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Executive Summary
This report discusses challenges associated with a wide roll out of innovative smart grid solutions,
such as DSR trialled in Low Carbon London, for the operation and design of future distribution
networks in supporting a cost effective evolution to a low carbon future. Distribution networks are
facing significant challenges due to the increasing penetration of intermittent low carbon generation
sources and demand-side technologies. In addition, electrification of heat and transport sectors
through large-scale adoption of heat pumps and electric vehicles is bound to drastically alter
electricity consumption patterns. In view of these impending developments distribution systems are
at a crossroad regarding their long-term evolution. On one hand lies the option to retain the existing
philosophy that largely views distribution networks as passive elements, delivers security through
asset redundancy and accommodates capacity reinforcements primarily through conventional
upgrade projects. Although this approach has served the industry well in the past, there are
increasing concerns that the current policy frameworks will severely limit the scope for system-wide
synergies, hinder future innovation and ultimately constrain the future evolution of distribution
networks.
On the other hand, a promising alternative is to enable a paradigm shift to the smart-grid era, where
increased system observability and controllability enables fuller utilisation of existing assets and
enhances services integration across the different voltage levels, security is provided through postfault corrective actions and consumers can actively contribute to system balancing and absorption of
renewable energy. In light of the unprecedented amount of investment that will be required over the
coming decades, it is important to ensure that the necessary commercial and regulatory
arrangements are in place to provide suitable incentives and enable coordination between all market
participants in order to enable cost-efficient decarbonisation. To this end, we identify a number of
topics that may need to be addressed and improve some specific concepts that can play a critical role
in harnessing the expanding scope for system synergies in the near future.
In chapter 2 we model the roll out of dynamic time of use (dToU) pricing for management of
congestions in distribution networks, in future development scenarios characterised with large
penetration of flexible demand. We demonstrate that when deployed at a large scale, naïve
applications of dynamic time-of-use tariffs can lead to serious concentration effects and ultimately
drive new demand peaks, resulting in voltage and thermal constraints and increased network losses.
To avoid such effects, three different measures are explored and compared: (i) application of relative
flexibility restrictions to DSR (ii) non-linear prices, penalizing the extent of flexibility utilized by DSR
and (iii) randomisation of price signals posted to different DSR sites. The undertaken analysis
indicates that the design of these measures should be customised to the specific operating
properties of different DSR types; two different types have been considered, namely DSR with
continuously adjustable power levels and DSR with deferrable operation cycles. Case studies
demonstrating the above findings have been carried out on a LCL feeder, with smart charging electric
vehicles and wet appliances with delay functionality used as representative example of the above
two DSR types.
In chapter 3 we demonstrate the importance of whole system approach to planning of distribution
networks, particularly in future with significant penetration of intermittent renewable generation
combined with inflexible nuclear generation. Managing the synergies and conflicts between
4

distribution network, energy supply, transmission network, and the EU interconnection objectives
when allocating DSR flexibility, may be critical for the optimal development of the GB system as a
whole. In other words, the approach focused on a single market participant e.g. DNO-centric or
Supplier-centric perspective, may be suboptimal. Whole-systems approach joining energy, emissions
and loss inclusive distribution network design may be needed to ensure that distribution network
planning delivers efficient operation and investment of low carbon generation system. Based on DSR
flexibility trialled and demonstrated in Low Carbon London project, a number of studies have been
carried out to investigate and quantify the role and value of DSR applications using the whole system
approach. This framework allows holistic assessment of the value of DSR in reducing the system
operational cost (by reducing wind power curtailment and maximising the utilisation of other low
carbon generators) as well as reducing the infrastructure cost including the capital cost of low carbon
generation needed to achieve particular CO2 target, network assets both at transmission and
distribution level.
Chapter 4 is related to the commercial arrangements pertaining to embedded resources and more
specifically the operation of DSR. Beyond access to market, another issue that currently impedes DSR
is the practical issue of measuring the actual demand response provided. To this end, we survey the
existing literature and explore different baselining methods using data obtained from the Low
Carbon London trials. The symmetric X of Y method is put forward as a suitable baselining approach
and is shown to be capable of balancing between accuracy, simplicity and robustness.
In chapter 5 we discuss how embedded generation and DSR may provide increasingly more valuable
balancing services to support the efficient operation of national electricity system. We present the
concept of VPP aimed at increasing the TSO’s visibility and access to distribution-level resources. In
addition we show how the establishment of a DSO function can further facilitate access of
distributed resources to national-level markets, contributing when possible to national-level goals.
We present key results of case studies demonstrating the application of the VPP concept to a 11kV
network in Brixton. We showcase how local CHP generators as well as flexible commercial and
industrial loads can be abstracted in a VPP schema and how its technical and cost characteristics can
be derived in a robust manner. Through holistic simulations of the electricity system, the VPP is
shown to contribute to both local operation and national-level system balancing.
Informed from the analysis carried out in the preceding chapters, chapter 6 identifies 12 areas for
improvement that pertain to distribution system planning, operation, as well as the overall
regulation structure. Key observations can be summarised as follows:




Smart grids will increase considerably the complexity of the network operation compared to the
traditional solutions, given that significant Information and Communication Technology
infrastructure will be needed in addition to the advanced Distribution Management Systems
applications (yet to be developed), all necessary to make use of available information and
control in real time management of distribution networks. It may be hence appropriate tat
Government and Ofgem establish provisions to allow distribution companies to include the risk
associated with new technologies in network planning.
The importance of whole system approach to planning of distribution networks is highlighted,
particularly in the context future scenarios with significant penetration of intermittent
renewable generation combined with inflexible nuclear generation. Managing the synergies and
conflicts between distribution network, energy supply, transmission network, and the EU
5







interconnection objectives when allocating DSR flexibility, may be critical for the optimal
development of the GB system as a whole. In other words, the approach focused on a single
market participant e.g. DNO-centric or Supplier-centric perspective, may be suboptimal.
Multiple benefits potentially generated by technologies embedded at the distribution level such
as DSR and generation are not fully utilised in the current system due to lack of integration with
national-level markets. The increasing scope for synergies and conflicts may require DNO to
coordinate interactions with the upstream system in a compressive manner. Novel concepts
such as Virtual Power Plants (VPPs) will be instrumental in providing the necessary cross-system
control interface. These arising synergy opportunities must also be considered in the planning
philosophy of distribution networks, where the applicability of whole systems design
approaches is set to become increasingly important.
Current network planning and regulation does not explicitly recognise the option value of
flexible assets and can be problematic in balancing the needs of present and future consumers.
In view of the increasing uncertainty, it is important that network planning identifies attractive
openings for strategic investments. At the same time, the risks and complexity associated with
large-scale deployment of novel technologies must be investigated; future network standard will
need to review the suitability of traditional practices and consider potential harmonics and fault
level issues.
In the longer term, it will be important to enable the emergence of market-solicited solutions
and in this context user-driven driven network operation and investment. Fundamental review
of ER P2/6 will provide an opportunity to consider costs of traditional and smart grid solutions
(e.g. DSR) in enhancing network capacity and the corresponding benefits delivered to end
consumers, and it is hence increasingly important that network operation and design become
more directly driven by choices of network users.
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Glossary
ARIMA
CCS
CE
CVPP
DER
DG
DSO
DSR
dToU
EIZ
EV
FTR
GSP
GW
HR
HV
I&C
LCT
LV
MSG
OPF
PV
RAB
RES
RIT-T
RPI
SP
CCS
TSO
TVPP
VPP
WACC
WeSIM

Auto-Regressive Integrated Moving Average
Carbon Capture and Storage
Continental Europe
Commercial Virtual Power Plant
Distributed Energy Resource
Distributed Generation
Distribution System Operator
Demand Side Response
dynamic Time of Use
Engineering Instrumentation Zone
Electric Vehicle
Financial Transmission Rights
Grid Supply Point
Green World (scenario)
High Renewable (scenario)
High Voltage
Industrial and Commercial
Low Carbon Technology
Low Voltage
Minimum Stable Generation
Optimal Power Flow
Photo-voltaic
Regulated Asset Base
Renewable Energy Sources
Regulatory Investment Test for Transmission
Retail Prices Index
Slow Progress (scenario)
Carbon Capture and Storage
Transmission System Operator
Technical Virtual Power Plant
Virtual Power Plant
Weighted-Average Cost of Capital
Whole-electricity System Investment Model
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1 Introduction
The move to large-scale electrification of the heating and transport sectors and the increasing
penetration of low carbon generation and demand technologies into distribution networks, driven by
the need to reduce carbon emissions, cannot be achieved without the flexibility of a smart grid.
Currently, low carbon technologies (LCT) connected to distribution networks are largely invisible to
the network operator and unable to participate in electricity markets. With increased penetration it
will be necessary to instigate novel commercial arrangements designed to enable participation in a
way that maximises possible benefits. These changes will also mean that a whole system approach
will be needed in the future, requiring new approaches to network operation and planning. This
report presents an analysis of key aspects of these new commercial arrangements and planning
objectives.
More precisely, chapter 2 deals with the practical aspects of decentralized control of large numbers
of demand-side resources. To this end, we illustrate the serious concentration effects associated with
using a dToU control strategy, put forward three alternative mechanisms and assess their suitability
through the aid of a case study based on data obtained from LCL trials. Chapter 3 investigates the
impact that efficient control of DSR resources can have on the entire electricity system. The main
idea illustrated is that optimal use of demand-side capabilities can have significant impact on many
aspects of system operation and design. In this chapter we outline the novel whole-systems
approach and present modelling results, enabling us to assess the full benefit of DSR considering its
contribution throughout the GB electrical system. This analysis indicates the significant role that new
technologies can play in facilitating large-scale decarbonisation, further strengthening the case for
their successful deployment and facilitation through the development of suitable commercial and
regulatory arrangements. Chapter 4 concerns a particular aspect of demand side response (DSR): the
contract between a DSO and each DSR facility and how to best estimate payments specified by this
contract. The baselining method required to calculate payments is key in ensuring the commercial
viability and proliferation of demand-side measures. Chapter 5 deals with the practical difficulties of
bringing numerous distributed resources to a marketplace traditionally designed for only a few
dispatchable and fully controllable generators. A suitable vehicle for this is the virtual power plant
which can enable the aggregation and offer of supply and demand-side resources to the transmission
network as if they were a conventional transmission-connected generator and thus participate in the
electricity markets on behalf of its constituent low carbon technologies. It requires active
management of the network; additional balancing at the distribution level and the inclusion of the
time-dependent character of the distribution network’s generation output. In chapter 6 the
commercial and regulatory challenges of moving to a low carbon smart grid are discussed in detail.
There are many aspects to this including: integration of low carbon technologies into the energy
market; lack of an anticipatory investment framework; coordination of infrastructure deployment
across sectors and the role of the regulator.
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2 Price-based coordination of DSR resources
2.1 dToU-based control of DSR for distribution network management
2.1.1 Overview
Dynamic Time-of-Use (dToU) pricing constitutes a promising approach for the realisation of the
significant potential of demand side response in future distribution networks, particularly in the case
of electrification of transport and heat sector. A suitably designed set of time- and location-specific
power prices will transmitted to the users that would, with support of their smart energy
management systems, determine a set of actions that would minimise their electricity costs, taking
into account their preferences and constraints. This is in contrast to the traditional centralised
architecture for DSR control that are facing significant scalability and privacy limitations.
However, application of such a simple dToU based control approach in combination with the
envisaged automation (though smart EMS) in a system with significant DSR flexibility will lead to
significant loss of diversity and DSR concentration effects, as demand-led DSR would attempt to
maximise the demand during the lowest-priced periods of the control horizon. The new demand
peaks created by this concentration effect might breach the voltage and/or thermal limits of the
distribution network -requiring expensive demand shedding (and increase the losses in the network
as the latter are proportional to the square of the power demand). These effects are demonstrated
through case studies on a LCL network with demand-led DSR in the form of smart charging electric
vehicles and wet appliances with delay functionality.
In order to avoid such concentration effects and achieve more efficient network operation, different
smart measures are proposed and explored. In the first one, a relative flexibility restriction signal is
transmitted to the DSR EMS. In case of very flexible loads with continuously adjustable power levels
(e.g. electric vehicles-EV), this restriction corresponds to a maximum power limit, preventing each of
these loads from requesting a large proportion of its total energy requirements at the lowest-priced
periods. In case of flexible loads that cannot continuously adjust their power levels but can only defer
their fixed operation cycles (e.g. wet appliances-WA), this restriction corresponds to a maximum
cycle delay limit, preventing them from synchronizing their operation at the lowest-priced periods.
However, imposing a flexibility restriction may not be deemed acceptable by the consumers as it may
be considered as a direct intervention of the DNO in the control of their loads. In this context, an
alternative proposed measure replaces the hard flexibility restriction by a soft non-linear price signal,
penalizing the extent of flexibility utilised by the flexible loads. Specifically, this price penalizes the
square of the power demand and the duration of cycle delay of continuously adjustable and
deferrable cycle loads respectively. Regarding the former type, this non-linear pricing approach is
demonstrated to outperform the flexibility restriction approach in flattening the demand profile and
thus achieving more efficient solutions. Regarding the latter type, a third proposed smart measure
randomising the non-linear price signal posted to different loads is demonstrated to bring significant
additional benefits.
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2.1.2 Need for a distributed control approach
Real-time control of generation-led and demand-led DSR can contribute significantly to the secure
and cost-efficient operation of the distribution network. Under the traditional control paradigm, the
power inputs/outputs of the DSR resources are centrally controlled by the local DNO. The local
energy management systems (EMS) of DSR resources communicate their economic and technical
parameters to the DNO, who makes decisions on the control of DSR based on the solution of a multiperiod AC Optimal Power Flow (OPF) problem.
Under the envisaged large penetration of DSR in distribution networks however, the communication
and computational scalability of such centralised control approaches may be questionable.
Transmission of the diverse complex operational constraints and physical parameters of a large
number of distributed generators and controllable loads to the central DNO controller yields
information collection and communication problems, while the vast number of decision variables
and constraints associated with these DSR resources creates a massive computational burden.
Furthermore, DSR users are likely to raise privacy concerns, as they are not generally willing to
disclose sensitive information and be directly controlled by an external entity.
In this context, this section investigates an alternative, distributed control approach which optimises
the actions of DSR resources, without requiring any centralised knowledge of their specific properties
by the DNO. A suitable designed set of time- and location-specific power prices are transmitted to
the DSR EMS and the latter independently determine their own control actions by minimising their
payments given their own preferences and constraints.
However, application of such a simple dToU-based control approach leads to serious loss of diversity
and DSR concentration effects, as demand-led DSR will attempt to consume as much as possible at
the lowest-priced periods of the control horizon. The new demand peaks created by this
concentration effect might breach the voltage and/or thermal limits of the distribution network requiring expensive demand shedding- and increase the losses in the network as the latter are
proportional to the square of the power demand.
In order to avoid such concentration effects and achieve more efficient network operation, different
smart measures are proposed and explored in this section. In the first one, apart from the active and
reactive power prices, a relative flexibility restriction is transmitted to the DSR EMS. In case of
flexible loads with continuously adjustable power levels (e.g. electric vehicles-EV), this restriction
corresponds to a maximum power limit, preventing each of these loads from requesting a large
proportion of its total energy requirements at the lowest-priced periods. In case of flexible loads that
cannot continuously adjust their power levels but can only defer their fixed operation cycles (e.g. wet
appliances-WA), this restriction corresponds to a maximum cycle delay limit, preventing them from
synchronizing their operation at the lowest-priced periods.
However, imposing a flexibility restriction may not be deemed acceptable by the consumers as it may
be considered as a direct intervention in the control of their loads. In this context, an alternative
proposed measure replaces the hard flexibility restriction by a soft non-linear price signal, penalizing
the extent of flexibility utilised by the flexible loads. Specifically, this price penalizes the square of the
power demand and the duration of cycle delay of continuously adjustable and deferrable cycle loads
respectively. Regarding the former type, this non-linear pricing approach is demonstrated to
outperform the flexibility restriction approach in flattening the demand profile and thus achieving
10

more efficient solutions. Regarding the latter type, a third proposed smart measure randomising the
non-linear price signal posted to different loads is demonstrated to bring significant additional
benefits.

