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ABSTRACT 

This paper summarises the main findings from a detailed, 

large-scale technical study into distribution systems for 

2030, recently completed on behalf of all the Distribution 

Network Operators (DNOs) in GB. The paper follows on 

from a paper at CIRED 2015, “Development of Methods 

and Models for a Study into UK Distribution Systems of 

2030”[1], and details both the technical and wider 

findings of the study. 

INTRODUCTION 

In GB, the Smart Grid Forum (SGF) has been exploring 

the challenges of transitioning Britain to a secure, safe, low 

carbon, affordable energy system. Which technologies will 

feature in future distribution systems has been a key 

concern, and previous work by the SGF’s Work Stream 3 

[2] has shown which innovative technologies are most 

financially viable and their predicted penetrations. This 

study, commissioned by SGF’s Work Stream 7, 

investigated the technical viability of these technologies 

including consideration of the design and operation of 

distribution systems in 2030 and the future roles and 

responsibilities of a DNO. This paper summarises the 

findings of the study, which can be found in full, together 

with recommendations, in the final study report [3]. 

STUDY OVERVIEW 

The DS2030 studies developed and utilised models of four 

Base Networks covering a range of typical distribution 

network types, specifically Urban, Rural, Scottish Power 

Manweb (SPM) Interconnected and Central London. 

Future uptake of larger generation and Low Carbon 

Technologies (LCTs), specifically Electric Vehicles 

(EVs), Heat Pumps (HPs) and Photovoltaic generation 

(PV), were considered in the form of two Scenarios 

developed to stress the networks in different ways. 

Scenario 1 was dominated by demand and Scenario 2 

considered connection of greater generation capacity, 

accompanied by lower uptake in demand. Sensitivity 

analyses were undertaken as appropriate throughout the 

studies. 

STUDY FINDINGS 

The conclusions from the study demonstrate that with 

suitable adaption the 2030 power network is expected to 

be technically viable and capable of serving consumers in 

line with the national standards for security and quality that 

are applied today. However network investment will be 

needed to respond to the challenges between now and 2030 

and a mix of smart and traditional solutions will be 

necessary.  

The studies were not about optimising the 2030 

performance for a particular network; rather they were 

about 'characterising' the performance expected for 

different network types, confirming that credible solutions 

exist, and gaining insights into how smart and traditional 

solutions are likely to perform together. 

Technical Challenges and Solutions 

By 2030 the networks will be required to accommodate 

both demand growth and the connection of LCTs 

comprising new demands and generation. Analysis shows 

that the associated challenges are material in scale, will 

manifest themselves in geographic 'hotspots', and will be 

influenced by network type – notably the different 

characteristics of urban versus rural systems and radial 

versus interconnected topologies.  

 

Network Thermal Capacity 

The DS2030 studies have shown that without intervention, 

today’s distribution networks will not have sufficient 

thermal capacity for the stresses that Scenarios 1 and 2 will 

apply to the networks by 2030. Table 1 summarises the 

different locations where thermal issues were identified in 

Base Networks without interventions applied and 

additional thermal capacity will be required. Not all 

voltage levels were affected in all Base Networks, and 

furthermore, how individual voltage levels were affected 

was non-uniform: not all circuits and transformers were 

found to be out of capacity, and some voltage levels were 

only affected under contingency conditions. For the 

Urban, SPM and Central London Base Networks, almost 

all voltage levels were affected to a certain extent, whereas 

for the Rural Base Network, the issues were concentrated 

on the 33kV system and the transformers at 33/11kV and 

11kV/LV. All the networks were found to have some 

distribution transformers (11kV/LV) that were overloaded 
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by 2034. 

Growth of demand, including LCT connections, was the 

main driver behind increased thermal loading although 

generation also had an effect. Generation was found to be 

a driver for the requirement for additional network 

capacity in areas where the uptakes were sufficient to 

cause significant reverse power flows, which affected the 

Rural Base Network circuits and parts of the SPM Base 

Network in particular.  As expected, the requirements for 

thermal capacity are sensitive to the location and timing of 

the uptake of large generators. 

