduced by using Kron’s reduction. Since 

the assumptions in Kron’s reduction is that the neutral wire is 

multi-grounded and that the neutral voltage at every grounded 

point. This assumption is acceptable in systems with the 

grounded neutral, including the Croatian distribution system. 

Authors in [30] describe the conventional impedance mod-

eling and the impedance modeling that include impact of neu-

tral voltage. Fig. 1 presents a grounded model of the distribu-

tion network which is used in Kron’s reduction method. 

 
Fig. 1 Grounded neutral model of distribution network 

Self-impedance (1) and mutual impedance (2) of each con-

ductor are defined in  [31], [32]. Since the practice in Croatian 

distribution networks is to define impedance in Ω/𝑘𝑚, (3) and 

(4) present self-impedance and mutual impedance of each con-

ductor which are calculated according to [18]. 

 

 𝑧𝑖𝑖 = 𝑅𝑖 + 0.0953 + 𝑗0.012134

∙ [𝑙𝑛 (
1

𝐺𝑀𝑅𝑖

) + 7.934]  Ω/𝑚𝑖 
(1) 

 𝑧𝑖𝑗 = 0.0953 + 𝑗0.012134

∙ [𝑙𝑛 (
1

𝐷𝑖𝑗

) + 7.934]  Ω/𝑚𝑖 
(2) 

 
𝑧𝑖𝑖 = 𝑅𝑖 + 0.05 + 𝑗0.0628 ∙ 𝑙𝑛 (

93√𝜌

𝐺𝑀𝑅𝑖

)  Ω/𝑘𝑚 (3) 



 
𝑧𝑖𝑖 = 0.05 + 𝑗0.0628 ∙ 𝑙𝑛 (

93√𝜌

𝐺𝑀𝑅𝑖

)  Ω/𝑘𝑚 (4) 

 

Equations (1) and (2) or (3) and (4) are used to calculate the 

primitive impedance matrix of a node 𝑍𝑝𝑟𝑖𝑚 (5). 

 

 

[𝑍𝑝𝑟𝑖𝑚] = [

𝑧𝑎𝑎′ 𝑧𝑎𝑏 𝑧𝑎𝑐 𝑧𝑎𝑛

𝑧𝑏𝑎 𝑧𝑏𝑏′ 𝑧𝑏𝑐 𝑧𝑏𝑛

𝑧𝑐𝑎 𝑧𝑐𝑏 𝑧𝑐𝑐′ 𝑧𝑐𝑛

𝑧𝑛𝑎 𝑧𝑛𝑏 𝑧𝑛𝑐 𝑧𝑛𝑛′

] (5) 

 

After the 𝑍𝑝𝑟𝑖𝑚 matrix is reduced by Kron’s equation as-

suming that the line has a multiple grounded neutral, the re-

duced form of the phase impedance matrix is represented (6). 

 

 
[𝑍𝑎𝑏𝑐] = [

𝑍𝑎𝑎′ 𝑍𝑎𝑏 𝑍𝑎𝑐

𝑍𝑏𝑎 𝑍𝑏𝑏′ 𝑍𝑏𝑐

𝑍𝑐𝑎 𝑍𝑐𝑏 𝑍𝑐𝑐′

] (6) 

 

Most of the literature in the distribution system modeling in 

Europe is based on the sequence impedance of the line seg-

ments. The sequence impedance in a European LV feeder is 

represented by the zero (𝑍0) and positive (𝑍1) sequence im-

pedances. The diagonal terms of the sequence impedance ma-

trix are zero (𝑍0), positive (𝑍1) and negative (𝑍2) sequence 

impedance. 𝑍1 and 𝑍2 are assumed to be equal for regular net-

works. Also, the following assumptions are made in order to 

model the system in the base of the sequence impedance: 

• All self-impedances of the line should be equal, 

𝑍𝑎𝑎′ = 𝑍𝑏𝑏′ = 𝑍𝑐𝑐′ = 𝑍𝑠 

• All phase-to-phase mutual impedances should be 

equal, 𝑍𝑎𝑏 = 𝑍𝑏𝑎 = 𝑍𝑎𝑐 = 𝑍𝑐𝑎 = 𝑍𝑏𝑐 = 𝑍𝑐𝑏 = 

𝑍𝑚 

• All phase-to-neutral mutual impedances should be 

equal, 𝑍𝑎𝑛 = 𝑍𝑏𝑛 = 𝑍𝑐𝑛. 