2.1.3 Case study
A case study, aimed at illustrating the performance of the proposed dToU-based control
methodology and smart measures to avoid demand response concentration, is carried out on the
Brixton HV feeder BRXB-SE3 (Figure 1) for a typical winter weekday. It is assumed that an adjacent
feeder of identical demand characteristics is connected to the end of feeder BRXB-SE3 (bus 91045)
under contingency conditions. Network data as well as demand data for a typical winter weekday are
obtained from the LCL database. A day-ahead horizon with hourly resolution is assumed for the
control problem.

Figure 1. Brixton HV feeder BRXB-SE3

Smart charging EV, which need to obtain the energy required for the desired journeys over the
interval they are connected to the grid, are employed as a representative example of continuously
adjustable DSR. Assuming a home-charging scenario, each of the five considered penetration
scenarios corresponds to the number of domestic consumers owing an EV (Table 1). The number of
EV at bus 91045 includes the EV of the adjacent feeder connected to 91045 under contingency
conditions. Each EV is assumed to carry out a journey from users’ home- to work- place and a journey
in the opposite direction every day; based on the assumption of a home-charging scenario, this
means that EV are connected to the grid between the end of their second and the start of their first
journey of the day. Data regarding the electrical energy required for the two journeys, the maximum
charging rate, the charging efficiency, as well as the EV battery energy capacity, maximum state of
charge and maximum depth of discharge is obtained from the LCL database and LCL report 5-1 [26].
Finally, the power factor of the EV chargers is assumed equal to 0.9 lagging.
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Table 1: EV penetration scenarios

Number of EV at each penetration scenario
Bus ID
10%

20%

30%

50%

100%

90069

18

36

54

90

180

90044

5

10

15

25

50

90043

6

12

18

30

60

90625

13

26

39

65

130

90862

2

4

6

10

20

90638

12

24

36

60

120

91143

18

36

54

90

180

94192

52

104

156

260

520

91045

190

380

570

950

1900

WA (dishwashers, washing machines and integrated washer-dryers) with delay functionality are
employed as a representative example of deferrable cycle DSR. The assumed numbers of different
types of WA at each node (Table 2) are based on average ownership rate data from the LCL database.
The number of appliances at bus 91045 includes the appliances of the adjacent feeder connected to
91045 under contingency conditions. Five different scenarios are considered for the maximum cycle
delay limit set by their users: 4h, 8h, 12h, 16h and 20h. Data regarding the cycle demand profiles and
activation time distributions of the three different WA types is obtained from [27]. Finally, the power
factor of WA is assumed equal to 0.9 lagging.
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Table 2: Number of WA

Bus ID

Dishwashers

Washing machines

Washer-dryers

90069

75

86

83

90044

21

24

23

90043

25

29

28

90625

54

62

60

90862

8

10

9

90638

50

57

55

91143

75

86

83

94192

215

248

240

91045

786

905

878

Without application of DSR in WA, the latter initiate their operation cycles once they are activated by
their users. Without application of DSR in EV charging, EV start charging immediately after they are
connected to the grid (after their second journey) with their maximum charging rate until they are
fully charged. Given that most users return home during evening hours 17-20 when the non-EV
demand peak occurs, the overall peak demand of the feeder is significantly increased. As a result, the
power flow at the top feeder section (section between Bus 910 and Bus 90069) breaches its thermal
capacity limit in every EV penetration scenario. In order to securely operate the network, the DNO
needs to shed some demand. As observed in Table 3, as the EV penetration increases, the demand
shed is increased.
Table 3: Demand shed without application of DSR (in MWh)

No EV

10% EV

20% EV

30% EV

50% EV

100% EV

0

0.166

0.962

1.885

3.734

9.156

2.1.4 dToU-based control
A set of location- and time-specific prices for active and reactive power are transmitted to the DSR
EMS. In line with existing dynamic pricing schemes, these prices are designed in such a way, so as to
incentivise the DSR to consume/generate at off-peak/peak periods and thus relieve network
constraints and reduce network losses. A simple approach that the DNO can follow to determine
such prices is by solving a multi-period ACOPF problem considering a projection of the inflexible
demand profile (neglecting for now the impact of DSR); the values of the resulting Lagrangian
13

multipliers associated with the active and reactive power balance at each bus and time period
physically represent the respective active and reactive power prices.
Given these prices, the EMS of each DSR independently determines its own control actions by solving
their payment minimisation problem. As demonstrated in [28], [29] and [30], the optimal demand
response of both above types of demand-led DSR (DSR with continuously adjustable power levels
and DSR with deferrable fixed cycles) is a discontinuous function of the prices and this leads to
discontinuous concentration of DSR at the lowest-priced periods.
14
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10% EV
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30% EV
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Figure 2. Power flow at feeder section 910-90069 under dToU-based control of EV DSR

We firstly demonstrate this effect for a case where DSR is applied to EV only. With the application of
DSR, EV charging can be flexibly controlled as long as the users’ travelling requirements and the
operational constraints of the EV battery and charging infrastructure are satisfied. Under a naive
application of dToU-based control, the response of the smart-charging EV is discontinuously
concentrated at the lowest-priced hours. The size of this concentration effect is increased with
higher EV penetrations, and under the 50% and 100% penetration scenarios, the power flow at the
top feeder section breaches its thermal capacity limit (Figure 2), leading to demand shedding (Table
4).
Table 4. Demand shed under dToU-based control of EV DSR (in MWh)

No EV

10% EV

20% EV

30% EV

50% EV

100% EV

0

0

0

0

1.611

8.986

We now examine a case where DSR is applied in WA only, in a scenario with 10% EV penetration.
With the application of DSR, the WA cycle can be flexibly executed at the time window between the
activation time and the maximum cycle delay set by their users. Under a naive application of dToUbased control, the response of the deferrable WA is discontinuously concentrated at the lowestpriced hours. The size of this concentration effect is increased with larger maximum cycle delays, and
under the 𝑑 = 20ℎ scenario, the power flow at the top feeder section breaches its thermal capacity
limit (Figure 3), leading to demand shedding (Table 5).
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Hour
Figure 3. Power flow at feeder section 910-90069 with dToU-based control of WA DSR
Table 5. Demand shed under dToU-based control of WA DSR (in MWh)

No DSR

𝒅 = 𝟒𝒉

𝒅 = 𝟖𝒉

𝒅 = 𝟏𝟐𝒉

𝒅 = 𝟏𝟔𝒉

𝒅 = 𝟐𝟎𝒉

0.166

0

0

0

0

0.716

2.1.5 Smart measures against response concentration
2.1.5.1

Relative flexibility restriction

The size of the demand concentration effect is enhanced when the DSR flexibility is higher. Regarding
continuously adjustable loads, their flexibility is associated with their maximum power limit; a larger
maximum power limit enables them to acquire larger proportion of their energy requirements at the
lowest-priced periods and thus aggravates the concentration effect. Regarding deferrable cycle
loads, their flexibility is associated with their maximum cycle delay; a larger maximum cycle delay
limit enables them to execute their cycles over a wider time window. Given that different loads are
activated at different periods, a larger maximum cycle delay limit increases the number of loads
executing their cycles at the lowest-priced time periods and thus aggravates the concentration
effect.
In this context, the first proposed measure transmits (apart from the active and reactive price
signals) a relative flexibility restriction signal 𝜔 to the DSR EMS, which represents the fraction of
available flexibility that can be utilised. For continuously adjustable loads, 𝜔 is interpreted by their
EMS as their allowed maximum power limit as a fraction of the respective nominal one. For
deferrable cycle loads, 𝜔 is interpreted by their EMS as their allowed maximum cycle delay limit as a
fraction of the respective limit set by their users.
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2.1.5.2

Non-linear pricing

Imposing such flexibility restrictions may not be deemed acceptable by the users, as they may
consider it as a direct intervention of the DNO in the control of their assets. The second proposed
measure addresses this concern by replacing this hard restriction by a soft non-linear price signal 𝛼,
penalizing the extent of flexibility utilised. For continuously adjustable loads, 𝛼 is interpreted by their
EMS as a penalty on the square of their power demand. For deferrable cycle loads, 𝛼 is interpreted
by their EMS as a penalty on their cycle delay.
For the former loads, apart from the above acceptability advantage, this quadratic pricing measure
exhibits an optimality advantage over the flexibility restriction approach. With the latter, the
payment minimisation problem remains linear and thus the solution always involves demand equal
to the new maximum power limit at the periods with the lowest prices. With the former approach on
the other hand, the objective function becomes quadratic, the optimal response can admit a larger
number of values in the interior of the feasible operation domain of the loads, and thus a better
demand flattening effect can be achieved. This effect will be quantitatively demonstrated in subsection 2.1.5.5.

2.1.5.3

Randomised non-linear pricing

Deferrable cycle loads are characterised by discrete operation nature since their control lies in
deciding the (integer) number of hours that their cycle will be deferred by. This means that
application of a uniform flexibility restriction or non-linear price cannot sufficiently limit the
concentration effect. This can be better understood by considering the extreme example where all
deferrable cycle loads in the network have identical operating parameters. In this case, irrespectively
of the value of 𝜔 or 𝛼, all loads will initiate their cycle at the same time period and the concentration
effect cannot be avoided.
In this context, the third proposed measure introduces diversification in the response of deferrable
cycle loads by diversifying the non-linear prices 𝛼. Since the DNO does not have any information on
the parameters of the loads to drive the specifics of such diversification, a randomisation approach is
proposed. The non-linear prices 𝛼 posted to different loads follow a normal distribution, with a mean
value 𝛼 ∗ and a standard deviation 𝜎.

2.1.5.4

Measures tuning

In general, relatively large values of 𝜔 and relatively small values of 𝛼 and 𝜎 may not sufficiently limit
the loads’ flexibility to concentrate their demand at the lowest-priced periods, while relatively small
values of 𝜔 and relatively large values of 𝛼 and 𝜎 may limit excessively their flexibility and thus
prevent them from shaving the peaks and filling the off-peak valleys of the inflexible demand profile.
A suitable value of 𝜔, 𝛼 and 𝜎 should be employed by the DNO to achieve an effective trade-off
between these two effects, leading to a flatter total demand profile and more efficient operation.
Such suitable values will depend on the correlation between the characteristics of the flexible loads
population (number, nominal flexibility and diversity) and the temporal variation of inflexible
demand. For a certain inflexible demand profile, a larger number and flexibility and a poorer diversity
of the flexible loads population will result in a smaller value of the most suitable 𝜔 and a larger value
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of the most suitable 𝛼 and 𝜎. These effects will be quantitatively explored in sub-sections 2.1.5.5
and 2.1.5.6. Regarding the randomisation approach, the most suitable value of the uniform nonlinear price is employed as the mean value 𝛼 ∗ of the distribution of non-linear prices.

2.1.5.5

Performance of smart measures in the case of EV DSR

In order to address the response concentration effect illustrated in Figure 2, the flexibility restriction
and non-linear pricing measures have been applied. The values of the relative response restriction 𝜔
and the quadratic price signal 𝛼 have been suitably tuned -according to the discussion in sub-section
2.1.5.4 - to achieve an as-flat-as-possible total demand profile, to the values presented in Table 6.
Selected values of relative response restriction 𝝎 and quadratic price signal 𝜶. In line with subsection 2.1.5.4, as the EV penetration increases, a smaller 𝜔 and a larger 𝛼 are required.
Table 6. Selected values of relative response restriction 𝝎 and quadratic price signal 𝜶

10% EV

20% EV

30% EV

50% EV

100% EV

𝜔

0.4

0.35

0.3

0.25

0.2

𝛼 (p/kWh^2)

0.0005

0.001

0.0015

0.002

0.005

Both measures resolve the response concentration effect and perform better than the pure-dToUbased control approach in flattening the total demand profile. As a result, the power flow at the top
feeder section does not reach its thermal capacity limit (Figure 4) and demand shedding is not
required (Table 7). Furthermore, the flatter demand profile is translated into a reduction of network
losses, given that the latter are proportional to the square of the power demand, as observed in
Figure 5. Network losses under different EV dToU-based control approaches (100% EV penetration
scenario constitutes an exception as under pure dToU-based control the significant demand shedding
reduces greatly losses). Finally, for the reason explained in sub-section 2.1.5.2, the non-linear pricing
measure performs better that the flexibility restriction measure in flattening the demand profile and
reducing network losses.
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Apparent (MVA)

12
10
No DSR

8

No measure
6

Flexibility restriction
Non-linear pricing

4

Section capacity

2
0
1 2 3 4 5 6 7 8 9 101112131415161718192021222324
Hour

Figure 4. Power flow at feeder section 910-90069 under different EV dToU-based control approaches (100%
EV penetration scenario)
Table 7. Demand shed under different EV dToU-based control approaches (in MWh)

10% EV

20% EV

30% EV

50% EV

100% EV

No DSR

0.166

0.962

1.885

3.734

9.156

No measure

0

0

0

1.611

8.986

Flexibility restriction

0

0

0

0

0

Non-linear pricing

0

0

0

0

0

1.15

Losses (MWh)

1.1
1.05
1
0.95
0.9
0.85
0.8
L
No DSR

LM
No measure

M
Flexibility restriction

HM

H

Non-linear pricing

Figure 5. Network losses under different EV dToU-based control approaches
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2.1.5.6