 

Table 1. Thermal issues identified in the Base Networks by 

2034 

 

 
 

Traditional Reinforcement 

The traditional reinforcement needed to mitigate the issues 

identified in the studies are shown in Table 2; percentages 

of reinforced asset capacities are typically more than 10% 

and up to 50% of the existing system capacity at each 

voltage.  

 

 

 

 

Table 2. Scenario 1 reinforcement needs of the Base 

Networks by 2034 

 

 
 

Interconnection of Existing Networks 

Interconnected, rather than radial, network arrangements 

may be beneficial in some cases but the studies 

demonstrate that interconnected running has to be 

'designed-in' and is not simply a matter of closing the 

network 'Normally Open Points. This is due to factors such 

as uneven load-sharing and the constraints of tapered 

network designs. Fault levels, protection and auto-

switching also need special attention for interconnected 

operation. The use of power electronics to control the 

power flow in an interconnected system by creating ‘soft’ 

open points can be a suitable solution in some situations. 

 

Storage 

The studies have demonstrated that significant amounts of 

storage can alleviate the need for network reinforcement 

and that as a solution, storage is effective when it is co-

ordinated with other smart solutions, such as Demand Side 

Response (DSR), Real Time Thermal Ratings (RTTR) and 

Active Network Management (ANM). In many cases the 

requirement to resolve overloads was for a small part of 

the day for only a few days a year, hence it is envisaged 

that energy storage will play an important role in frequency 

balancing in 2030. However the half-hour time sequencing 

in the study models has revealed an interesting limitation 

that may arise in regard to storage deployment, concerning 

load factor and whether network conditions allow enough 

'recharge time' between discharge cycles. 

For storage to be a cost effective option it will need to 

obtain revenue from a number of markets such as the 

energy market and frequency response. If DNOs are to use 

storage as a smart network solution, regulations will need 

to be carefully reviewed as DNOs are presently barred 

from energy trading. 

 

Demand Side Management (DSM) / Response   

For both demand and generation scenarios the high level 

of the overloads on the 11kV networks by 2030 are too 

great for DSM / DSR to be a complete solution, however 

the studies gave consideration to the use of DSR to defer 

reinforcement. Assuming a 10% reduction in demand the 

deferment in reinforcement time due to DSR was found to 

be about four years based upon the uptake rates assumed 

within the Scenarios.  This allows both time to reinforce 

the networks and time to overcome uncertainties in load 

growth. 

DSM / DSR will be required during high network loading 

conditions and system abnormal operation. It will be 

Voltage 

(kV)
Condition Urban Rural SPM

Central 

London

400 / 275 - - - -

trans-

formers*

Intact    

N-1    

132

Intact  

 limited 

sections 

overloaded



N-1

 limited 

sections 

overloaded



 significant 

sections 

overloaded

 significant 

sections 

overloaded

trans-

formers

Intact    

N-1

 over half of 

substations 

affected

 

 almost half 

of substations 

affected

33

Intact 

 limited 

numbers of 

circuits 

overloaded



Central 

London Base 

Network has 

direct 

transformation 

from 132kV to 

11kV

N-1

 limited 

sections 

overloaded

 limited 

sections 

overloaded

 limited 

sections 

overloaded

trans-

formers

Intact   

N-1

 few 

transformers 

overloaded

 few 

transformers 

overloaded

 few 

transformers 

overloaded

11 

Intact

 limited 

sections 

overloaded



 (marginal 

overloads on 

a few 

circuits)



N-1

 significant 

sections 

overloaded



 limited 

sections 

overloaded

 limited 

sections 

overloaded

trans-

formers
Intact

 many 

transformers 

overloaded

 few 

transformers 

overloaded

 many 

transformers 

overloaded

 few 

transformers 

overloaded

LV Intact  

 limited 

sections 

overloaded

 limited 

sections 

overloaded

System Urban Rural SPM Central London

132kV circuits 22% -
5%

47% of capacity 

corresponding to 132kV 

circuits and 132/11kV 

transformations

132/33kV transformers 20% - -

33kV circuits 15% 50% 7%

33/11kV transformers 9% 9% 11%

11kV circuits 15% - 4% 5%
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necessary for DNOs to over procure and under assume 

DSM / DSR to ensure the required response is 

available [4]. Successful implementation of Time-of-Use 

tariffs which do not conflict with reducing the peak 

demand on the network are essential to the success of DSR 

from the DNO perspective. Management of the EV 

charging profile would enable reinforcement to be 

optimised. 