After the assumptions are adopted, the matrix 𝑍𝑎𝑏𝑐 can 

be written as (7): 

 

 
[𝑍𝑎𝑏𝑐] = [

𝑍𝑠 𝑍𝑚 𝑍𝑚

𝑍𝑚 𝑍𝑠 𝑍𝑚

𝑍𝑚 𝑍𝑚 𝑍𝑠

] (7) 

 

The sequence impedance matrix can be created from equa-

tions (8) and (9): 

 

 [𝑍012] = [𝐴]−1 ∙ [𝑍𝑎𝑏𝑐] ∙ [𝐴] (8) 

 
[𝐴] = [

1 1 1
1 𝑎2 𝑎
1 𝑎 𝑎2

] , 𝑎 = 1∠120°  (9) 

 
[𝑍012] = [

𝑍𝑠 + 2 ∙ 𝑍𝑚 0 0
0 𝑍𝑠 − 𝑍𝑚 0
0 0 𝑍𝑠 − 𝑍𝑚

] (10) 

 

Since diagonal elements of the sequence matrix (10) are 𝑍0, 

𝑍1 and 𝑍2, they can be calculated from equations (11) and (12): 

 

 𝑍0 = 𝑍𝑠 + 2 ∙ 𝑍𝑚 (11) 

 𝑍1 = 𝑍2 = 𝑍𝑠 − 𝑍𝑚 (12) 

 

As mentioned before, equations (5)-(12) describe the situa-

tion in distribution systems with the practice of earthing the 

neutral. Since not all distribution systems have the same prac-

tice, the effect of neutral cannot be neglected. Therefore, the 

authors in [30] proposed an impedance modeling that includes 

the impact of the neutral voltage. Equation (13) presents the 

proposed reduced matrix. Using the conversion formula (8) 

and assuming that all phase self-impedances are equal (𝑧𝑎𝑎′ =
𝑧𝑏𝑏′ = 𝑧𝑐𝑐′ = 𝑍) and 𝑧𝑛𝑛′ = 𝑍𝑛, the new sequence impedance 

matrix (14) can be calculated. 

 

 
[𝑍𝑎𝑏𝑐

′ ] = [

𝑧𝑎𝑎′ + 𝑧𝑛𝑛′ 𝑧𝑛𝑛′ 𝑧𝑛𝑛′

𝑧𝑛𝑛′ 𝑧𝑏𝑏′ + 𝑧𝑛𝑛′ 𝑧𝑛𝑛′

𝑧𝑛𝑛′ 𝑧𝑛𝑛′ 𝑧𝑐𝑐′ + 𝑧𝑛𝑛′

] (13) 

 
[𝑍012

′  ] = [
𝑍 + 3 ∙ 𝑍𝑛 0 0

0 𝑍 0
0 0 𝑍

] (14) 

 

E. End-user’s Flexibility 

As previously mentioned, end-users are becoming more 

important in energy transition because of the increase of LC 

technologies’ share. DSOs must be able to adopt LC technolo-

gies on all voltage levels. Simultaneously they do not want to 

increase spending and invest in new overhead lines, cables, 

protective equipment, transformers, etc. Flexible end-users and 

end-users with shiftable loads can help the system operator 

avoid the investment into new equipment. 