Performance of smart measures in the case of WA DSR

In order to address the response concentration effect illustrated in Figure 3, the uniform and
randomised non-linear pricing measures have been applied. The values of the uniform delay price 𝛼
and the standard deviation 𝜎 have been suitably tuned -according to the discussion in sub-section
2.1.5.4 - to achieve an as-flat-as-possible total demand profile, to the values presented in Table 8. In
line with sub-section 2.1.5.4, as the WA flexibility increases, a larger 𝛼 and 𝜎 are required.
Table 8. Selected values of delay price signal α and standard deviation σ

𝒅 = 𝟒𝒉

𝒅 = 𝟖𝒉

𝒅 = 𝟏𝟐𝒉

𝒅 = 𝟏𝟔𝒉

𝒅 = 𝟐𝟎𝒉

𝛼 (p/h)

0.0001

0.0002

0.0002

0.0002

0.0003

𝜎 (p/h)

0.00005

0.0002

0.0003

0.0005

0.0008

Both measures limit the response concentration effect and perform better than the pure-dToUbased control approach in flattening the total demand profile. As a result, the power flow at the top
feeder section does not reach its thermal capacity limit (Figure 6) and demand shedding is not
required (Table 9). Furthermore, the flatter demand profile is translated into a reduction of network
losses, given that the latter are proportional to the square of the power demand, as observed in
Figure 7 (𝑑 = 20ℎ scenario constitutes an exception as under pure dToU-based control the demand
shedding reduces losses). Finally, for the reason explained in sub-section 2.1.5.3, the randomised
non-linear pricing performs better that the uniform non-linear pricing in flattening the demand
profile and reducing network losses.
7

Apparent power (MVA)

6
No DSR
5
No measure
4
Uniform non-linear pricing

3
2

Randomised non-linear
pricing

1

Section capacity

0
1 2 3 4 5 6 7 8 9 101112131415161718192021222324
Hour
Figure 6. Power flow at feeder section 910-90069 under different WA dToU-based control approaches (d=20h
scenario)
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Table 9. Demand shed under different WA dToU-based control approaches (in MWh)

𝒅 = 𝟒𝒉

𝒅 = 𝟖𝒉

𝒅 = 𝟏𝟐𝒉

𝒅 = 𝟏𝟔𝒉

𝒅 = 𝟐𝟎𝒉

No measure

0

0

0

0

0.716

Flexibility restriction

0

0

0

0

0

Non-linear pricing

0

0

0

0

0

0.835

Losses (MWh)

0.83
0.825
0.82
0.815
0.81
0.805
d=4h
No measure

d=8h

d=12h

Uniform non-linear pricing

d=16h

d=20h

Randomised non-linear pricing

Figure 7. Network losses under different WA dToU-based control approaches

2.1.6 Conclusions
Dynamic Time-of-Use (dToU) pricing constitutes a promising approach for the realization of the
significant potential of DSR in future distribution networks. However, naïve application of dToUbased control leads to demand-led DSR concentration at the lowest-priced periods, breaching
voltage/thermal limits of the distribution network and increasing network losses. This effect has
been demonstrated through case studies on a LCL network with demand-led DSR in the form of
smart charging electric vehicles and wet appliances with delay functionality.
In order to avoid such concentration effects and achieve more efficient network operation, different
smart measures have been proposed and explored in this section. The first one posts a relative
flexibility restriction signal to the DSR EMS. In case of flexible loads with continuously adjustable
power levels (e.g. electric vehicles), this restriction corresponds to a maximum power limit,
preventing each of these loads from requesting a large proportion of its total energy requirements at
the lowest-priced periods. In case of flexible loads that cannot continuously adjust their power levels
but can only defer their fixed operation cycles (e.g. wet appliances), this restriction corresponds to a
maximum cycle delay limit, preventing them from synchronizing their operation at the lowest-priced
periods.
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However, imposing a flexibility restriction may not be deemed acceptable by the consumers as it may
be considered as a direct intervention of the DNO in the control of their loads. In this context, an
alternative proposed measure replaces the hard flexibility restriction by a soft non-linear price signal,
penalizing the extent of flexibility utilised by the flexible loads. Specifically, this price penalizes the
square of the power demand and the duration of cycle delay of continuously adjustable and
deferrable cycle loads respectively. Regarding the former type, this non-linear pricing approach is
demonstrated to outperform the flexibility restriction approach in flattening the demand profile and
thus achieving more efficient network solutions. Regarding the latter type, a third proposed smart
measure randomising the non-linear price signal posted to different loads is demonstrated to bring
significant additional benefits.
The above results indicate that naive dToU-based control of DSR in combination with the envisaged
automation in DSR control leads to serious loss of demand diversity with adverse effects on network
constraints and losses. In order to address these effects, dToU-based control needs to be suitably
modified through the introduction of additional signals posted to the DSR EMS, and these
modifications should be customised to the operating properties of different DSR types.
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3 Managing synergies and conflicts of DSR application in
planning of future distribution networks
3.1 Context
Recent studies of future GB scenarios with significant contribution of low carbon demand and
generation technologies, using whole-system modelling tools (in particular WeSIM1), clearly indicate
that generation-led and demand-led demand side response (DSR), distributed energy storage and
other emerging technologies could bring significant benefits to several sectors of the electricity
industry, including distribution networks, transmission networks and generation system operation
and investment. Evolving non-network technologies connected to distribution networks could
provide services to support real-time balancing of demand and supply, network congestion
management and reduce the need for investment in system reinforcement. However the energy
supply sector and energy transport sectors (distribution and transmission networks) are operated by
different commercial organisations and their level of integration and coordination is currently
limited.
In this context, the application of flexible DSR technologies (a) to enhance the operation and
investment performance of distribution networks, from the perspective of Distribution Network
Operator (DNO) or (b) to dedicate DSR to support system balancing at the transmission level, may be
suboptimal when considering wider national objectives. Managing the synergies and conflicts
between distribution network, energy supply, transmission network, and the EU interconnection
objectives when allocating DSR flexibility, is a key for optimal development of the GB system as a
whole. This issue has been recognised2 and demonstrated in Low Carbon London in the dynamic
Time-of-Use trial, and in this context LCL Report A6 (Network impacts of supply-following Demand
Response) demonstrates that the growth in intermittent renewable generation will increase the
competition between stakeholders requiring DSR resources, emphasising the importance of a
coordinated approach between key market players.
This study is the first that uses the whole system approach to analyse and compare the role and the
value of DSR considering its multi applications / benefits to all sectors in the GB electrical system.

3.2 Objectives
In order to demonstrate the importance of the whole system based optimal allocation of DSR
flexibility, a number of studies were carried out. The main aims of these studies are to:

1

Whole-electricity System Investment Model - is a comprehensive electricity system analysis model developed
by Imperial College London that simultaneously balances long-term investment decisions against short-term
operation decisions, across generation, transmission and distribution systems, in an integrated fashion while
considering development of future low carbon electricity systems, including application of alternative smart
flexible technologies and emerging designs of flexible generation technologies
2

“Benefits of Advanced Smart Metering for Demand Response based Control of Distribution Networks” report
to ENA by the Centre for Sustainable Electricity and Distributed Generation, April 2010.
“Demand Side Response: Conflict between Supply and Network Driven Optimisation” report to DECC by Poyry
and University of Bath, November 2010.
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Contrast the cost and benefits of applying whole-systems approach against the DNO centric
approach for designing future distribution networks; and



Identify the role of DSR under different future flexibility scenarios.

In addition, the importance of loss-inclusive network planning is also discussed in this report.

3.3 Description of the case studies
Focusing on the objectives of the studies, a set of simulation studies were carried out using the
following models, system backgrounds and scenarios:

3.3.1 Modelling of the electricity system
A cost minimisation model for the entire European system was used in the study. The model includes
a representation of the electricity systems of GB, Ireland and continental Europe. The model
optimises investment decisions in GB at all levels of the power system (generation, transmission and
distribution), generation investment decisions in the rest of the European system as well as the
short-term operation of the entire European system on an hourly basis, including plant dispatch and
scheduling of reserve and frequency regulation services to ensure sub-hour (seconds to minutes)
balancing of the system. The configuration of the interconnected GB electricity system used in this
study is presented in Figure 8. Given that the GB transmission network is characterised by NorthSouth power flows, it was considered appropriate to represent the GB system using the four key
regions and their boundaries, while considering London as a separate zone.

Figure 8. Simplified GB model with interconnection to Ireland and mainland Europe

The two neighbouring systems, Ireland and Continental Europe (CE), were considered (CE is an
equivalent representation of the entire interconnected European system). Lengths of the
transmission corridors in Figure 8 do not reflect the actual physical distances between different
areas, but rather the equivalent distances which are chosen to reflect the additional investment
associated with local connection and reinforcements. Corridor capacities indicated in the figure refer
to capacities expected to be in place by 2020.
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3.3.2 Generation and demand background
The generation and demand scenario used in the study refer to the Green World 2030 scenario.
Detail of the scenario can be found in the Appendix.
The capacity of generation in the Green World 2030 is presented in Figure 9. Generation capacity in
2030 Green World (GW) scenario is about 140 GW, of which some 72.8 GW is RES generation. Total
installed capacity in 2030 Slow Progression (SP) scenario is around 104 GW, of which 41.7 GW is RES
generation. For 2050 High Renewable (HR) scenario, there are 226 GW installed generation, 42% of
which is contributed by RES capacity. The penetration of RES with respect to meeting annual
electricity demand is 31%, 47% and 54% in 2030 SP, 2030 GW and 2050 HR, respectively.

Figure 9. 2030 Green World scenario

Following the generation pathway with significant share of renewables, the generation and demand
backgrounds in CE and Ireland were setup. It is important to note that WeSIM optimises the
operation of the entire European system, including seasonal optimisation hydro in Scandinavia,
pump storage schemes across CE and DSR across CE.

3.3.3 Generation flexibility
The studies investigate the impact of the flexibility of generation system on the role of DSR.
Generation flexibility, which will impact the ability of the system to accommodate renewable
generation, will be driven by generation dynamic parameters including minimum stable generation,
commitment times, minimum up and down constraints, ramp rates, frequency response
characteristics. This would apply to all central generation technologies including nuclear. In addition,
the level of interconnection can also impact the ability of the GB system to integrate renewables and
will hence impact the role of DSR. Given the objective of this exercise, similar to the LCL Report A6,
two cases are analysed, one with inflexible generation portfolio and one characterised with high
generation flexibility. Key flexibility parameters of conventional generation that are enhanced in the
high flexibility case include: minimum stable generation, which is assumed to reduce by 50% for
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more flexible plant, the minimum up and down times reduced by 50%, rump-rates increased for 50%
and fast frequency response capabilities doubled3.

3.3.4 Demand flexibility
The flexibility enabled by the deployment of DSR technologies including Electric Vehicles (EV), Heat
Pumps (HP), dynamic Time of Use (dToU tariff), Industrial and Commercial load (I&C), and energy
efficiency measured trialled and analysed in Low Carbon London was modelled. The demand data
for the Green World 2030 scenario are presented in Table 10. The annual consumption is 344 TWh
and peak demand 59.1 is GW. The annual and peak demand for EV are 18 TWh and 3.57 GW
respectively and the annual and peak demand for HP are 53 TWh and 16.6 GW respectively.
Table 10. Demand Information for the GB system in 2030

2030 Green
World (GW)

Annual
Demand

Peak
Demand

Annual EV
demand

Peak EV
demand

Annual HP
demand

Peak HP
Demand

344 TWh

59.1 GW

18 TWh

3.57 GW

53 TWh

16.6 GW

A detailed representation of demand and the capability of demand response technologies, based on
our bottom-up analysis and development of the demand profiles associated with residential and
commercial sectors, are included in the model and the levels of flexibility used is consistent with
assumptions made in LCL Report on Carbon Impact. In the context of dToU, 20% of residential
electricity demand is assumed to be flexible (to support the efficient local network management and
integration of intermittent renewables at the national level). This is based on the dToU trial findings
assuming that consumers are educated to the point that today’s high-performers become the ‘new
normal’. It is further assumed that up to 80% of EV demand, 35% of HP demand is flexible and 10% of
I&C demand is assumed to flexible.
The key challenge of the cost optimisation model is to manage the synergies and conflicts of multi
DSR applications to reduce investment in London network while supporting the supply side
objectives at the national level. This analysis is carried out by the Whole electricity System
Investment Model which is described in the following section.

3.3.5 Simulation tool: Whole electricity System Investment Model (WeSIM)
WeSIM carries out an integrated optimisation of electricity system investment and operation and
considers two different time horizons: (i) short-term operation with a typical resolution of one hour
or half an hour (while also taking into account frequency regulation requirements), which is coupled
with (ii) long-term investment i.e. planning decisions with the time horizon of typically one year (the
time horizons can be adjusted if needed). All annual investment decisions and 8,760 hourly operation

3

Dynamic characteristics of highly flexible generation are consistent with those used in “Understanding
Balancing Challenge”, report to DECC, 2012
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decisions are determined simultaneously in order to achieve an overall optimality of the solution. An
overview of the WeSIM model structure is given in Figure 10.
The objective function of WeSIM is to minimise the overall system cost, which consists of investment
and operating cost while meeting CO2 emissions targets. The investment cost includes (annualised)
capital cost of new generating and storage units, capital cost of new interconnection capacity, and
the reinforcement cost of transmission and distribution networks. In the case of storage, the capital
cost can also include the capital cost of storage energy capacity, which determines the amount of
energy that can be stored in the storage. Various types of investment costs are annualised by using
the appropriate Weighted-Average Cost of Capital (WACC) and the estimated economic life of the
asset. Both of these parameters are provided as inputs to the model, and their values can vary
significantly between different technologies.
System operating cost consists of the annual generation operating cost and the cost of energy not
served (load-shedding). Generation operating cost consists of: (i) variable cost which is a function of
electricity output, (ii) no-load cost (driven by efficiency), and (iii) start-up cost. Generation operating
cost is determined by two input parameters: fuel prices and carbon prices (for technologies which
are carbon emitters).

Figure 10. Outline of the WeSIM input and output data

There are a number of equality and inequality constraints that need to be respected by the model
while minimising the overall cost. These include:
-

Power balance constraints, which ensure that supply and demand are balanced at all times.

-

Operating reserve constraints include various forms of fast and slow reserve constraints.

-

Generator operating constraints include: (i) Minimum Stable Generation (MSG) and
maximum output constraints; (ii) ramp-up and ramp-down constraints; (ii) minimum up and
down time constraints; and (iv) available frequency response and reserve constraints.
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4

-

Generation: WeSIM optimises the investment in new generation capacity while considering
the generators’ operation costs and CO2 emission constraints, and maintaining the required
levels of security of supply. WeSIM optimises both the quantity and the location of new
generation capacity as a part of the overall cost minimisation. If required, the model can limit
the investment in particular generation technologies at given locations.