 

Network Voltage 

A summary of the study results for 2034 under single 

outage conditions with no reinforcement is given in 

Table 3. Undervoltages were observed at times of 

maximum demand in all Base Networks and at most 

system voltages. In the majority of cases the undervoltages 

were identified in parts of the network where power flows 

exceeded thermal ratings and reinforcement to alleviate 

these overloads also resolved the voltage issues. Existing 

voltage control strategies were shown to be adequate for 

the Scenarios and Base Networks considered, except for 

networks with rural characteristics. 

 

Table 3 Summary of Study Results Voltage Issues (2034, 

no reinforcement, N-1 Contingencies) 

Additional voltage control solutions will be necessary in 

parts of the network where conditions are more onerous 

than those modelled; for example if either the demand or 

generation uptake is beyond that assumed in the Scenarios, 

unless the increase of one uptake is compensated by a 

reduction in the other. Voltage rise was noted to be a 

particular issue with increased levels of PV.  

 

Network Voltage Management and Smart Solutions  

Smart solutions for network voltage issues are expected to 

endure for longer than those applied to thermal issues. It 

may be necessary for DNOs to change tap settings and 

AVC settings at 33/11kV substations to provide correction 

to all downstream systems.  More generation could be 

accommodated by permanently changing the position of 

the off-load fixed tap of the HV/LV transformer if the 

minimum voltage remains within limits at times of 

maximum demand. Otherwise, seasonal tap positions may 

be appropriate to maintain acceptable voltage during 

summer and winter, although this involves additional 

DNO activity. Rural networks may require active voltage 

control, such as SVCs or on load tap changers. 

Future co-ordination of voltage control will be important 

to ensure that multiple voltage control systems do not 

adversely interact with each other. 

 

Waveform Quality 

The future connection of LCT devices, particularly those 

interfaced using power electronics, will inject harmonic 

currents that alter the harmonic voltage profiles across 

distribution networks. The studies identified that the 

greatest increase in harmonic voltage distortion is 

expected at LV, for low order harmonics (particularly the 

3rd, 5th and 7th harmonic orders) due to the new LCT 

devices. The 5th harmonic results are considered to be most 

problematic because the highest levels of existing 

background 5th harmonic voltage distortion were closer to 

the planning limits than the 3rd and 7th levels indicating that 

there are locations with little or no margin to accommodate 

additional distortion. Furthermore, if the new devices are 

of a similar type and inject harmonic currents in phase, 

their potential impact would be more onerous. 

Harmonics have a material effect on network equipment, 

in particular increasing losses, and standards are set with 

consideration of these effects. However, even increased 

harmonic distortion levels less than the allowable limits 

will cause additional losses in motors, generators, 

transformers, cables, switches and capacitors. Additional 

distribution system losses may also be incurred in filters 

installed by DNOs to mitigate background harmonic 

levels. These losses are borne by the network operator and 

socialised with all customers, in contrast to the connectee 

bearing the losses in a filter they installed to resolve a 

specific increase in harmonic distortion due to a new 

connection.  

 
Waveform Quality and Smart Solutions 

The study results support the need for manufacturers to 

produce equipment with designs that inject harmonic 

currents at varying phase angles to reduce the aggregated 

effect of multiple installations. Some LCT devices, for 

example EV chargers, could include active filters and 

hence improve harmonic voltage distortion as observed by 

LPN’s Low Carbon London project [5]. 