Authors in [33] propose a novel OPF method that solves 

the voltage issues with the help of battery storage and residen-

tial flexibility resources. [34] emphasizes the importance of the 

DER’s aggregation in order to provide flexibility to power sys-

tems, while simultaneously flexibility providers can benefit 

from providing the service. A case study made in [35] shows 

that the investment in battery storage can become profitable by 

sharing and renting battery capacities with a DSO. A profit is 

achieved through incentives which are manifested through 

payments for providing ancillary services to the grid. In order 

to increase end-users’ flexibility, [36] proposes dynamic prices 

for end-users, instead of the traditional pricing. The author in 

[37] considers electricity storage technologies and renewable 

generation curtailment as sources of flexibility in the power 

systems.  Cost-effective renewable power curtailment takes 

place when, in correspondence with the excess generation, 

costs of shutting down and starting up conventional power 

plants are higher than the costs associated with renewable gen-

eration curtailment. Even though the marginal generation cost 

of RESs is zero, the curtailment of production power presents 

a financial loss for end-users if they are not encouraged 

through incentives. Research in [38] presents the benefits of 

providing flexibility inside an energy community. A coordina-

tor agent provides community resources or power purchased 

from the grid if necessary. Providing flexibility in the energy 

community helps in minimizing the energy imported from the 

external grid and also enables profit in certain periods. Shifting 

the time of charge or bi-directional (V2G) charging of EVs can 



provide balancing services. Authors in [39] show that savings 

are between 7% and 113% when EVs provide balancing ser-

vices. The role of battery storage and demand response in 

providing flexibility is discussed in [40]. Authors showed that 

coordination of real storage of battery and virtual storage of 

building loads could produce substantial revenue and cost sav-

ings. A two-stage voltage regulation technique by utilizing the 

flexibility resources (FRs) is proposed in [41]. The first stage 

is the day-ahead scheduling, which optimally schedules the 

start time of FRs to minimize the electricity cost of customers 

and network voltage violation times. The second stage is the 

real-time operation, where the shifting method of FRs is pro-

posed to ensure the voltage within the permissible range. The 

results show that the use of end-users’ flexibility significantly 

reduces the use of OLTC transformers and that the voltage con-

ditions are still ensured. Decentralized local energy trading in 

microgrids created in [42] shows that the proposed approach 

through the communication among the agents establishes the 

supply-demand balance in the microgrid and decides the en-

ergy trading prices, while simultaneously maintain all the node 

voltages within the safe operating limits. 

Since the number of end-users providing flexibility is in-

creasing, several local energy markets and trading mechanisms 

have been proposed and developed. Authors in [43] discussed 

the application of baselines and capacity limitations in the con-

text of local flexibility markets in Europe. The research shows 

that baseline services do not meet the established requirements 

and that they are not compatible with the active participation 

of DERs in the power markets. The authors introduced capac-

ity limitation services, which bypass many of the fundamental 

problems of baselines, in terms of service definition, verifica-

tion, and the possibility of manipulation. The introduction The 

EcoGrid 2.0 project has designed and operated a fully func-

tional local flexibility market, under real conditions [44]. The 

designing process includes the information and communica-

tions technology infrastructure, flexibility control strategies, 

aggregator prices models, and a verification and settlement 

methodology. The benefits of the previously mentioned base-

line and capacity limitation services were assessed, to mitigate 

congestions in distribution networks. A case study made in the 

Norwegian network shows that the needed capacity problems 

caused by a rapid increase in the number of EVs could be 

solved with the local flexibility markets [45]. A framework for 

a decentralized local flexibility market at the distribution level, 

operating at the day-ahead (DA) and real-time (RT) was intro-

duced in [46]. The contribution of the proposed framework lies 

in considering the uncertainty of demand in the DA period, 

which can affect the probability of congestion occurrence in 

RT operation. The authors proposed a probabilistic forecasting 

assessment process that is carried out by the DSO before call-

ing for the flexibility market. 

Besides developed flexibility markets, the number of peer-

to-peer (P2P) trading mechanisms simultaneously develops. 

Authors in [47] compare community-based and decentralized 

P2P approaches of local energy markets in LV networks. The 

comparison presents different features and challenges for each 

approach. It is shown that both approaches can help with the 

integration of RESs in the LV network. The end-user benefits 

of electricity storage in the presence of P2P trade in local elec-

tricity markets with smart grid features are analyzed in [48]. 

The results of the two proposed market designs show that the 

different system configurations result in similar levels of sav-

ings for the electricity end-users.  

F. Test Distribution Networks 

In order to develop tools that will enable analyses and cal-

culations test distribution networks should be created and de-

veloped. There is a number of synthetic and non-synthetic net-

works described in the literature which help in bringing con-

clusions regarding the occasions in the distribution networks. 

Authors in [10] developed a model which creates both syn-

thetic MV and LV distribution network. The modeled network 

is placed in Varaždin, Croatia. The network was created by 

comparing the results of the model with the indicators of the 

real distribution network in Varaždin, Croatia. A number of 

IEEE test feeders were developed in order to enable researches 

and different analyses [49], [50]. Authors in [30] used IEEE 

LV Test Feeder to draw conclusions from developing the im-

pedance model which includes the impact of the neutral volt-

age. A set of 128 synthetic LV feeders based on real networks 

in the UK was developed by authors in [51]. Authors in [52], 

[53] present European reference network models in order to 

help regulators in the task of setting regulated revenues and 

performance incentives for distribution companies and to ena-

ble easier planning and analyses, e.g., PF calculations. An 

overview of the algorithms used to generate synthetic distribu-

tion systems using reference network models in the USA [54]. 