-

For wind, solar, marine, and hydro run-of-river generators, the maximum electricity
production is limited by the available energy profile, which is specified as part of the input
data. The model will maximise the utilisation of these units (given zero or low marginal cost).
In certain conditions when there is oversupply of electricity in the system or
reserve/response requirements limit the amount of renewable generation that can be
accommodated, it might become necessary to curtail their electricity output in order to
balance the system, and the model accounts for this.

-

For hydro generators with reservoirs and pumped-storage units, the electricity production is
limited not only by their maximum power output, but also by the energy available in the
reservoir at a particular time (while optimising the operation of storage).

-

Demand-side response constraints include constraints for various specific types of loads.
WeSIM broadly distinguishes between the following electricity demand categories: (i)
weather-independent demand, such as lighting and industrial demand, (ii) heat-driven
electricity demand (space heating / cooling and hot water), (iii) demand for charging electric
vehicles, and (iv) smart appliances’ demand.

-

Power flow constraints limit the energy flowing through the lines between the areas in the
system, respecting the installed capacity of network as the upper bound (WeSIM can handle
different flow constraints in each flow direction). The model can also invest in enhancing
network capacity if this is cost efficient. Expanding transmission and interconnection capacity
is generally found to be vital for facilitating efficient integration of large intermittent
renewable resources, given their location. Interconnectors provide access to renewable
energy and improve the diversity of demand and renewable output on both sides of the
interconnector, thus reducing the short-term reserve requirement. Interconnection also
allows for sharing of reserves, which reduces the long-term capacity requirements.

-

Distribution network constraints are devised to determine the level of distribution network
reinforcement cost, as informed by detailed modelling of representative UK networks.
WeSIM can model different types of distribution networks with their respective
reinforcement cost4.

-

Emission constraints limit the amount of carbon emissions within one year. Depending on the
severity of these constraints, they will have an effect of reducing the electricity production of
plants with high emission factors such as oil or coal-fired power plants. Emission constraints
may also result in additional investment into low-carbon technologies such as nuclear or CCS
in order to meet the constraints.

-

Security constraints ensure that there is sufficient generating capacity in the system to supply
the demand with a given level of security. If there is storage in the system, WeSIM may make

“Understanding Balancing Challenge”, Imperial College and NERA report to DECC, 2012

“Whole-Systems Assessment of the Value of Energy Storage in Low-Carbon Electricity Systems”, Pudjianto D,
Aunedi M, Djapic P, Strbac G, 2014, IEEE TRANSACTIONS ON SMART GRID, Vol: 5, Pages: 1098-1109
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use its capacity for security purposes if it can contribute to reducing peak demand, given the
energy constraints.

3.3.6 Modelling DNO centric approach
In order to simulate the DNO centric approach, the cost of distribution network reinforcement in
WeSIM was multiplied by 100 times. This means that DSR would be deployed first to minimise the
reinforcement cost in the distribution network before it could be used for any other purpose.

3.4 Results of the studies
The key results of the studies are presented in Figure 11. The results are expressed as the cost
different between the total system cost which includes operating and investment costs obtained by
the whole system approach and by the DNO centric approach. If the cost difference is positive, it
means that the cost for that particular sector in the whole system approach is higher than the cost
proposed by the DNO centric approach. On the other hand, if the cost difference is negative, it shows
the savings generated by using the whole system approach.
The results demonstrate that the whole system approach allows more investment in distribution
networks compared to the one proposed by the DNO centric approach. This additional distribution
network investment enables the flexibility of DSR to reduce primarily the operating cost and
generation CAPEX.

Figure 11. Impact of generation flexibility on the role and value of DSR

As the system used in the study is relatively constrained and not able to absorb the output of
renewables, the DSR can provide flexibility needed to reduce the curtailment of wind power output.
Consequently, DSR will also reduce the requirement for CCS capacity, which would otherwise need to
be built to displace the curtailed wind output and meet the emissions target.
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The results demonstrate that in the case of inflexible generation system, the whole system approach
proposes larger investment in the distribution network in order to enable DSR to support system
balancing at the national level (more than £340 million of additional investment in distribution
network). With increased distribution network capacity, DSR can more closely follow the wind power
fluctuations and enhance the ability of the system to accommodate wind generation that would
otherwise need to be curtailed. Curtailment is costly not only in terms of increased operating costs,
but also in investment terms as reduction in wind energy absorbed will trigger investment in low
carbon generation (SSC in case) needed to meet CO2 target. In contrast, the DNO centric approach
will prioritise the use of DSR for peak load reduction in order to reduce the distribution network
reinforcement cost despite the value of DSR for system balancing purpose (note that DSR can also be
used for system balancing purposes as long as it does not trigger increase in the peak load).
In the case of highly flexible generation system and enhanced interconnection, the need to use DSR
for system balancing will be reduced. Therefore, as demonstrated in Figure 11, the additional
investment in distribution networks proposed by the whole system approach, i.e. £70 million is
significantly lower than the additional investment proposed in the case of inflexible system (£340
million). Thus, the role of DSR in the flexible system is closer to the role of DSR in the DNO centric
approach; this shows the shift of the focus of DSR applications depending on the system needs.
The results of the study demonstrate that the additional investment in distribution network which
allows higher flexibility in modifying the loads for system balancing can be justified since the benefits
in the forms of savings in OPEX and generation CAPEX exceed the cost. In both cases, the cost
obtained by the whole system approach is less by approximately £716 million to £771 million. The
savings are not insignificant and should be pursued to reduce the overall electricity cost in the future.
With respect to the development of distribution network in London, the results of the studies
suggest the following:
1. In case of inflexible GB generation system, it is optimal to reinforce the distribution network
to enable DSR to enhance efficiency of operation and investment of low carbon generation
system at the national level.
2. In case of flexible GB generation system, the role of flexible DSR technologies is mostly
focused on managing peaks in the distribution network and enhancing its utilisation, while
providing national level services when not conflicted with the local network objectives.
It is important to note that the results are system specifics but the key lesson learnt here is that the
development of distribution network in future should not be carried out in isolation to the
development of other sectors like in the past, but should be integrated as suggested by the whole
system approach. However, this effect may potentially be material beyond 2030.

3.5 Loss inclusive network design
Traditionally, distribution network design has been driven by requirements of delivering reliability
and continuity of supply. This has not explicitly included electricity losses, their economic and carbon
emissions impact. Recent work5 demonstrated that this approach is not optimal and that loss
inclusive network design would lead to a very significant reduction in peak utilisation of LV and HV

5

“Management of electricity distribution network losses”, IFI report to UKPN an WPD, Imperial College and
Sohn Associates, 2014

29

circuits. This is because the majority of the distribution network losses, approximately 50%-70% of
losses are in HV and LV as shown in Figure 12. Optimal peak utilisations (and the ratios of peak
capacity and demand) in LV, HV and EHV networks, following loss inclusive network design approach,
are shown in Figure 12.

Figure 12 shows the distribution of losses in urban networks. The majority of the losses,
approximately 50%-70% of losses occur at HV and LV networks.

Figure 12. Distribution of losses in urban networks

Table 11. Peak utilisation and the ratio of peak capacity and demand on the inclusive network design

Under-ground
Cables

Peak
Utilisation(%)

Ratio of peak capacity
and peak demand

LV

12 - 25

4.0 – 8.3

HV

14 - 27

3.7 – 7.1

EHV

17 - 33

3.0 – 5.9

The results show that the economic maximum network loading should be no higher than 12-25% of
its thermal rating in LV network, 14-27% in HV and 17-33% in EHV networks. We note the figures of
maximum network loading are in fact conservative, and could be even lower, as the analysis did not
included carbon prices and was based on relatively low energy prices of £45/MWh, particularly in the
light of the recent announcement that the strike price for new nuclear would be £92.50/MWh.
In summary, the results indicate that low levels of network loading can be justified in order to
economically optimise the network design from the whole system perspective. In other words, the
traditional peak demand based network design will lead to inefficient increase in generation
operation and investment cost, resulting in overall higher cost to end consumers. There may be
practical reasons for limiting the physical size of conductors e.g. complications in connection of large
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cables to smaller cables, but the use of conductors which are larger than the least-cost solution is
economically justified when including losses in the design considerations.
This emphasises the importance of implementing the loss inclusive network design approach for
planning the future HV and LV networks as the present minimum asset cost approach to network
design will actually increase the long term cost that leading to increase in cost to end consumers.

3.6 Summary
Historically, the development of distribution networks is decoupled from the development of other
sectors in power system industries. This can be understood due to the fact that the distribution
network was designed to operate in a passive mode with very limited amount of distributed
generation and flexible loads. As the role of central generation will need to be displaced by DG and
DSR in the future to support the national electricity system operation, the optimal capacity of the
distribution network is not only dictated by the need to support peak demand but also to support the
wider system operation.
With respect to the development of distribution network in London, the results of the studies
suggest the following:
1. In case of inflexible GB generation system, it would be optimal to reinforce some parts of
London distribution network to enable DSR to enhance efficiency of operation and
investment of low carbon generation system at the national level.
2. In case of flexible GB generation system supported by significant interconnection, the role of
flexible DSR technologies is focused on managing peaks in London distribution network and
enhancing its utilisation, and less on supply side objectives.
Managing the synergies and conflicts between distribution network, energy supply, transmission
network, and the EU interconnection objectives when allocating DSR flexibility, may be critical for the
optimal development of the GB system as a whole. In other words, the approach focused on a single
market participant e.g. DNO-centric or Supplier-centric perspective, may be suboptimal. Wholesystems approach joining energy, emissions and loss inclusive distribution network design is needed
as present peak driven approach to distribution network design will lead to inefficient operation and
investment in generation system.
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4 DSR Contracts and Baselining Methods
4.1 Context
Contracts for industrial and commercial (I & C) demand side response (DSR) typically specify two
types of payment to the participant: an availability payment and a utility payment. The availability
payment is a fixed amount paid for each month that the participant is available to respond to a
demand response signal; the utility payment is an amount paid for each demand response event
proportional to the demand reduction within the event window. Typically the utility payment over a
year is similar to the availability payment, so the calculation of the utility payment is very significant
in determining the payments made to participants in DSR. In order to calculate the utility payment it
is necessary first to determine the demand that would have occurred in the event window had no
event taken place. A baseline is made for this purpose: having obtained the baseline load during the
event, the actual load recorded during the event may be subtracted from this to obtain the demand
reduction. The payment made is proportional to this demand reduction. The main source of error in
this calculation is the error in the baseline6.
When choosing a suitable baseline for DSR, two principle qualities need to be considered, apart from
accuracy: simplicity and robustness.
Ideally baselines should be simple enough that all parties – participant, aggregator and network
operator – can understand and implement them after and during events. This applies especially to
participants, who would not necessarily have the background knowledge required to understand and
implement more complex baselines. The greater transparency of simpler baselines leads to improved
confidence in DSR for participants.
Robustness refers to the resistance of the method to manipulation by end-users in order to
artificially increase their utilisation payments7 or to artificially high baselines caused by legitimate
activities such as pre-cooling8. Baselining methods may be made very resistant to this type of
problem, but it may require using more historical data and avoiding adjustment (described below in
section 4.2.3), both of which may be undesirable. More robust methods are also likely to be less
favourable to end-users, resulting in lower take-up and greater churn in participants.
It should be noted that baselines of the type discussed here are only relevant for demand-led DSR
and generation-led DSR with grid-connected generators: the more common generation-led DSR,
using standby generators, only requires very simple baselines.
There is a great deal of literature on baselining methods, including some excellent comparisons of
different methods.

6

This error depends, in part, on the characteristic day-to-day load variability of the site.

7

For example, expecting a high load day a site manager might increase their load when they anticipate the
adjustment period to occur. An adjusted baseline will then give them an artificially high utilisation payment.
8

‘Pre-cooling’ refers to the practice of using a building’s HVAC system to reduce the internal temperature to
the minimum set point prior to an event in order to minimise the highest temperature suffered when the HVAC
is turned down for the DSR event.
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Coughlin et al [19] compare seven of the simpler baselining methods, including several of the high X
of Y type (discussed in section 4.2.3 below) and a linear regression method (see section 4.2.1 below).
They measure accuracy and bias in baseline predictions for a range of building types. Buildings are
classified into four groups depending on the day-to-day variability in their loads and their sensitivity
to temperature (that is, the strength of correlation between building load and outside temperature9).
Mathieu et al [20] propose a novel baselining method that uses linear regression and a simple model
of the relationship between building load and external temperature. This is discussed in detail in
section 4.2.1 below.
Taylor et al [21] compare the accuracy of six baselining methods. These include ARIMA (discussed in
section 4.2.2 below), exponential smoothing and artificial neural networks.
Finally, Wijaya et al [22] compare the accuracy and bias of five types of baseline, including low 4 of 5,
regression, high 4 of 5 and exponential moving average. This is done without applying an adjustment
(see section 4.2.3 below) to the baselines.

9

Measured using the rank order correlation which is insensitive to the size of hourly variations and only
measures the degree to which load and temperature rise and fall together. This makes it easier to compare
buildings with very different sized loads.
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4.2 Baselining methods
4.2.1 Linear regression
One approach to modelling a building’s demand over time is to model the relationship between the
dependent variable (in this case the load) and one or more explanatory variables. Typically these
explanatory variables include outside temperature.