 

Frequency Balancing 

Frequency balancing studies were performed on a reduced 

model of the entire GB system. These studies showed the 

Voltage Issue Base Network

Urban Rural SPM Central 

London

132kV Undervoltage    limited 

undervoltage

issues



Overvoltage    

33kV Undervoltage  limited 

undervoltage

issues

 undervoltages at 

HV side of 

transformers on 

transformer feeder 

circuits

 -

Overvoltage   overvoltages at HV 

side of transformers 

on transformer feeder 

circuits

 -

11kV Undervoltage  extensive 

undervoltage

issues

  undervoltage

issues on rural 

radial network

 limited 

undervoltage

issues

Overvoltage   extensive 

overvoltages

 

LV Undervoltage  undervoltage 

issues with 

connections in 

excess of 

Scenarios 1 & 

2

 undervoltage issues 

with connections in 

excess of Scenarios 1 

& 2 when fed by 

upstream primary 

with set point of 1pu

 limited 

undervoltage 

issues 



Overvoltage  overvoltage 

issues with 

connections in 

excess of 

Scenarios 1 & 

2

 extensive issues 

when supplied by 

primary with set point 

of 1.03pu.

Overvoltage issues 

with connections in 

excess of Scenarios 1 

& 2 when fed by 

upstream primary 

with set point of 1pu

 Limited 

overvoltage 

issues



 - indicates no issues

 - indicates issues as elaborated
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high potential and significance of the contribution from 

DNO connected equipment towards system frequency 

containment. It is therefore envisaged that DNOs are likely 

to play an active role in frequency balancing in 2030. 

Equipment connected to DNO networks can contribute to 

frequency response in several ways, some of which are: 

 Distributed Generation (DG) connected synchronous 

machines equipped with speed governors which 

participate in primary control of active power – 

frequency, 

 Active power contribution from wind generation 

obtained through ‘pitching’ or from kinetic rotational 

energy, 

 Active power contribution from fully converted 

machines, 

 Fast DSM/DSR which is triggered either by frequency 

change or RoCoF, 

 Electrical energy storage which can be automatically 

activated  

 Other measures, such as voltage reduction, tripping of 

LV side of one of a pair of transformers [6], etc. 

 

Network Protection 

The increasing penetration of DG, the use of ANM and the 

implementation of smart solutions will result in a range of 

issues for the existing mainly passive protection systems 

currently employed on the distribution networks. 

Particular future challenges include: reduction in fault 

levels, modified network topologies, impact of network 

dynamic reconfiguration, potential for overloads due to the 

mal operation of smart solutions, detection of loss of grid 

prevention of islanding, impact of synchronous and non-

synchronous generation connection and inclusion of power 

electronic devices associated with generation and demand.  

Protection grading is expected to become more difficult 

and further consideration is needed into the trade-off 

between using complex protection to prevent customer 

interruptions versus reliance on automation for quick 

restoration of customer supplies. Increased use of 

IEC61850 [7] associated with reliable communications 

and engineers with combined protection and 

communications skills is expected in the future. Protection 

concepts now being used in transmission networks need to 

be re-designed for application within active distribution 

networks, especially at the 11kV level.  

The need to guard assets against overload in future 

networks employing smart solutions should be considered. 

For example, failure of a RTTR scheme could result in the 

flow of currents in excess of the equipment rating which 

could cause damage contrary to national requirements. 

 

Planning Practices 

Historical planning practices have used maximum demand 

with diversity when assessing the networks at 132, 66, 33 

and 11kV, with LV visibility and LV modelling being 

generally limited. In order to fully utilise the existing 

network capacity and ensure acceptable network operation 

under a range of network conditions, there is a need to 

revise these planning practices to consider substation load 

profiles and load factors together with minimum demand 

and generation export, as well as maximum demand 

studies.  

Planning studies should analyse the complete system 

voltage range to ensure that the effect of variations in both 

upstream and downstream systems on each other is fully 

understood. Enhanced system monitoring and smart meter 

data will be needed to provide the essential greater 

visibility of changing demand profiles and assist with 

forecasting the demand and DG to ensure they are 

represented correctly in the planning models. 