Heuristic methods are used to plan a large-scale distribution 

area, covering millions of consumers and hundreds of thou-

sands of distribution transformers. At the same time, the sys-

tems are described in detail, all of the equipment is modeled 

for HV, MV, and LV levels. The system components that are 

included in the models are power lines, substations, distribu-

tion transformers, voltage regulators, capacitors, and switching 

devices. 

 Authors in [55] present a non-synthetic European low volt-

age test system. The paper presents all the required data for 

simulating a large European style LV with four-wire lines and 

a TT grounding system. The authors presented the raw data 

extracted from the areal GIS system of an electrical company 

and provide all the tools for analyzing the raw data and trans-

forming them into a suitable OpenDSS model. 

III. IMPACT OF LC TECHNOLOGIES ON THE LV NETWORK 

The integration of LC technologies potentially presents 

challenges for a distribution network. LC technologies are con-

nected close to end-users and more end-users decide to invest 

in LC technologies and install them behind-the-meter. Behind-

the-meter LC technologies have impact on different PQ as-

pects that need to be analyzed and the violation of PQ param-

eters must be minimized. 

A. Voltage Conditions 

A high share of PVs in the MV or LV network can cause 

voltages with a magnitude that is higher than boundaries set by 

the grid code or the standards. [22] presents the optimal power 

flow (OPF)-based conservation voltage reduction (CVR) 



operation in distribution networks with a high share of PVs. 

The proposed CVR scheme takes the advantage of advanced 

metering and communication infrastructures expected to be 

available to most DSOs in the near future. The optimization 

algorithm maximizes the customer’s benefit and the network 

efficiency, while at the same time it minimizes the overall im-

ported active power considering network constraints. Authors 

in [56] propose different techniques for overvoltage prevention 

in LV networks: grid reinforcement, the application of active 

transformers, active power curtailment, reactive power man-

agement by PV inverters, demand response, and application of 

electrical energy storage systems (EESSs). The paper takes 

into consideration the impact of a PV battery storage system, 

which is one of the ways to mitigate the overvoltage. Results 

in [57] show that it is possible to mitigate the overvoltage due 

to PVs and to increase the maximum allowable penetration 

level in New Zealand’s LV distribution network are. Proposed 

methods are reactive power control with an appropriate voltage 

trigger level, with a power factor extended to 0.80, changing 

transformer tap-position to reduce the secondary voltage and 

increasing the voltage magnitude limit in New Zealand’s LV 

network from 1.06 p.u. to 1.10 p.u., which is the limit in many 

countries, including Croatia. Since the share of PV systems and 

EVs can cause voltage problems, it is important to find meth-

ods to avoid potential problems in the LV distribution network. 

Authors in [58] demonstrate that the overvoltages caused by 

PVs are slightly reduced by EVs and more importantly authors 

propose an on-load tap-changing (OLTC) control method that 

is effective in managing voltage issues caused by a PV gener-

ation and an EV demand in LV networks. A novel method of 

battery energy storage system (BESS) power flow control to 

mitigate large voltage fluctuations resulting from the stochas-

tic nature of PV power and improve PQ in regional distribution 

networks is presented in [59]. The authors also made analyses 

of the impact of other DGs, such as wind generators and the 

high penetration of EVs. They propose a fast real-time PF 

method that helps to analyze voltage conditions in networks 

with a high share of LC technologies. The study [60] investi-

gates the smart PV inverter Volt/Var control in mitigating volt-

age violations due to high integration of PVs and increasing 

the PV hosting capacity of LV distribution networks. The re-

sults showed that typical PV inverters of the same size as the 

PV panels are unable to provide an adequate voltage regulation 

using Volt/Var control due to the priority given to real power 

generation and limited reactive power capability during peak 

irradiance. This problem was found to be alleviated using an 

oversized PV inverter as it effectively controls the voltage by 

enhancing its reactive power capability while delivering the 

peak power generation. In order to avoid voltage fluctuations 

in the LV distribution network caused by PVs, [61] proposes 

an advanced predictive voltage control for the tap operation of 

the voltage regulator. The proposed scheme is based on the es-

timation of short-time-ahead voltage values obtained with sen-

sor measurement units. The scheme is an autonomous control 

scheme and does not require voltage values measured in RT, 

as in the centralized voltage control scheme.  The proposed 

scheme can sufficiently prevent voltage violations without 

increasing the number of tap operations significantly to impact 

the operational lifetime of the voltage regulator. 