In [19] linear regression is used to calculate the coefficients of the simple linear model:
𝐿(𝑑, ℎ) = 𝐶1(ℎ) + 𝐶2(ℎ) × 𝑇(𝑑, ℎ)

(1)

where 𝐿(𝑑, ℎ) is the building load for day 𝑑 during hour ℎ and 𝐶1(ℎ), 𝐶2(ℎ) are the coefficients to
be determined, assumed to be independent of the day. 𝑇(𝑑, ℎ) is the outside air temperature on day
𝑑 during hour ℎ. Two methods were used with different durations of historical data: a six month
period from May to October and ten days prior to the event. They found that both of these methods
performed similarly and suggest that this may be because a linear model is not appropriate.
However, Mathieu et al [20] show a model which is still linear, but extends the simple model in
equation (1). Here:
6

𝐿(𝑡𝑖 , 𝑇(𝑡𝑖 )) = 𝛼𝑖 + ∑ 𝛽𝑗 𝑇𝑐,𝑗 (𝑡𝑖 )

(2)

𝑗=1

where 𝑡𝑖 refers to time period 𝑖 of 480 15 minute time periods during the week. 𝑇(𝑡𝑖 ) is the
temperature at time period 𝑖. 𝛼𝑖 and 𝛽𝑗 are parameters to be found by linear regression. The second
term on the l.h.s represents a piecewise linear model linking demand and temperature so that
buildings are modelled as having a typical independent demand component linked to time of week
plus a temperature related demand component. This is equivalent to a simple physical model of a
building’s demand: a more sophisticated model would include inputs such as solar radiation,
humidity and internal heat sources.
Unlike the high X of Y methods (see sections 4.2.3 and 1.1.1), these regression methods allow for
differences between weekdays. The accuracy is related to the amount of data used in the calculation
(in [20] several months data is used) and Mathieu et al [20] show this to be good for their model. The
accuracy here is a function of how well the explanatory variables – demand at a given time of week
and a given temperature) capture the site’s power consumption.
In three case studies they show that their baselines closely follow the actual measured demand
profiles.
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4.2.2 ARIMA
A demand profile is simply a time series of site load readings and as such may be modelled using one
of the ARIMA models. ARIMA [23] is the most general class of models for forecasting time series
(ARIMA stands for “Auto-Regressive Integrated Moving Average”). ARIMA models are univariate and
the dependent variable Y is modelled as:
Y = weighted sum of one or more recent values of Y
+ weighted sum of one or more recent values of error in Y

(3)

There are three parameters used to distinguish between models: 𝑝 is the number of autoregressive
terms; 𝑑 is the number of non-seasonal differences made to obtain a stationary time series and 𝑞 is
the number of lagged forecast errors in the prediction equation. In Taylor et al [21] they model the
total electricity demand for England and Wales during the period April to October 2000. The model
they use for this is multiplicative double seasonal ARIMA(𝑝, 𝑞, 𝑑) model [24], 𝐴𝑅𝐼𝑀𝐴(2,0,1) ×
𝐴𝑅𝐼𝑀𝐴(2,0,1)48 × 𝐴𝑅𝐼𝑀𝐴(1,0,2)336, where subscripts of 48 and 336 allow for daily and weekly
cycles. They find this gives a mean average percentage error (MAPE) of 1.5% for a 24 hour lead time,
compared with an error of 2.2% for a naïve baseline using just the observed values for the
corresponding period for the previous week. A regression model with principal component analysis
(PCA) performs very slightly better than this with a MAPE of 1.4% for the same lag. Direct
comparisons between this method and that of Mathieu et al are not available, but one would expect
it to perform similarly to the regression model with PCA.
This ARIMA model is quite accurate, but difficult to implement and complicated.

4.2.3 Symmetric high X of Y

Figure 13: Selection of Days for High X of Y Baselines

In high X of Y, the X highest energy consumption days are selected from the last Y non-event business
days. Figure 13 illustrates the selection process for high 5 of 10. Weekends, holidays and prior events
are excluded leaving ten days from which the five highest demand days are chosen. The demand
profiles for the selected X days are averaged to form an initial baseline. In symmetric high X of Y an
adjustment is made to obtain the final baseline: the initial baseline is shifted up or down to match
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the average load in a period prior to the event. Figure 14 is a flowchart illustrating symmetric and
asymmetric high 5 of 10.

Figure 14: Flow chart for symmetric and asymmetric high five of ten
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A disadvantage of symmetric high X of Y is that site managers may anticipate DSR events and reduce
demand early, during the adjustment period. In this case they will be unfairly penalised with a low
payment and, for a typical contract, a penalty payment if they fail to achieve 95% of the required
demand reduction.
Coughlin et al [19] found mean absolute errors between 3% and 8% in baseline measurements for
symmetric high 3 of 10, depending on the load variability and weather sensitivity of sites. These
errors are very similar to those for linear regression (section 4.2.1), although the authors do
emphasise that a more sophisticated regression model would yield more accurate results. Note,
however, that the intrinsic load variability of sites will always set a limit on the potential for
improvements in accuracy.
Coughlin et al [19] also analyse the bias in baselines. They do this by calculating the median in the
distribution of percentage errors when baselines are constructed for non-event days. Unbiased
methods should give a median of zero. This is an important measure because, unlike sources of
inaccuracy, any bias will propagate through to all DSR payments. Their measurements of error bias
show quite small values compared with errors in accuracy when an adjustment is applied10. Error
biases for symmetric 3 of 10, for example, were zero on average, being small and negative for 2
categories of building and small and positive for the other 2 categories and typically less than 5% of
errors in accuracy. This suggests that bias is not significant for symmetric high X of Y baselines.

4.2.4 Asymmetric high X of Y
Asymmetric high X of Y is identical to symmetric high X of Y, except for the way in which the
adjustment is made. The flow chart in Figure 14 illustrates the method. Instead of shifting the initial
baseline up or down, the baseline is only shifted up: if it is higher than the event-day profile it is not
shifted down. This means that customers reducing demand in anticipation of an event will not be
penalised. However, it also means that customers may receive an artificially high payment. This
baselining method is favoured by aggregators as they prefer to make higher utilisation payments
rather than risk discouraging existing and potential customers.
Coughlin et al [19] found error magnitudes between 6% and 16% for unadjusted high 3 of 10. In this
case no adjustment was made at all, but these high figures are indicative of the reduced accuracy to
be expected when no adjustment is made on the high side. They also found high biases of up to 4%.
Asymmetric high 3 of 10 would have even higher biases, as the name implies.
Figure 15 compares asymmetrically and symmetrically adjusted high five of ten (HFoT) baselines.
Clearly the asymmetrically adjusted baseline (only up) (in black) would result in an artificially high
utility payment.

10

Coughlin et al [19] use a multiplicative rather than an additive adjustment, but also tested this against the
additive type and found no significant differences.
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Figure 15: Comparison of different types of high five of ten baseline

4.2.5 Alternative baselining methods
Many other baselining methods have been tried in the past. These include artificial neural networks
and exponential smoothing [21]. Taylor et al [21] find their artificial neural network model performs
poorly compared with ARIMA, although they also state that there may be choices of neural network
that would give better performance. They do find that exponential smoothing performs well and
might be a simpler alternative to ARIMA.
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4.3 Summary
Table 12: Comparison of baselining methods

Baselining method
Linear regression
ARIMA
High X of Y (Symmetric)
High X of Y (Asymmetric)

Strengths
Accurate and robust, low bias

Very accurate and robust, low bias
Good balance of simplicity,
accuracy and robustness, low bias
Good balance of simplicity,
accuracy and robustness,
favourable to DSR participants

Weaknesses
Requires whole season of data for
best accuracy. More complex than
high X of Y
Quite complex and requires a large
amount of data to achieve best
accuracy
May disadvantage those turning
down in anticipation of an event
Less accurate than symmetric
causing overpayment by
aggregator/DNO, high bias

Table 12 summarises the strengths and weaknesses of the main categories of baseline. Linear
regression and ARIMA are not usually used in fulfilling DSR contracts11 because of their relative
complexity. However, they offer improved accuracy (especially if large amounts of historical data are
available) and very low bias, even when no adjustment is made [22]. It may be that in the future an
app on a tablet or laptop can be used to implement baselines, hiding the complexity behind a
simplified input interface that also explains the working of the baseline in simple terms. Having said
this, the comparisons in [19], [21] and [22] show that the gains to be made, especially over a
symmetric high X of Y baseline, are small and that the intrinsic variability in load of a site may
dominate over any gains to be made by choice of baselining method.
Another consideration is that, in the distribution network context, it is much more important that
demand reduction (in kW) is maintained throughout the duration of the event, as only a small
number of high capacity DSR sites may be used to support an overloaded asset and minimising the
duration of exposure of any asset to overload is crucial. For this reason it is likely that contracts
currently in use for STOR based DSR would need to be adapted to include penalties for low
compliance12.
Asymmetric high X of Y baselines are currently favoured for DSR payment calculations because they
are simple to implement and understand and do not penalise participants if they reduce demand in
advance of a DSR call. However, Coughlin et al [19] and Wijaya et al [22] show that they suffer
significant bias and inaccuracy. In the distribution network context this may not be acceptable
because it is much more important to have as accurate as possible predictions of demand reduction
when just a few high capacity sites are supporting a single overloaded asset.
Symmetric high X of Y baselines, however, although not quite as accurate or lacking in bias as
regression or ARIMA (provided sufficient historical data are available), provide an excellent balance
11

They are typically used for analysis: to help a site manager understand building load and how it may be
reduced, for example.
12

‘Compliance’ is the percentage of the event time for which the demand reduction is maintained above the
contracted amount - see LCL Report A7 [25].
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between simplicity, accuracy and robustness. As for all X of Y baselines, symmetric high X of Y
baselines have the advantage of filtering out days with unusual demand patterns. The disadvantage
that they may be a little less favourable to participants should be weighed against these benefits.
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5 Distribution System Operator: Managing synergies and
conflicts of DSR application in operation and control of
future distribution networks through the Virtual Power
Plant (VPP)
5.1 Context
As the UK energy system evolves in its transition to a low carbon energy system, the flexibility of its
central generation, which is traditionally provided by fossil-fuel generation, will significantly reduce.
While it is expected that the bulk of energy still flows from the grid to the end consumers, the
emerging technologies in DSR will allow some flexibility from the end consumers to support the
operation of the national system in managing the system constraints and the system balancing. This
is illustrated in Figure 16.

Figure 16. The potential future energy and the flexibility flows

Thus, there are opportunities for DSR to provide multiple services to different sectors of electricity
system for example voltage support, congestion management, and security services for a local
distribution network and various forms of ancillary services (various forms of reserve, balancing,
back-up capacity, and network management at transmission) at national level.
However the energy supply sector and energy transport sectors (distribution and transmission
networks) are operated by different commercial organisations and level of integration and
coordination across the sectors is currently limited. The whole system studies conclude that
managing the synergies and conflicts between distribution network, energy supply, transmission
network, and the EU interconnection objectives when allocating DSR flexibility, is key for optimal
development of the GB system as a whole.
However, at present, the Transmission System Operator (TSO) does not have full visibility and access
to resources of embedded DSR. The integration of DSR into the TSO’s Energy Management System
will be effective only if the following challenges can be overcome: (i) the parameters of DSR can be
aggregated while ensuring that the delivery of services / energy will not violate local distribution
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network constraints, (ii) the resources are used in the most efficient manner. This requires more
active TSO/DSO interaction and a shift from isolated operation of energy supply, transmission and
distribution businesses towards a more integrated approach. DSO will have an active role in
informing the TSO regarding the controllable VPP capability and will offer access to VPP operators to
distribution networks. Only then, the overall potential and economic value of DSR can be maximised
considering both national and local objectives.

5.2 Scope and objective
In this context, the applications of VPP, using the LCL trials data and the effects of network
constraints and the dynamic of the system on the temporal technical and cost characteristics of VPP
were demonstrated. The studies were carried out by employing Imperial’s VPP tool, which assessed
the operating characteristics of VPP at various system operating conditions.

5.3 Modelling Virtual Power Plant
The Virtual Power Plant (VPP) is comparable to transmission connected generating plant (Figure 17).
Actual network configuration

Transmission System Operator Perspective
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Figure 17. Characterisation of DER as a Virtual Power Plant

Transmission connected plant has a profile of characteristics e.g. schedule of generation, generation
limits, operating cost characteristics etc.; using this profile individual plant can interact directly with
other market participants to offer services and make contracts. Via direct communication with the
transmission system operator or through market-based transactions, a transmission connected
generating unit can contribute to system management. Generation output and other associated
services can be sold through interaction in the wholesale market or direct contact with energy
suppliers and other parties. When operating alone many DSR resources do not have sufficient
capacity, flexibility or controllability to make these system management and market based activities
cost effective or technically feasible. However, with the creation of a Virtual Power Plant through
aggregating a group of DSR resources, these issues can be counteracted. Instead of controlling a large
number (millions) of individual, small-scale DSR, TSO only controls a manageable number of VPPs and
large scale generators.
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A Virtual Power Plant is a flexible representation of a portfolio of DSR that can be used to make
contracts in the wholesale market and to offer services to the system operator – subject to firmness
of access to distribution networks. A VPP not only aggregates the capacity of many diverse DSR
resources, it also creates a single operating profile from a composite of the parameters
characterising each DSR resource and incorporates spatial (i.e. network) constraints into its
description of the capabilities of the portfolio. The VPP is characterised by set of parameters usually
associated with a traditional transmission connected generator, such as scheduled output, ramp
rates, voltage regulation capability, reserve etc. Furthermore, as the VPP also incorporates
controllable demands, parameters such as demand price elasticity, load recovery patterns are also
used for characterisation of VPP. Table 13 outlines some examples of generator and controllable load
parameters that can be aggregated and used to characterise the VPP.
Table 13. Examples of generation and controllable load parameters for aggregation to characterise a Virtual
Power Plant
Generator parameters

Controllable load parameters
















 Schedule or profile of load
 Elasticity of load to energy prices
 Minimum and maximum load that can be
rescheduled- Active and reactive power
loading capability
 Load recovery pattern
 Ramp rate
 Frequency response capabilities
 STOR capability
 Voltage regulating capability
 Operating cost characteristics

Schedule or profile of generation
Generation limits
Minimum stable generation output
Firm capacity and maximum capacity
Stand-by capacity
Active and reactive power loading capability
Ramp rate
Frequency response characteristic
Voltage regulating capability
Fault levels
Fault ride through characteristics
Fuel characteristics
Efficiency
Operating cost characteristics

Given that a VPP is composed of a number of DSR resources of various technologies with various
operating patterns and availability, the characteristics of the VPP may vary significantly in time.
Furthermore, as the DSR resources that belong to a VPP will be connected to various points in the
local distribution network, the network characteristics (network topology, impedances, losses and
constraints) will hence also impact the overall characterisation of the VPP.
The VPP can be used to facilitate trading of DSR resources in the wholesale energy markets (e.g.
forward markets and the Power Exchange) and can provide services to support transmission system
management (e.g. reserve, frequency and voltage regulation) as well as to contribute to active
management of distribution networks.

5.4 DSO in supporting energy market operation and system
management
In a future highly-distributed system with active demand side the interactions between TSO and DSO
will develop further, and adapt to support the new system. This new system will be characterised by:
•

Active management of distribution network;
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•
•

Balancing (and system management) at distribution level as well as transmission;
The inclusion of the real-time impact of the distribution network on generation output (e.g.
constraints, losses and topology) in system operation and management.

Given this, the system management responsibilities seen at TSO level will be devolved down to DSO
level. The future highly distributed system will require more system management services at
distribution level, and thus the Technical based VPP (TVPP)13 comes in to play more strongly, and the
interactions between the Commercial based VPP (CVPP) and DSO (with a TVPP) strengthen.

Figure 18. DSO role in supporting interaction of energy market and system management

The interactions between different activities as presented in Figure 18 are described below:
1)

DER/DSR (from different locations) contract with an Energy Supplier (or Balancing Responsible
Party) to become part of a CVPP portfolio.

2)

The Supplier optimises the position of its CVPP portfolio in the wholesale energy markets.

3)

At gate closure, the Supplier optimises the position of the DSR in its CVPP portfolio by offering
DSR capabilities to the DSO (for local system management and inclusion in the TVPP), note that
to offer location specific services bids and offers from single DSR or smaller aggregated groups
of DSR are submitted.