It is suggested that standardised approaches will be 

necessary for some less complex connection and planning 

studies with deterministic design rules still being 

appropriate to maintain efficient processes and satisfy 

regulatory requirements. However today’s approaches will 

probably need to be expanded to cover a wider range of 

variations and new approaches may be required. It is 

important that network planning is able to assign full value 

to the flexibility that smart solutions can provide to 

manage uncertainty but conversely that the risk associated 

with the loss of flexibility that the existing system margins 

provide is accounted for. It is also important that smart 

solutions can be appropriately assessed within the choice 

mechanism, for example cost benefit analysis. 

Failure of smart solutions and the effect on network 

reliability is an important consideration. This needs further 

examination in terms of the reliability of the different 

component systems, such as power, communication, 

software, and new fault modes to inform the most 

appropriate designs and operation. 

 

Information Communication Technology (ICT) 

The studies show that the most effective solutions involve 

combinations of traditional and smart solutions, and often 

multiple deployments of smart devices or mechanisms in 

a given network. This points to the importance of 

considering the data, controls and communications that are 

likely to be required between sites, and perhaps with 

customer equipment, the necessity to ensure stable control 

operation and ensure there are no adverse interactions. For 

example, the studies showed potentially effective solutions 

that combined multiple storage deployments, storage 

integrated with DGs in 'Power/Voltage' control mode, and 

RTTR applied in conjunction with DSR and linked to 

identification of critical circuit trips. 

The requirement for smart interventions may be 

geographically disperse, large or small in scale and 

comprise many instances or few. This could lead to 

implementation of point solutions to respond to specific 

requirements creating a fragmented technical and 

operational landscape with ad hoc interconnections 

between systems and possible need for integration at some 

future time. Integration in this scenario could be very 

difficult and complex, possibly not feasible. An approach 

to trying to mitigate the risks of this is to establish a control 
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strategy and an ICT architecture that aligns with the power 

network, accommodates a best view of change and is 

supported by design principles and methods that will 

facilitate change as and how it is required.  

Deployment and use of smart solutions (and the ICT 

infrastructure) is a systems integration challenge and 

should draw on frameworks, tools and methods to 

facilitate the process and achieve success. This approach 

will help the operator and its partners deliver solutions 

more quickly with lower risk and lower cost. 

Distribution System Operator (DSO) 

Challenges facing the DNOs include the increasing levels 

of renewable generation which present challenges to the 

current mechanisms of network operation. The transfer of 

heating and transport loads onto the electricity network, 

DSR and energy storage will all result in changes to the 

traditional load profile. The load profile may lose its 

familiar predictability and the forecasting of 

demand/network loading may require advanced modelling 

on a significantly more dynamic basis than is undertaken 

at present. Smart meters collect more information 

regarding consumer demands and therefore more informed 

decision making but represent a challenge in terms of the 

data collection and processing. 

A number of research studies have been undertaken 

internationally [8], [9] to consider the way in which the 

traditional passive DNO business needs to change to a 

more active business. The UK regulator’s position paper 

on Flexibilities [10] states that there is a need to encourage 

DNOs to take a more active role in network management, 

moving to future DSO roles and engaging more closely 

with the national System Operator.  

It is expected that DNOs business as usual activities will 

become more complex in the respect of increased network 

complexity and ANM [11]; local supply and demand 

balancing; monitoring, management and processing of 

high data volumes; new or enhanced interaction with 

stakeholders and market management.  Changes are likely 

to be needed to the forecasting and modelling, planning, 

connections, asset lifecycle management, and the 

operations business as well as the ICT support services of 

DNOs. There is also a requirement for new business areas 

such as market facilitation, constraint management and 

ancillary service provision as well as a need for greater co-

ordination with the Transmission System Operator. 

The adoption of a “Whole System” approach to ensure 

efficient operation of the electricity network is the driver 

behind ongoing work in GB investigating the role of a 

“system architect” which is presently identifying the 

requirements and barriers for new technical functions. A 

clear pathway is needed to ensure the transition from DNO 

to DSO is successfully achieved.  
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