B. Network Congestion 

Another potential problem that can occur with a growing 

share of LC technologies in the distribution network is the 

overhead lines and cable congestion. The focus of [62] has 

been identifying the potential of smart active power curtail-

ment mechanisms to extend the market-based approaches to 

avoid network congestions. As a result of simulations, a 

mixed-integer programming (MIP)-based curtailment algo-

rithm is proposed to select buses for the curtailment in a radial 

LV network. Studies in [63] investigated the EVs hosting ca-

pacity of different LV distribution networks in the UK. Anal-

yses have shown that for some of the tested networks problems 

start at 40% penetration and it is mainly because of the trans-

former located at the substation, followed by thermal problems 

at the LV feeders. [64] presents a congestion forecast frame-

work for visualization of the probability for the network con-

gestion and the voltage deviation in a distribution network with 

a large number of both PVs and EVs. Uncertainties associated 

with the PV production, the load demand, and the charging of 

EVs are taken into the consideration in case studies made in 

the paper. Results, based on the Australian case study, indicate 

that the off-the-shelf (OTS) control of residential storage sys-

tems, meant to charge from PV surpluses, on average, reduces 

problems such as thermal utilization both in LV and HV net-

works [65]. The OTS control faces challenges during problem-

atic days (high PV production, low demand when network 

problems cannot be mitigated. Authors in [66] propose the 

adaptive decentralized (AD) control strategy for residential 

battery storages to reduce both voltage and thermal issues 

whilst benefiting customers. The performance of AD control is 

compared to OTS control. Results show that AD control over-

comes the limitations of OTS control and allows mitigating all 

voltage and thermal issues. The work in [67] proposes an adap-

tive centralized asset congestion management (ACACM) in 

PV-rich LV networks. ACACM uses available data, limited 

monitoring, and based on irradiance measurements, it esti-

mates total PV generation and demand to constantly calculate 

the maximum PV generation without causing the congestion 

of feeders and transformers. 

C. Voltage Unbalance 

One of the biggest challenges in LV networks, related to PQ, 

is the voltage unbalance. Since most of the households have 

single-phase loads, even the existing situation, without in-

stalled PVs, battery storages, and EV chargers, results in volt-

age unbalance that exceeds the standard limitations [68]. A 

high number of single-phase LC technologies can increase the 

voltage unbalance in each node and the entire LV network. The 

stochastic approach, in which the PVs penetration level and 

output power are considered as random input variables shows 

that the voltage unbalance factor (VUF) in certain time points 

of the day is higher than without installed PVs. In some ob-

served time-points, VUF exceeds the standard limits [69]. Ac-

cording to EN50160 [70] and IEC 61000-3-13 [71], the VUF 

may not exceed 2% (in some cases 3%) in 95% of 10 min 



interval values in one week. The PV system can also be con-

nected to the network as a balanced three-phase source. When 

the PV system is connected to the network as a balanced three-

phase source, the impact on the voltage unbalance cannot be 

neglected. It is shown that the three-phase connection of the 

PV system helps reducing voltage unbalance. Simulations in 

[72] observed the installment of the PV system in only one 

node. It is shown that no matter how far the installed PV sys-

tem is from the node in which VUF is calculated is, the VUF 

reduces. The impact of PVs on the VUF in the LV urban dis-

tribution reference network does not present the problem, since 

the VUF does not exceed the 2–3% boundaries [73]. Both in 

[72], [73] authors observe the impact of only the PV system on 

the VUF, and the analyses are made for reference networks. 

However, the situation in the non-synthetic LV network could 

be different and there is a need to analyze the impact of more 

LC technologies than only PV systems in cases that could po-

tentially appear. Authors in this paper observe the impact of 

PVs, battery storages, and EVs on the VUF in non-synthetic 

distribution networks. 