13

TVPP and CVPP are practical derivations of the VPP concept to aid interaction of DSR in the commercial
energy markets as well as in the technical operation of the power system. TVPP incorporates the spatial
constraints in the aggregation process. On the other hand, CVPP does not incorporate the spatial constraints.
This allows commercial aggregation of DSR in different and remote locations in contrast to the TVPP. By
default, unless otherwise specified, VPP corresponds to the TVPP.
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4)

The DSO aggregates market prices from DER in a network area with local network data; this
forms a TVPP.

5)

The DSO optimises the distribution network operation and manages local network constraints
by calling on services the TVPP.

6)

After balancing the local system the DSO, the aggregated TVPP output shows the characteristics
of the entire local network at the transmission grid supply point (GSP). This characterisation can
also include potential for provision of scheduled ancillary services to the TSO (provided through
a bilateral agreement between the TSO and the TVPP operator).

7)

The TSO evaluates the TVPP offerings along with bids and offers from transmission connected
generation and other TVPP portfolios.

8)

DSO and TSO will provide access rights to the distribution and transmission networks to Energy
Suppliers

The following section outlines the approach of the Imperial’s tool to characterise and derive the VPP
parameters taking into account the network constraints. Some case studies are also presented to
illustrate the VPP application in the LCL area.

5.5 The Imperial’s VPP tool: modelling approach
The Imperial’s VPP tool builds a set of VPP parameters, i.e. similar to large-scale conventional
generator data and its cost function of delivering energy and system services. By using this approach,
a large number of DSR resources connected in lower voltage networks can be represented as a single
large-scale power plant connected at the respective transmission supply points. The tool determines
the characteristics of VPP taking into account local network constraints which ensures that the
delivery of the energy output or system services from the VPP will not be constrained by the local
system. The outline of the tool is presented in Figure 19.

INPUT DATA

OUTPUT DATA
Figure 19. Outline of the Imperial’s VPP tool
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The input data of the tool comprise network data (impedances, topology, ratings), load data
including the flexibility of controllable I&C loads, generation data (rating, reactive power capability)
and real time prices or contracts for using the generators or flexible I&C loads in the system
balancing or constraint management.
The scheduled generation outputs and the loads in the VPP area are then aggregated by the tool,
which calculates the scheduled power injection from the VPP using the Optimal Power Flow (OPF)
formulation. The tool also calculates the maximum MW export and import, which satisfy all the
operating constraints of the local network in terms of voltage and flow limits. Once the spectrum of
the MW output is identified, the tool calculates the range of reactive power output that can be
exported or imported by the VPP area without violating operation constraints of the generators,
loads and the network. At the same time, the tool also calculates the changes in generation cost due
to the requirement to increase or decrease output of VPP.
From those calculations, the VPP parameters can be obtained. The parameters include the PQ curve
and scheduled generation/load of the VPP, the VPP cost function, the amount of reserve, and the
merit order dispatch.

5.6 Case studies
5.6.1 Brixton Virtual Power Plant
Figure 20 shows the part of Brixton 11 kV network which was used to demonstrate the applications
of VPP in the LCL project. Two 11 kV feeders were modelled in detail, i.e. SE_1 and SE_3. Feeder SE_3
is one of the Engineering Instrumentation Zones (EIZs) in the LCL project. In the network intact
condition, these two feeders are not connected but in a contingency situation these two feeders can
be connected by closing the Normally Open Point which energises the line between substation 91043
and substation 91045. The detail of the network data including the network impedance, and the
rating of each line can be found in Table 14 in the Appendix.
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Figure 20. Brixton Virtual Power Plant

As shown in Figure 20, Feeder SE_1 and SE_3 are supplied by two 22.5 MVA transformers. The
demand and generation connected other feeders of the primary substation are not modelled in
detail but aggregated as loads. The total load used in this study was 22.1 MW and 7.27 MVAr which
corresponded to the peak load of this network according to the measurement [source: UK Power
Networks]. The distribution of the load can be found in Table 15 in the Appendix.
For the purpose of this study, a set of CHP generators and I&C loads trailed in Low Carbon London
were added to the network. The capacity of each generator and I&C load, both active and reactive
power, as well as the corresponding offers and bids14 are presented in the table in Figure 20. In this
study, the balancing sources were not only provided by generators but also by I&C loads. The total
installed MW capacity of the generators in this study was 21.5 MW and the flexible capacity of the
I&C loads was assumed to be around 20% of the total I&C loads. All generators and I&C loads had the
capability to operate with 0.95 power factor. In this study, some CHP generators are scheduled to
operate, e.g. the output of G1,G3,G4, and G7 were 2.1 MW, 1.6 MW, 2.8 MW, and 2.4 MW
respectively. The total scheduled output of generators and I&C loads was 8.9 MW.
The main parameters of the VPP Brixton calculated by the tool are presented in Figure 21.

14

“Offers” and “Bids” are the market prices to increase or decrease the output of a generator by 1 MW
respectively in accordance to the balancing market in the UK.
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Figure 21. Parameters of VPP Brixton

The scheduled power consumption (modelled as a load) at the VPP connection was 13.25 MW and
6.29 MVAr. The scheduled MW power consumption took into account the total load of 22.10 MW,
and 8.90 MW the scheduled output of generators and I&C loads, and 0.04 MW losses. Similarly, the
reactive power output was calculated considering the reactive load, reactive injection from the
generators and I&C loads and reactive power losses.
Furthermore, the output active and reactive power of the VPP Brixton could be modulated. The VPP
could inject (positive) up to 14.97 MW and 7.33 MVAr or withdraw (negative) more power up to
12.64 MW and 1.04 MVAr. In total, the active power injection at the connection point could be
controlled approximately between 1.72 MW (14.97 – 13.25) and -25.89 MW (-12.64 -13.25).
Similarly, the reactive power injection at the connection point could be controlled approximately
between 1.04 MVAr (7.33 – 6.29) and -7.33 MVAr (-1.04 -6.29).
Figure 22 shows the PQ curve of the VPP Brixton in detail. In this case, the reactive capability of the
VPP Brixton for a different MW output is slightly different. However, there is a possibility that the
reactive capability could be significantly different and therefore deriving the PQ capability is
important in order to characterise the VPP parameters.
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Figure 22. PQ curve of the VPP Brixton

The output of the VPP was modulated by changing the dispatch of the generators and I&C loads in
the VPP area. The changes in the dispatch have to be carried out economically and the most
economic resources have to be used first as much as possible while respecting the network operating
constraints. Figure 23 shows the internal merit order dispatch of the generators and I&C loads in the
VPP area for given VPP MW output. For example, the price for increasing output of G7 was the
lowest one (see the table in Figure 20) and therefore G7 was the first resource to be used if the
operator wants to increase the VPP output. The next generators were G3, G4, and so on. This
information is particularly useful for the VPP operator to stimulate efficient usage of the resources in
the VPP area.

Figure 23. The internal VPP merit order dispatch

Figure 24 shows the required changes in the DG output and I&C loads to modulate the VPP output.
For example, to increase the VPP output to 2 MW, the output of G7, G3, and G4 need to increase by
0.6 MW, 0.4 MW, and 0.7 MW respectively. Furthermore, the I&C_SE1 needs to reduce its load by
0.2 MW as shown in the table in Figure 24. It is important to note that with respect to increasing the
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generation output, G7 , G3 and G4 are the generators with the lowest (offer) prices as shown in the
table in Figure 21 and therefore it is expected that these generators are first to be used.

Figure 24. The use of DG and flexible I&C resources in the VPP

If the operator wants to reduce the VPP output to -5.4 MW, the output of G1, G4, and G3 need to be
reduced by 2.1 MW, 2.8 MW, and 0.51 MW respectively. From Figure 20, G1 and G4 and G3 are the
generators which are willing to pay the highest (bid) prices to reduce their output and therefore it is
expected that these generators are first to be used to reduce the VPP output. It can therefore be
concluded that the use of resources in the VPP area has been carried out in an efficient economic
manner.
The cost of modulating the output of the VPP was also calculated by the tool. The cost function of the
VPP is presented in Figure 25. The cost reflects the cost asked by the resources in the VPP area to
change the output of their power generation or to change their loads. The cost may be negative as
illustrated in the figure below, for example when the output of VPP is between 0 MW and – 10 MW.
In this case, the generators are willing to pay the market operator to reduce their output below their
operating cost for generating the electricity; however, as the generators produce the electricity to
supply their consumers, the reduction in their output has to be substituted by the increase in the
output of other generators in order to maintain the balance between supply and demand. Eventually
this increases the system operating cost. As shown in Figure 25, the cost of the VPP is positive when
the output of the VPP is positive or below -10 MW. In this case, generators and I&C loads will ask
payment to modulate their electricity production or load. The national system operator and the
relevant distribution system operator can use such information to determine in an optimal economic
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manner whether and by how much they would like to dispatch the VPP generator in order to manage
the constraints and/or to balance the system.

Figure 25. The cost function of the VPP

It is important to note that the usage of the resources in the VPP area by the national or distribution
system operator should not cause operating constraint violation in the VPP area. As the national (or
distribution) system operator is likely not to model the network of the VPP area, they cannot assess
the impact of the usage of the VPP resources on the VPP network and therefore rely on the
information from the VPP operator. The VPP operator must ensure that the parameters of the VPP
are derived taking into account local network constraints.
The voltage at each node and the utilisation of each circuit in the conditions where the VPP output
was at maximum and minimum are presented in Figure 26 (right diagrams). The operating voltage
limit assumed in this study was 3%. In both conditions the voltages and the utilisation levels were
within the statutory limits.
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Figure 26. The VPP approach ensures that DG and I&C can be used without violating local distribution
constraints.

The loading of the VPP area was at maximum where the VPP output was at -11.41 MW. In this
situation, it was expected that the voltage would drop along the feeder. The right upper diagram of
Figure 26 shows that at bus 94192 and 91045 which were at the end of the SE_3 feeder, the voltages
were at minimum limit. Similarly, the voltages along SE_1 feeder were also at the lower limit.
At the maximum VPP output, all generators produced electricity at maximum and I&C reduced their
loads. In this condition, it was expected to see the voltage rise effect as shown in the right upper
diagram of Figure 26. Voltages at the end of the feeder farthest from the supply substation, e.g.
voltage at the bus 91045 and 90852 were the highest but the values were still within the 3% limit.
In both conditions, the utilisation of all circuit was below 100%. This is shown in the right lower
diagram of Figure 26.

5.6.2 Impact of network re-configuration on the LCL VPP Brixton
In the second study, the VPP parameters were recalculated following the network reconfiguration in
the VPP area due to the fault at SE_1 supply transformer. Due to the fault, feeder SE_1 was supplied
from the SE_3 feeder by activating the circuit connected bus 91043 and bus 91045. This condition is
depicted in Figure 27.
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Figure 27. VPP area network reconfiguration due to fault at SE_1 supply transformer

Figure 28 shows the VPP parameters following the network reconfiguration. The comparison
between the VPP parameters in the intact system (first case) and the parameters after the network
reconfiguration (second case) following the fault at SE_1 supply transformer is presented in
Figure 29.

Figure 28. The parameters of the VPP Brixton following the network reconfiguration

53

Figure 29. Comparison between the VPP parameters in the intact system and the VPP parameters after
network reconfiguration following the fault at the SE_1 supply transformer

After network reconfiguration, the capability of the VPP to increase its load reduced significantly
from 12.64 MW in the intact system to 2.34 MW. The reactive capability of the VPP also reduced, for
example the maximum reactive power injection (Qmax) reduced from 7.33 MVAr to 2.30 MVAr.
However, the capability of absorbing reactive power increased slightly from 1.04 MVAr to 2.18 MVAr.
The impact on the reactive capability of the VPP also changed the scheduled reactive power load of
the VPP from 6.29 MVAr to 1.31 MVAr while keeping almost the same MW load.
Figure 30 (right) shows that some circuits had been utilised 100% when the VPP output was
at -2.34 MW. The output of some generators could not be reduced further since they were needed to
prevent overloading of some circuits, for example: circuit SE_3 – 90069, 90069 – 90044, and 90468 –
91043. These circuits are shown in Figure 30 by blue lines. Blue arrows show the direction of the
flows along the respective circuits in this condition. Due to these constraints, the PQ capability of the
VPP had been reduced.
When the VPP output was at maximum (15.09 MW), the thermal utilisation of the circuits between
bus 90862 and the supply substation of SE_3 was close to the limit. The utilisation of circuit Joint –
90862 had reached 100%. This is shown in Figure 30 by a red line. The direction of the flows was
reversed towards the supply substation as the amount of local generation output exceeded the local
demand.

54

Figure 30. Managing constraint within the VPP

As the use of resources in the VPP area was also affected by the network reconfiguration,
consequently the cost function of the VPP had also changed. The comparison between the cost
function of the VPP after the network reconfiguration and the cost function of the VPP in the intact
system is shown in Figure 31.

Figure 31. Comparison between the VPP cost function in the intact system and the VPP cost function after
network reconfiguration following the fault at the SE_1 supply transformer
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The two cost functions were different when the VPP operated at negative output. In the second case
(after network reconfiguration), when the VPP output was -1 MW the cost was positive because in
order to reduce the VPP output, the load of I&C2 at bus SE_3 was increased by 1 MW. This incurred
positive cost while in the intact system, in order to dispatch the VPP output to -1 MW, the output of
some generators for example G7, G3, and G4 could be reduced and the cost was negative.
From these studies, it can be concluded that the parameters of the VPP are dynamic following the
changes in the VPP area. This highlights the need for closer interaction between TSO and DSO since
DSO will need to update the TSO dynamically when there are changes in the VPP parameters. As
concluded from the whole approach studies that managing the synergies and conflicts between
distribution network, energy supply, transmission network, and the EU interconnection objectives
when allocating DSR flexibility, which is key for optimal development of the GB system as a whole.
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6 Improving current commercial and regulatory
arrangements
6.1 Context
This chapter discusses commercial and regulatory challenges associated with a wide roll out of
innovative smart grid solutions, such as DSR trialled in Low Carbon London, for the operation and
design of future distribution networks in supporting a cost effective evolution to a low carbon future.
Electrification of heat and transport sectors, through large-scale adoption of heat pumps and electric
vehicles is bound to drastically alter electricity consumption patterns. An unprecedented amount of
investment may be required to enable the transition to a low-carbon economy. On the other hand,
active management of distribution network will become increasingly important in facilitating cost
effective transition to low carbon future.
Furthermore, the integration between transmission and distribution systems will need to be of a
much higher order to ensure the optimal use of flexible resources across all voltage levels. Increasing
the level of system observability and controllability along with establishing the necessary interfaces
for adopting a whole-systems approach are key enablers in this transition [1]. At the same time, an
important consideration is that significant uncertainty surrounds these future developments,
rendering planners unable to take fully informed investment decisions. In a similar vein, novel
concepts such as Virtual Power Plants (VPPs) and commercial arrangements facilitating demand-side
response (DSR) significantly widen the scope for optimal resource utilisation and system integration,
enabling access of currently isolated embedded resources to national-level markets.
Ofgem and DECC have created the Smart Grid Forum to support the transition to a secure and low
carbon affordable energy system. In this context, the analysis undertaken over recent years has
confirmed that smart solutions are more cost effective than traditional solutions, with the optimum
investment strategy involving a blend of smart and traditional network solutions [31]. More
precisely, according to Ofgem’s modelling, a total of £15bn investment in distribution networks may
be needed until 2050 to achieve the government’s decarbonisation goals [32]. This cost corresponds
to the ‘smart incremental’ deployment option which involves smart solutions alongside conventional
reinforcements. Other options that have been put under consideration are the ‘top-down’ and
‘business-as-usual’ options with emphasis on smart measures and exclusive reliance of conventional
reinforcements respectively. The ‘smart incremental’ option has been chosen as the preferable route
In view of its ability to deliver cost-efficient decarbonisation with acceptable risk exposure associated
with the deployment of new technologies.
In view of the sheer volume of capital expenditure looming in the horizon combined with the
irreversible nature of infrastructure projects as well as the novel technologies becoming available, it
is of paramount importance to appreciate that distribution systems are at a crossroads regarding
their long-term evolution. It is important to highlight that the current commercial and regulatory
regime will need to evolve to facilitate this transition. Although the smart-grid concept presents
numerous synergies that could be harnessed in order to deliver a decarbonised energy system at a
much reduced cost [2], existence of a suitable commercial and regulatory framework will be essential
to render it a viable business case and ultimately enable the emergence of investment strategies
optimally blending smart and conventional assets. In the following sections we highlight key areas for
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improvement that pertain to regulation, planning, delivery and operation of distribution systems in
Great Britain and propose potential solutions aimed at propelling electricity networks to the smartgrid era.

6.2 Strengthening the incentives for implementation of cost effective
smart grid measures
In Great Britain, Distribution Network Operators (DNOs) are at the heart of distribution planning and
operation. DNOs are responsible for operating the system on a day-to-day basis and providing their
customers with secure and affordable electricity. In the longer term, DNOs are responsible for
identifying future user needs as well as planning and delivering the necessary infrastructure projects
to continue serving load entities as well as accommodate contributions of DG sources deployed at
the distribution level. According to RIIO, the current regulatory framework, DNOs outline their
proposed capital expenditure for the coming regulatory period and request a rate of return on their
investment to cover for shareholder cost of capital and risk exposure.
To illustrate the importance of ensuring that DNO incentives are aligned with delivering cost-efficient
solution to electricity to consumers, Figure 32 shows the analysis carried out with the Transmit
model on investment levels and weighted asset lifetimes for different design approaches. The BAU
('business-as-usual’) case which involves primarily conventional upgrades with long asset lifetimes
results in a significant expansion of asset base and a weighted average asset life of more than 40
years. Such developments are attractive from the point of view of institutional investors who are
looking for long-term revenue streams. On the opposite end, the other three approaches that rely
more on roll out of smart measures result in reduction of both RAB and average asset life, potentially
reducing their commercial attractiveness.

Will Smart Grids still result in long-life assets?
*Asset lives are weighted by the £m of investment
that has been spent on that type of asset.
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Figure 32: for different design approaches. Source: UK Power Networks

Furthermore, it would be important recognise numerous additional benefits that may be associated
with early adoption of new smart operation practices (e.g. value of learning-by-doing) as well as the
increased exposure to technical and commercial risks (see also Section 6.11), the corresponding
benefit and risk premiums are included in the rate of return applicable to smart solutions. These
policy measures will level the playing field, remove commercial distortions that may be hindering
direct comparison between competing technologies and encourage DNOs to adopt cost-efficient
advanced operational measures where appropriate.
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To achieve this, it may appropriate to consider increasing the rate of return associated with projects
that deliver lower cost solutions (e.g. cost-efficient DSR measures) compared to more costly upgrade
projects, and ensure that such measures are pursued proactively by DNOs.

6.3 Enhancing market integration
The conventional power system, as illustrated in Figure 33 was designed around a transmission
network providing bulk transport of electricity from a small number of large stations to demand
centres; at a regional level, electricity is delivered from transmission to the distribution networks and
then to end consumers via a number of voltage transformations. Because generation is primarily
connected at the transmission level, the flow throughout the system is unidirectional from high to
low voltage reaching end users that have been traditionally passive. Large generators provide control
of demand-supply balance and control of power flows over the transmission network.

Figure 33: Schematic of conventional power system and electricity markets (left) and the emerging paradigm
of increased integration.

Multiple benefits potentially generated by flexible technologies such as demand and generation led
DSR are not fully utilised in the current market environment and regulatory framework. If these
technologies are to be deployed at efficient levels, it will be important to that service providers are
rewarded according to the benefits they provide across the electricity supply chain. If unresolved, it
is likely that the costs of network investment and system real time balancing costs will increase [1]. It
is imperative that suitable institutions and interfaces are established to facilitate use of DSR by all
stakeholders as shown in the right part of Figure 33. Furthermore, in future, it will become
increasingly important to consider interactions with all other energy sectors to minimise the overall
cost of consumers. This is also linked with the emerging concepts of Smart Cites, and growing
interest in community energy systems.
As also discussed in section 5, as the penetration of flexible generation and demand led DSR
increases the concept of the Virtual Power Plant (VPP) can constitute the principal interface vehicle
for DSR to support both local and national-level markets [7][8]. In view of the need to establish
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suitable interfaces which facilitate the interaction between transmission and distribution systems,
the concept of establishing a DSO has been gaining attraction worldwide. For example, the
centrepiece of the ‘Reforming the Energy Vision’ (REV) programme, a regulatory review project that
aims to redefine electricity market rules in New York, is the development of a Distributed System
Platform that will be the integrator of various distributed generation and demand-side services,
including energy efficiency, demand response, energy storage and electric vehicles [36]. Proposals
such as the one discussed in New York’s REV acknowledge that novel arrangements are in high need
to foster market integration and fully monetise the potential benefits of the smart grid concept.
Although LCL was not specifically focussed on the concept of DSO and VPP (illustrated in Figure 18), a
number of related activities are demonstrated as shown in figure below.

EV response demonstrated and
quantified
dToU was a practical
implementation of a CVPP

Frequency of occasions on
which conflicts and synergies
may occur
Pricing strategies tested
Formal definition of technical
reliability of DERs

Frequency of occasions on
which conflicts and synergies
may occur
Demand reduction and
generation-led DSR
Majority of aggregator-led
demonstrated
DSR was traded into
multiple DR programmes
(e.g. LCL and STOR)

Manual and automated dispatch
demonstrated

Dispatch of I&C demand in
response to wind ramp-rate
demonstrated

Figure 34: The role of DSO in supporting energy market integration and system operation via VPPs.

As indicated in the Figure above, DER response was demonstrated and quantified, including EV and
I&C based DSR, which also provided various balancing services. Both manual and automated dispatch
of generation and demand led DSR was demonstrated for managing local distribution network
constraints and response to wind fluctuations (ramp-rate response). Furthermore, dToU tariff trials
demonstrated supply following and constraints management functions, that are closely related to
CVPP and TVPP functions. In this context, frequency of occasions in which conflicts and synergies
occur was assessed. In addition the reliability performance of dToU and I&C based DSR was
quantified.
.

6.4 Need to update distribution network design standards
Although the distribution networks, designed in accordance with the historic deterministic standards,
have broadly delivered secure and reliable supplies to customers, the key issue regarding the future
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evolution of the standard is associated with the question of efficiency of the use of existing assets
and the role that advanced, non-network technologies could play in the future development and
delivery of security of supply to consumers. Given that the present network design standards require
that the network security is provided through asset redundancy, there are concerns that this
approach may impose a barrier for innovation in the network operation and design and prevent
implementation of technically effective and economically efficient solutions that would facilitate a
cost effective delivery of the UK Government energy policy objectives through enhancing the
utilisation of the existing network assets while maximising the value for money to network
customers. In this context, Low Carbon London has trailed spectrum of generation and demand led
Demand Side Response (DSR) solutions to postpone and/or substitute for traditional network
reinforcements and a number of these schemes have been included in the UK Power Networks
business plan.
In general it is worth noting that no transition can be made without some level of risk, whether that
transition is to a new type of physical asset (transformer, cable, or switchgear) which is relatively
conventional but uses a different, untested, insulating medium or whether to smart solutions such as
Demand Side Response. It is appropriate to think about whether design standards should explicitly
take account of this incremental risk; or whether this incremental risk is sufficiently covered by other
parts of the regulatory mechanism, such as incentives on frequency of interruptions and duration of
interruptions. Currently it is considered a core part of a DNO’s function to manage a level of
unknown risk within its regulated asset base, and that this function of managing defects, new failures
or degradation mechanisms not previously encountered, is sufficiently incentivised through statutory
and regulatory requirements and reflected in standards such as Publicly Available Standard 55.

6.5 Planning under uncertainty
Historically, distribution network planning has involved little uncertainty. Until now, planning has
mainly been an exercise of meeting future demand growth projections at minimum cost while
ensuring adequate power quality and security of supply. This landscape is set to change significantly
over the coming decades due to the increasing penetration of low carbon generation and demand
technologies and increase application of various smart grid technologies. As a result of this,
significant amount of investment may be required to enable distribution networks to handle a wide
variety of operating conditions while making optimal use of locally available resources. However, a
very significant challenge in realising this transition is the increased uncertainty that surrounds future
generation and demand developments, preventing planners from making fully informed decisions. In
this environment, there are significant risks of asset stranding, premature commitment to
suboptimal investment paths and lack of adaptability to adverse scenario realisations, ultimately
leading to increased costs for consumers. Although deterministic planning has served the industry
well in the past, new planning frameworks are necessary to identify attractive opportunities for costefficient strategic investments in response to this new reality of increased uncertainty.
The first area of improvement pertains to the planning framework itself and how it can be extended
to endogenously consider the possibility for alternative future developments. In the context of
uncertainty, in the Low Carbon London report [33] we demonstrated that stochastic and min-max
regret approach can identify investment (in both smart and traditional solutions) that can deliver the
flexibility to accommodate various future developments scenarios through facilitating multiple
network designs that are not overly constrained by the design choices in earlier years. In the context
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of uncertainty, these methods enable network planners to identify the optimal compromise between
choices that will enable efficient operation in the short-term but also render them well positioned to
adjust to actual developments at minimum cost.
The second area of improvement relates to the type of assets considered in distribution planning. It
can be shown that smart operational measures and non-conventional solutions such as DSR, Soft
Normally Open Points etc. could have significant option value [9]. In other words, the benefits they
have to offer from a systems viewpoint is not only the provided service (i.e. enhanced capacity
transfers, post-fault corrective security etc.) but also the ability to defer commitments to capitalintensive projects until their uptake is fully justified. The consideration of smart technologies
alongside traditional capacity upgrade projects and the extension of current frameworks to consider
option value is a pre-requisite for shifting system design to the smartgrid paradigm.
Although the present regulatory framework has been designed with the aforementioned issues in
mind, formalized methodology to evaluate investment options under uncertainty is yet to be
developed. Ofgem has recently stated its intentions to start incorporating formal option valuation
techniques in its investment appraisal process for gas distribution networks in recognition of the
flexibility provided by interruptible demand contracts towards deferring large-scale capital
expenditure [5]. Furthermore, the regulator has recognised that similar consideration would be
useful in the context of electricity system planning. A prominent example of how option value can be
included in the planning framework is that of Australia, where the benefit of each candidate
investment in the transmission system is appraised according to the Regulatory Investment Test for
Transmission (RIT-T) [6]. Another example related to distribution investment deferral under
uncertainty through deployment of smart assets can be found in New York, where the regulatory
framework is being reviewed to accommodate ‘no-regrets’ near-term solution [36]. New York
utilities are proposing capital investment in distributed generation and customer load management
to defer $1 billion in substation repairs [37].

6.6 Need for an anticipatory investment framework
Another issue that currently affect design of distribution network is the increasing need to balance
between existing and future user needs. This debate features prominently in the issue of anticipatory
investment elements i.e. capital projects that are undertaken beyond the current needs of the
system, in order to enable future service delivery at reduced cost. Due to the current lack of
formalized investment appraisal tools under uncertainty, the present network reinforcement
philosophy may be biased towards an incremental investment strategy. Given potentially significant
asset replacement programmes together with reinforcement driven by load growth and increasing
applications of smart technologies, it will be important to assess alternative network design
approaches, as an incremental investment philosophy may not be optimal in the longer term. On the
other hand, anticipatory investment might eventually prove unneeded depending on the actual
scenario realisation, resulting in stranded costs.
In this context, it would be appropriate to consider network design investment strategies that can go
beyond incremental reinforcement including changing the structure of HV and LV distribution
network (involving for example larger number of distribution transformers and shorter LV networks,
that may be more appropriate for dealing with increased loading) or even changing HV and EHV
distribution network voltage levels and strategically investing in Information and Communication
Technology (ICT) infrastructure to support smart network control. However, given that the regulatory
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framework places considerable importance on cost reduction over the present regulatory period and
requires a demonstrable need case for all projects, strategic investment programmes are not in
scope at present. The above issues have already been identified in the context of transmission
system investment which features significant scale economies and thus presents several openings for
strategic action [35], but only recently being discussed in relation to anticipatory investment in the
distribution network.

6.7 Coordination of infrastructure deployment across sectors
Although the scope of this work focuses on electricity distribution, it is imperative to appreciate that
deployment of distribution network infrastructure may entail certain fixed cost components that are
shared across different sectors. Coordinating in obtaining planning permissions for new installations
related to water, gas, heat, electricity and communication and implementing infrastructure
particularly in urban areas could result in substantial cost savings. For instance, if a heat network in a
certain area is to be deployed, it may be beneficial to upgrade the electricity distribution network at
the same time although its upgrade may only be required in later years; this would potentially avoid
costly and disruptive interventions as the majority of network cost are related to installation activity.
However, as stated above in section 6.6, the current regulatory regime would not allow network
investment to take place ahead of need. In this context there may be significant benefits in
establishing strategic rather than incremental approach to network development. Government and
regulatory agencies could develop processes to facilitate the timely coordination in order to deliver
integrated service infrastructure in an efficient manner. In case that this is not resolved in time, it
may lead to increased costs and delays in the delivery of the infrastructure needed [34].