Voltage unbalance can cause a negative impact on equip-

ment in the distribution network. Voltage unbalance can dete-

riorate the performance and reduce the life expectancy of in-

duction machines because of the temperature rise, losses, and 

the decreased efficiency, it can negatively affect the AC ad-

justable speed drive system that is used to improve the motor 

operational efficiency. The negative sequence component volt-

age causes the negative sequence current occurrence which 

does not convey the energy, but it contributes to energy loss 

and reduces the capacity of distribution lines [74]. Because of 

the mentioned, and the influence of voltage and the current un-

balance on other equipment in the power system, it is important 

to mitigate and reduce the voltage unbalance whenever possi-

ble. Some papers propose mitigation techniques in order to 

avoid the harmful effects of the unbalance on the power sys-

tem. When the phase of the connection is adequately selected, 

the hybrid system of PVs and ESS could possibly help the re-

duction of the VUF and the avoidance of the voltage unbalance 

[75]. A case study made in Brazil shows that it is imperative 

for PV integration studies to adequately model a single-phase 

PV system and to design suitable voltage control approaches 

based on reactive power compensation in order to avoid the 

voltage unbalance [76]. When using the hybrid system of a PV 

and battery storage, it is possible to perform balancing via the 

same bus, which is the first choice and more efficient than bal-

ancing via the same phase but draws high ancillary batteries’ 

current. When the capacity of the batteries is unavailable, bal-

ancing via the same phase and via the whole feeder compen-

sates the deficiency [77]. Authors in [78] propose a voltage un-

balance mitigation strategy to ensure the same stress among 

the resultant batteries’ stress currents in all buses, along the 

whole feeder. Also, the authors design a central controller con-

sisting of two PI-controllers for determining the required ratio 

of batteries’ compensating currents in all nodes and with the 

control algorithm, the compensating currents among batteries 

in each phase on the same bus are redistributed in case of una-

vailable capacities/non-connected batteries on the same bus for 

ensuring the same stress. Authors emphasize the importance of 

the investigation of the influence of redistributing the compen-

sating batteries’ stress currents of the whole feeder.  Managing 

battery storages in a way to decrease the voltage unbalance 

does not present the economic value and the profit for end-us-

ers. Providing such services causes a potential loss of profit for 

the end-user. Authors in [79] propose the intelligent and com-

munication-based voltage profile regulating technique which 

is capable of simultaneously performing three steps: adjusting 

the voltage level by OLTC transformer, reducing the voltage 

unbalance by facilitating reactive power exchange, and active 

power curtailment by the PV inverters. Because of the limita-

tion of the PVs’ injection or generation, prosumers do not 

achieve the profit as large as they potentially could. The phase 

load balancing (PLB) technique described in [80] presents the 

algorithm that consists of the identification of topology for the 

distribution network, uploading the input data, and the PLB 

procedure. The algorithm does not only analyze the voltage un-

balance, but also the value of the current in the neutral current, 

which decreased 94% from the average value when using the 

proposed technique. Analysis of the LV distribution network 

made in [81] shows that despite demand being maintained, to-

tal losses calculated by the explicit four-wire approach in-

creased by 4.1% for a 15% unbalance compared to a fully bal-

anced system. Authors in [82] analyze the impact of different 

LC technologies’ combination on the voltage unbalance. The 

voltage unbalance is analyzed according to General Summa-

tion Law described in IEC 61000-3-13 [71], meaning that it is 

observed in ten-minute intervals during the one week and in 

the whole LV network and not only in the end-users’ node. The 

authors propose a unified balanced three-phase connection rule 

for the connection of behind-the-meter LC technologies to the 

LV network in order to reduce the impact of the voltage unbal-

ance on the power system. Authors have defined the following 

scenarios of LC technologies connection: 

• Phase L1-Scenario 1 

• Random phase-Scenario 2 

• All three phases (three-phase)-Scenario 3 

In Scenario 1, all LC technologies are connected to the 

phase L1 in every node. The phase on which LC technologies 

are connected to each phase is randomly chosen for each node 

in Scenario 2. The three-phase connection of LC technologies 

is analyzed in Scenario 3. The referent scenario is named Ini-

tial, and in Initial scenario authors observe the voltage unbal-

ance before the connection of LC technologies. 

The authors defined four different cases, through which they 

observed the impact of the use of different LC technologies. 

Defined cases are: 

• PVs-Case 1 

• PVs and EVs-Case 2 

• PVs, batteries (self-sufficiency), and EVs-Case 3 

• PVs, batteries (cost minimization), and EVs-Case 

4 

Simulations for each case and scenario are made for the 

share of LC technologies at 20% (Share 1), 40% (Share 2), 

60% (Share 3), 80% (Share 4). Overall, this means that the en-

tire LV network is analyzed over 128 weekly 10 minutes sim-

ulations. Fig. 2 and Fig. 3 show the interquartile range of the 



value of the VUF in the case when end-users have installed 

PVs, EVs, and battery storages modeled as if end-users are ac-

tive DA market participants for the share at 20% and 80%.  