6.8 Whole systems approach to distribution network planning
The importance of whole system approach to planning of distribution networks is discussed in
Section 3, particularly in the context future scenario with significant penetration of intermittent
renewable generation combined with inflexible nuclear generation. Managing the synergies and
conflicts between distribution network, energy supply, transmission network, and the EU
interconnection objectives when allocating DSR flexibility, may be critical for the optimal
development of the GB system as a whole. In other words, the approach focused on a single market
participant e.g. DNO-centric or Supplier-centric perspective, may be suboptimal. Whole-systems
approach joining energy, emissions and loss inclusive distribution network design may be needed to
ensure that distribution network planning delivers efficient operation and investment of low carbon
generation system. Based on DSR flexibility trialled and demonstrated in Low Carbon London project,
a number of studies have been carried out to investigate and quantify the role and value of DSR
applications using the whole system approach. This framework allows holistic assessment of the
value of DSR in reducing the system operational cost (by reducing wind power curtailment and
maximising the utilisation of other low carbon generators) as well as reducing the infrastructure cost
including the capital cost of low carbon generation needed to achieve particular CO2 target, network
assets both at transmission and distribution level. However, current regulation of distribution
networks is focused on minimising distribution network cost, which may lead to increase in the
overall system costs, as demonstrated in Section 3 of this report.
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6.9 User-driven distribution network operation and design
A form of user-driven investment, through stakeholder engagement, has been applied with great
success in Argentina, Brazil and Chile [11]-[17] as well as in some regions of North America and
Australia [6]. The main ideas behind this approach are based on constructive engagement with all
stakeholders that may be influenced by candidate projects as well as the use of transparent cost and
benefit allocation rules to ensure that all influenced parties have long-term visibility of their costs
and benefits. There are a number of examples where the need for investment in electricity
infrastructure is driven bottom-up by the network users instead of being proposed in a top-down
fashion by the network owners. The examples demonstrate the advantages of adopting a user-driven
investment framework; need is identified in a bottom-up approach and thus limits the risk of asset
stranding and ‘beneficiary pays’ cost allocation rules drive stakeholders to identify the least-cost
solution, coordinate with competitors in a constructive manner and make use of any scale economies
available. This ensures that users are not exposed to inefficient investments and high long-term
tariff. This could facilitate development of non-firm connection and provision of a flexible setup
where candidate plants are incentivised by ‘beneficiary pays’ cost allocation rules to coordinate with
neighbouring projects to ensure that their connection cost is minimised. In addition, the risk for
stranded assets is largely eliminated by requiring project proponents to cover development costs
through long-term tariff contracts. Similar practices are emerging in the UK and DNOs have carried
out very extensive stakeholder engagement on their business plans. Another important example is
growing engagement with DG developers (e.g. Flexible Plug and Play).
In the context of the reliability of supply, as indicated, ER P2/6 will be fundamentally reviewed
shortly and this will involve consideration of costs of traditional and smart grid solutions (e.g. DSR) in
enhancing network capacity and the corresponding benefits delivered to end consumers, so that a
business case for alternative solutions to enhancing network capacity can be established. It is hence
conceivable that the incremental reduction in reliability may be acceptable to customers given the
benefits of avoided network costs. It is hence increasingly important that network operation and
design become more directly driven by choices of network users.
Furthermore, present network reliability standards inherently assume that all consumers place the
same value on continuity of electricity supply. The roll out of smart metering would open the
opportunity for consumer to more directly drive system operation and network investment by
making choices in the way they consume electricity which will have also have a more direct impact
on their charges. Novel frameworks based on the principles of dToU trialled in Low Carbon London
could facilitate the ultimate consumers’ choice in informing operation and network planning. In
reality different types of consumers may place different value on their security of supply; some
customers (e.g. businesses and commercial) may be willing to incur higher costs to ensure their
continued supply after a fault while some other consumers (e.g domestic) may be willing to accept
some of their non-critical demand to be curtailed for a short period and in return pay lower charges
for the use of the network. Allowing consumers to communicate their own valuation of electricity
supply would provide an equitable outcome and also inform DNO regarding the investment needed
to deliver required levels of reliability.
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6.10 Increased risk and complexity associated with deployment of
new technology
Delivering adequate levels of distribution infrastructure until 2030 will benefit significantly from
development and deployment of novel cost effective smart technologies and solutions. However,
deployment of new technologies, such as those associated with smart grids, into actual distribution
networks inevitably creates significant additional risks for the distribution network operators. It is
unclear how these risks and the associated cost would be managed, particularly with respect to the
application of more disruptive technologies. Risks associated with new technologies are not fully
recognised by the current regulatory framework, which may present an impediment for their
widespread adoption and potentially lead to increase in network investment costs. Smart grids will
also increase considerably the complexity of the network operation compared to the traditional
solutions, given that significant Information and Communication Technology infrastructure will be
needed in addition to the advanced Distribution Management Systems applications (yet to be
developed), all necessary to make use of available information and control in real time management
of distribution networks. Similar concerns are identified in [34] and it is suggested that government
and Ofgem should establish provisions to allow distribution companies to include the risk associated
with new technologies in network planning.

6.11 Voltage standards, harmonics and fault level issues
There are also a number of technical issues to be addressed in future distribution networks, such as
voltage standards in the context of the EU harmonisation, harmonics and fault levels. As
demonstrated in LCL report B3 [3], it is expected that levels of harmonics in distribution systems will
increase due to penetration of Electric Vehicles and Heat Pumps using power electronics interfaces.
The magnitude and materiality of this issue has not been comprehensively analysed.
In a longer term, the expected decrease in fault current level driven by substitution of synchronous
generation with non-synchronous renewable sources (wind and PV), coupled with increased
interconnection could present an additional challenge for protection management schemes and the
related safety considerations in distribution networks.
Government, Ofgem and industry, through the Smart Grid Forum and other demonstration projects
such as Low Carbon Network Fund are engaging with these issues and it is anticipated that the
information about possible implications may be available in the next couple of years, so that
appropriate courses of actions can be established.

6.12 Emerging role of the regulator
In light of the increasing complexity that characterises distribution planning and operation, the wide
range of candidate solutions, the expanding scope for system-wide and cross-sector synergies and
the increasing number of stakeholders involved, it is apparent that cost-efficient decarbonisation of
the electricity system entails several challenging aspects . To this end, the new regulatory framework
is focused in assisting Ofgem in its role as appraiser and buyer of distribution network services for the
public, by requiring detailed business plan submissions by the DNOs, comparison of candidate
options and full justification of the proposed capital and operation expenditure. However, as
discussed in the previous sections of this report, no evaluation tool or methodology has been put
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forward to enable the unambiguous tackling of some open aspects of distribution planning, such as
quantification of option value to address uncertainty and strategic flexibility.
In view of the growing system complexity and the plethora of competing solutions, there is
consensus developing worldwide that a regulator’s efforts may be better-placed in the design and
oversight of the investment framework itself in order to ensure that the proper incentives are given
to network operators and users so that the most cost-efficient solutions emerge endogenously
without the need for extensive scrutiny on an individual basis. With such a framework in place, the
regulator’s role can shift from detailed investment evaluation to process due diligence, enduring
oversight and administration of the investment framework itself as well as focus on ensuring that
commercial incentives, market design and planning process are fit for purpose in view of
technological advancements and underlying system reality. Examples of such streamlined regulatory
processes in the area of transmission network investment include the Regulatory Investment Test
held in Australia and in the North America (NYISO). Interestingly FERC introduced Order 755 [18],
which aims at remedying undue discrimination against energy storage solutions in providing system
services, showing a clear appetite for incentivising advanced operational measures through suitable
market mechanisms.
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7 Conclusion
In this report key aspects in the future of distribution networks in commercial terms and parallel
changes in operation and planning have been studied.
In chapter 2 a price-based approach was used to coordinate consumers and the DNO and so manage
congestion. In this model locational prices are adjusted by the DNO to drive consumer demand at the
level required to satisfy network constraints. A case study is used to investigate the concentration
effects that may arise when using a naïve dynamic pricing approach, resulting in voltage and thermal
constraints and increased network losses. To avoid such effects, three different measures are
explored and compared with the aid of a case study: (i) application of relative flexibility restrictions
to DSR (ii) non-linear prices, penalizing the extent of flexibility utilized by DSR and (iii) randomisation
of price signals posted to different DSR sites. The study demonstrates that most suitable technique
for each case largely depends on the characteristics of the available DSR service, such as timing or
power level flexibility.
Managing the synergies and conflicts associated with the use of DSR to provide services for the
electricity system (chapter 3) requires new approaches to network planning. What may be optimal
for the DNO may not be so when the system as a whole is considered. A DNO-centric approach may
require less investment than than the whole system approach. A number of studies were carried out
to quantify the role and value of DSR applications using the whole system approach. The main
conclusion from these studies was that managing the synergies and conflicts between distribution
networks, energy supply and security, transmission network and EU interconnection objectives,
when allocating DSR, is key if the GB system is to develop optimally as a whole.
As DSR is expected to play such an important role in the future smart grid, chapter 4 considered the
DSR contract and the baselining method used in calculating utility payments. After reviewing the
wide range of baselining methods available, it was found that gains to made from choice of more
accurate baselining methods are small and intrinsic variability in load may dominate. The exception
to this is the choice of unadjusted or ‘half-adjusted’ baselines (like asymmetric high five of ten) which
result in significantly reduced accuracy and increased bias, both of which are of greater concern in
the distribution network context. DSR contracts may need to be adapted to also reflect the greater
need to maintain the required level of demand reduction for the whole period of the DSR event. The
best balance between simplicity, accuracy and robustness is obtained by using the symmetric high X
of Y baseline, symmetric high 5 of 10 being an excellent choice.
Chapter 5 considered the DSO and VPP in more detail. Case studies demonstrated the application of
the VPP concept to an 11kW network in Brixton. Flexible industrial and commercial loads were
abstracted into a VPP with technical and cost characteristics derived in a robust manner. Simulations
of the electricity system taken as a whole showed the VPP contributing effectively to both local
operation and national-level system balancing. The modelling showed that using VPP resources
within the VPP operating capability (if correctly specified) will not violate local network constraints,
making the VPP ideal for managing the synergies and conflicts across different DSR applications. It
should be noted that the technical and cost parameters of the VPP change in time, being affected by
changes in operating conditions and temporal constraints in the VPP area.
Finally, the report concludes by identifying 11 key areas in which improvements in commercial
arrangements and regulation could be made (chapter 6). In summary this included: an analysis of the
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current regime of investment incentives; recommended improvements in current network design
practices to take in growing uncertainty, balance between incremental and strategic investment and
take advantage of whole system synergies and a discussion of novel concepts such as the VPP and
DSO, that may be needed for network operation once the move to a smart grid is made.
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Appendix
Table 14. Network data of Brixton Virtual Power Plant
Sending
end
busname

Receiving
end
busname

0: Open

R
(p.u.)

1: Closed

X
(p.u.)

Rating
(MVA)

BSP

SE_1

1

0.002

0.99000

22.5

BSP

SE_3

1

0.002

0.99000

22.5

SE_1

90468

1

0.01332

0.00724

7.9

SE_3

90069

1

0.02756

0.01301

5.4

90069

90044

1

0.0332

0.01551

5.3

90044

90043

1

0.02359

0.01099

5.3

90043

Joint

1

0.00202

0.00095

5.4

Joint

90625

1

0.02192

0.00899

5.3

Joint

90862

1

0.02343

0.0105

5.4

90862

94356

1

0.04027

0.01815

5.3

94356

90638

1

0.04027

0.01815

5.3

90638

91143

1

0.06043

0.02592

5.3

91143

94192

1

0.07941

0.03399

5.3

94192

91045

1

0.01483

0.00751

5.4

91043

91045

1

0.02081

0.00988

6.9

90468

91043

1

0.14281

0.06716

6.8

91043

S0566

0

0.0679

0.0303

7

S0566

94100

1

0.02941

0.0181

8

S0566

91112

1

0.00202

0.00085

7

91112

90328

1

0.07827

0.03297

7

90328

91111

1

0.03108

0.01313

7

91111

90922

1

0.03858

0.01654

7

91111

94180

1

0.08305

0.0355

6.8

90922

90852

1

0.12662

0.05499

5.3

72

Table 15. Load data of Brixton Virtual Power Plant

MW

MVAr

Peak load

Peak load

-

-

SE_1

8.40

2.76

SE_3

9.20

3.02

90069

0.15

0.05

90044

0.10

0.03

90043

0.15

0.05

-

-

90625

0.18

0.06

90862

0.50

0.16

94356

0.36

0.12

90638

0.12

0.04

91143

-

-

94192

0.45

0.15

91045

-

-

90468

0.25

0.08

91043

0.16

0.05

S0566

-

-

94100

0.32

0.11

91112

0.35

0.12

90328

0.16

0.05

91111

0.36

0.12

90922

0.16

0.05

90852

0.48

0.16

94180

0.26

0.09

Name

33 kV connection point

Joint
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Project Overview
Low Carbon London, UK Power Networks’ pioneering learning programme funded by Ofgem’s Low Carbon Networks Fund, has
used London as a test bed to develop a smarter electricity network that can manage the demands of a low carbon economy
and deliver reliable, sustainable electricity to businesses, residents and communities.
The trials undertaken as part of LCL comprise a set of separate but inter-related activities, approaches and experiments. They
have explored how best to deliver and manage a sustainable, cost-effective electricity network as we move towards a low
carbon future. The project established a learning laboratory, based at Imperial College London, to analyse the data from the
trials which has informed a comprehensive portfolio of learning reports that integrate LCL’s findings.
The structure of these learning reports is shown below:

Summary

SR

DNO Guide to Future Smart Management of Distribution Networks

A1

A5
A6
A7
A8
A9
A10

Residential Demand Side Response for outage management and as an alternative
to network reinforcement
Residential consumer attitudes to time varying pricing
Residential consumer responsiveness to time varying pricing
Industrial and Commercial Demand Side Response for outage management
and as an alternative to network reinforcement
Conflicts and synergies of Demand Side Response
Network impacts of supply-following Demand Side Response report
Distributed Generation and Demand Side Response services for smart Distribution Networks
Distributed Generation addressing security of supply and network reinforcement requirements
Facilitating Distribution Generation connections
Smart appliances for residential demand response

Electrification of
Heat and Transport

B1
B2
B3
B4
B5

Impact and opportunities for wide-scale Electric Vehicle deployment
Impact of Electric Vehicles and Heat Pump loads on network demand profiles
Impact of Low Voltage – connected low carbon technologies on Power Quality
Impact of Low Voltage – connected low carbon technologies on network utilisation
Opportunities for smart optimisation of new heat and transport loads

Network Planning
and Operation

C1
C2
C3
C4
C5

Use of smart meter information for network planning and operation
Impact of energy efficient appliances on network utilisation
Network impacts of energy efficiency at scale
Network state estimation and optimal sensor placement
Accessibility and validity of smart meter data

Future Distribution
System Operator

D1
D2
D3
D4
D5
D6

Development of new network design and operation practices
DNO Tools and Systems Learning
Design and real-time control of smart distribution networks
Resilience performance of smart distribution networks
Novel commercial arrangements for smart distribution networks
Carbon impact of smart distribution networks

Distributed
Generation and
Demand Side
Response

A2
A3
A4

Low Carbon London Learning Lab
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