Results show that in all scenarios, when LC technologies are 

single-phase connected, the VUF values exceed the limitations 

set by standards [70], [71]. In the worst scenario of a single-

phase connection, when all end-users are connected to the 

same phase at each node, the VUF goes as high as 70%. Be-

sides the initial scenario, when there are no LC technologies in 

the observed network, Scenario 3, when LC technologies are 

three-phase connected is shown to be the preferable scenario 

from the DSO’s perspective. 

Fig. 4 and Fig. 5 show the frequency of the occurrence of 

the VUF that thresholds the 2% limitation in Case 4, for share 

at 20% and 80%. The results show that even at the share of  

 

20%, the VUF violates the limitations more than it is al-

lowed in all scenarios of single-phase connection of LC tech-

nologies. The results of Scenario 3 show that in the case of a 

three-phase connection of LC technologies, the limitations are 

not violated. 

The conclusions of [82], but also some other papers [83]–

[85] are that the three-phase connection should be used, when-

ever possible. Since the voltage unbalance is directly con-

nected network losses (network losses increase by 4.1% for a 

15% unbalance compared to a fully balanced system [81]) and 

higher network losses lead to financial losses, the DSOs should 

encourage the mitigation of the voltage unbalance since they 

would like to reduce, and not increase network and financial 

losses. 

 

 
Fig. 2 VUF (%)-Case 4; Share 1 (20%) 

 
Fig. 3 VUF (%)-Case 4; Share 4 (80%) 

 
Fig. 4 VUF > 2%—Case 4; Share 1 (20%) 

 
Fig. 5 VUF > 2%—Case 4; Share 4 (80%) 



D. Other Voltage, Current and PQ Issues  

With the continuous growth of the share of LC technologies 

in the distribution network, satisfying PQ is becoming a more 

challenging task. Each of the PQ parameters has boundaries 

that must not be violated. Analyses in [86] quantify variations 

of voltage, frequency, and power factor monthly in a year at 

the point of customer’s connection at four households on dif-

ferent radial networks around Australia. The houses’ location 

regarding the nearest network transformer, the houses’ solar 

generation, and the houses’ load profiles were examined to 

find the correlation between these factors and the measured 

voltage variations. No direct correlation was found, suggesting 

that PQ variations measured at these households are attributa-

ble to non-PV causes, which is opposite to conclusions about 

the impact of PVs on overvoltage made in [22], [56]–[58]. Au-

thors in [87] have presented a quantitative analysis of PQ is-

sues in the LV network with 68% of rooftop solar PV penetra-

tion. A case study investigated the effects, such as irradiance 

level, loading level, and the time of the day, on the PQ indica-

tors. In the case study that was made, total harmonic distortion 

(THD) and DC injection levels do not violate the statutory lim-

its and the total demand distortion (TDD) values exceed the 

specified limits in several cases. Authors emphasize the im-

portance of analyzing the cumulative effect on the system PQ 

by the non-linear loads and LC technologies connected to the 

network by inverters. In the research presented in [88], all of 

the measured PV systems had significantly different harmonic 

patterns, which makes it difficult to propose simplified values 

for modeling without measuring and analyzing a greater num-

ber of devices. It is important to emphasize the difference be-

tween site measurements and laboratory tests with controlled 

harmonic voltage conditions [89]. Comparing site measure-

ments and laboratory tests indicated that the emitted harmonic 

currents depend strongly on the harmonic voltages in the AC-

voltage. In order to avoid impermissible high order harmonics 

in power systems due to the operation of PV-generators, real-

istic test conditions have to be established and applied. In a 

power system with a high share of renewable energy sources, 

battery storages are frequently used so that the end-user can 

optimize the operation of their hybrid RESs and battery storage 

systems. Optimal placement, sizing, and operation of the en-

ergy storage system (ESS) could help to avoid the PQ prob-

lems, such as overvolt-age, network congestion, harmonic dis-

tortion, voltage unbalance, etc., caused by penetration of RESs 

[90]. Using the hybrid system with the adequate inverter pro-

vides a high-quality injected current from the PV array into a 

grid with a THD of less than 5% and stability of bus voltage 

against variation of the load [91]. The growing number of end-

users with EVs and home chargers contribute to the voltage 

drop and THD that exceed the set boundaries. However, an op-

timal operation and smart charging can help to mitigate PQ 

problems. In the case study shown in [92], the replacement of 

traditional EV chargers with smart ones reduced the current 

THD from 51.6% to 1.8%. The same example shows that the 

voltage drop in the last house is 7.3%, which is the value lower 

than boundaries in most standards and national grid codes. 

Smart chargers used in the example allow mitigation of the 

issues in the distribution network and enable controlling the 

voltage and the current in batteries in order to maximize the 

batteries lifespan. PQ problems related to overvoltage and net-

work congestion, but not to some other PQ aspects, caused by 

PVs and EVs could be solved by a strategy of the demand-side 

management that reschedules charging loads of EVs using the 

deterministic programming algorithm based on historical data 

to maintain network constraints within their boundaries [93]. 

The proposed scheme is able to mitigate the impact of PVs and 

EVs on distribution networks by adjusting peak loads accord-

ingly. As a result, the proposed strategy has the capability to 

postpone upgrading needs of power grids, avoiding significant 

costs of the network reinforcement. Rapid voltage fluctuations 

caused by PV output fluctuations can result in visible light 

flickers. Simulations show that by 2030, voltage fluctuations 

will no longer be major problems, and by 2050, EVs will be 

able to limit fluctuations in residual loads to low values [94]. 

IV. CONCLUSIONS AND THE FUTURE WORK  

This paper provides a brief review of the impact of end-us-

ers with the high share of LC technologies on the distribution 

system, especially the LV network. Since the planning and op-

eration became more demanding because of the intermittent 

and unpredictable LC technologies, the development of new 

tools, that will help the DSOs, has become more important. A 

significant role in the energy transition has been given to GIS 

tools, which besides traditional analyses, enable a geospatial 

analysis of the power system. GIS tools are used for planning 

the system, creating a reference network, a visualization of PF 

calculations, etc.  New planning approaches take into consid-

eration the configuration of LV networks and the proposed 

methods that have a goal of increasing RESs’ hosting capaci-

ties, newly developed stochastic and approximation methods, 

etc. 

Besides the unpredictable and intermittent behavior of LC 

technologies, the other significant reason for the increased 

need for the development of tools is the configuration and the 

structure of distribution networks. The additional problem pre-

sent LV networks, since they are four-wired and three-phased. 

Because of that, the traditional PF methods were not appropri-

ate since they did not guarantee the convergence and the solu-

tion in each tested case. Therefore, a significant number of new 

methods have been developed, and already developed, tradi-

tional methods have been improved. The same practice has 

been adopted for OPF calculations that are becoming more 

challenging in LV networks, because of the end-users’ flexi-

bility, characteristics of LC technologies, a higher number of 

balancing groups, etc. In order to verify different methods, 

tools, and to make different analyses, a large number of refer-

ence and synthetic networks has been developed. Reference 

and synthetic present networks with the parameters that ade-

quately describe the real-world network.  

The other important aspect of the power system’s analyses 

is analyses of PQ in distribution networks. A significant num-

ber of PVs cause overvoltages in periods when the production 

is high, and end-users cannot consume the energy in the same 

period. High penetration of EVs can cause the occurrence of 

undervoltages when more EV chargers are installed in the 



same circuit and end-users simultaneously charge their EVs. 

Even though end-users are three-phase connected to the net-

work, especially in urban networks, their devices are single-

phase, i.e., even without the integration of LC technologies, a 

voltage unbalance occurs at the end-users’ nodes. When the 

end-users decide to invest in single-phase LC technologies, a 

voltage unbalance increases and causes additional network 

losses. Several research studies showed that the three-phase 

connection of LC technologies should be adopted whenever 

possible since it mitigates the voltage unbalance problems. 

Other problems caused by LC technologies in distribution sys-

tems are related to network congestion, harmonic distortion, 

flickers, etc. 

In future work, new tools for the PQ parameters assessment 

will be developed. The emphasis will be on integrating the as-

sessment of multiple PQ parameters, such as the VUF, voltage 

unbalance, harmonic distortion, flickers, etc. in one tool. Since 

the further integration of LC technologies is inevitable and it 

is already shown in the current studies that a high number of 

LC technologies can lead to problems related to the equip-

ment’s performance, network and financial losses, etc., new 

methods for the minimization of harmful effects of LC tech-

nologies will be developed. Finally, a financial aspect of 

providing the satisfactory PQ will be investigated and methods 

that will encourage end-users to help the power system in terms 

of PQ will be developed. 
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