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Abstract

Many investigations and experience have been built into the use of these Innovative Grid Technologies (IGT) individually, but
results of their combined performance are minimal, where their symbiotic capabilities offer greater capability than the sum of
their parts. This paper presents two methodologies used to examine generation connection queues and network issues taken
from projects and investigations in widespread commercial ready IGTs for the distribution network.

The results in this paper show how the combined use of four IGTs (Advanced Power Flow Control, Advanced Conductors,
Dynamic Lines Rating, and Voltage Regulators) can in some use cases be greater than the sum of each individually using real
life examples.

From this, the paper will provide recommendations and the size of the benefit that combining these four technologies could
provide, notably in the advancement of network capacity or early delivery of investments. Finally learning of the key points of
interaction needing consideration and investigation when combined technologies, will be presented, along with best practice

management techniques.

1 Introduction

Global targets to decarbonise networks and maintain network
resilience are creating unprecedented levels of investment into
transmission and distribution networks. Major challenges are
emerging with financing and sustaining such investment with
existing conventional network technologies. For example, the
International Energy Agency has recently stated since 2021 the
cost and lead time for transformers and underground cables has
doubled. This does not account for the growing public
sentiment against new infrastructure and the paying the cost
for its development, with €730bn [6] quoted to be required in
the EU by 2040.

To combeat this, it is universally recognised that it is necessary
to make the most of the existing network using a range of new
Innovative Grid Technologies (IGTs) (e.g. dynamic line
rating, advanced conductors, advanced power flow control,
and voltage regulators). These technologies offer a rapid
development timeline of typically less the 1 - 2 years making
the most of the existing network and maximise the benefit of
each new project that is subsequently added. This permits
annual adjustments being possible to network development
plans to correct for earlier unavoidable errors in predicting
present network needs.

Many investigations and experience have been made into the
use of these technologies individually, but results of their
combined performance are minimal, where their symbiotic
capabilities offer greater capability than the sum of their parts.

This paper outlines some methodologies for projects and
investigations in widespread commercial ready IGTs for the
distribution network.

2 Overview of Innovative Grid Technologies
characteristics

2.1

DLR is adjustment of thermal rating of mainly overhead lines
based on actual and predictive weather conditions provide
crucial insights to Distribution System Operators on how
much energy they can or cannot transmit in a given period.
DLR on its own can increase, on average, a lines transmission
capacity by c.30% [1] over a year with higher capability
experienced in the shorter term. This increase in capacity that
will be available and its utilization will be dependent on the
prevailing environmental conditions at that time and the
natural power flow with the system.

Dynamic Line Rating (DLR)
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Some DLR systems also offer the potential for dynamic rating
of cables and transformers.

DLR can be deployed as quickly as 1 year [1].

2.2.  Advanced Conductors

Advanced (ENTSO-E Type 4) Conductors can be retrofitted
onto existing structures and/or installed as part of a new
overhead line. They offer up to a 100% [1] increase in line
capacity. On existing lines, they can significantly reduce
conductor sag and only rarely require any tower modification.
Thus, Advanced Conductors significantly reduce permitting
burdens faced by DSOs.

Advanced Conductors can provide a 25-40% lower line
resistance. This utilization of the increased capacity and lower
resistance will be dependent on the natural power flow with
the system.

A sub-set of Advanced Conductors is the Capacitive Transfer
System (CTS) [4] which is designed for cabling (underground
and submarine) for distribution networks and export from
renewables, typically in the 6kV — 132kV range. It is
characterised by lower losses and typically a 20% increase in
capacity per unit of cross-sectional area.

Advanced Conductors can be deployed as quickly as 1 year, if
permissions are not required and the network outage length
manageable, otherwise it will be 2 or more years [1].

2.3. Advanced Power Flow Control

Advanced Power Flow Control (APC) using modular Static
Synchronous Series Compensators (mSSSC) can dynamically
control (increase or decrease) power flow control that can be
infinitely varied. They can be easily moved around the
network to operate at different voltages.

They can offer up to an 80% [1] increase in equipment/circuit
capacity by managing overloads on a single circuit, and/or
controlling and increasing the DSO capacity on other network
pathways regionally. They can be used to control power
through all network components, including lines, cables,
transformers, and any other station equipment.

APC can be deployed as quickly as 1-year [1].

2.4. Voltage Regulators

Voltage Regulators are series connected devices that can
regulate increasing or reducing voltage.

As a result, the unacceptable depression on circuit or system
voltage caused by higher transfers of power can be avoided
and increased transfer capacity is possible. Similarly, with the
automatic regulation, the adverse impact of rapid voltage rise
from distributed generation in an area can be mitigated. They
can be used to manage voltage across the entire network,
including lines, cables, and substations.

This can offer up to +/-20% [7] voltage regulation, which can
significantly increase (in some cases doubling [5]) circuit

capacity on radial MV feeders
36kV).”

(i.e. typically up to

3 Methodology

2.1 Two methodologies used in real life examples are explained

each using mixed innovative grid technologies but with
different key objectives as follows:

3.1. Maximised acceleration of the connection of

generation

The purpose of the methodology is to permit acceleration of
the connection of generation when the pace of development
creates a queue. The methodology considers the optimum
location and/or mix of technologies to do this.

Fig. 1 Acceleration of the connection of generation flowchart

The method is shown in the flowchart Figure 1. It first
considers the existing network and applies a standard intact
and single contingency [N-1] assessment to find any thermally
overloaded equipment or voltages outside of statuary limits
(example shown in figure 2.). If there is an issue[s] it must be
resolved, if not the first generator in the queue may be added
and the process repeated. This is cyclical approach is then
repeated until either the issues cannot be resolved or all
generators are connected. The process below is then used to
identify and select technology[s] to resolve these issues:
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b)
Fig. 2 (a) Real Life examination of line loading in region
showing in percentage loading, (b) Real life examination of
regional loading above or below 100% of line rating.

1. Consider purely DLR solution: Install DLR onto
thermally overloaded lines, cables, or station equipment,
whose continuous or short-term thermal rating is impacted by
prevailing environmental conditions. This may be done by
either using a screening analysis with a fixed typical increase
of 30% or alternatively using an accepted hourly assessment
technique in use by the system operator if available. Rerun
analysis and see what problem[s] are resolved and total benefit
of technology.

2. Identify purely APFC solution: Selection can be done by
simply installing APFC onto the identified thermally
overloaded lines, cables, or station equipment. Alternatively,
and preferably a more sophisticated dP/dV assessment
approach [3] is used to identify the locations that are most
beneficial for installation to effect power flow through a
specific item of plant or equipment. APFC should be installed
with the capability for automatic adjustment in the load flow
case and with a very excessive size relative to the circuit in the
first instance. Running a load flow will allow the case to
converge and size the actual capability needed and reduce the
APFC to the number of devices required to meet this
capability. The analysis can then be rerun to see what
problem(s] are resolved and total benefit of technology.

3. Identify purely Advanced Conductor solution: Install
advanced conductors onto thermally overloaded lines. This
may be done by either using a screening analysis with a fixed
typical increase of 100% or alternatively using a conductor
specific set of parameters. Rerun analysis and see what
problem(s] are resolved and total benefit of technology.

4. Perform Cost Benefit analysis of each technology: Use
standard TOTEX [2] to determine benefit from each
technology.

5. Identify joint technology options for unsolved needs:
Combining technological solutions offers a new potential
solution when none of the technologies has been able to
provide singularly. The mix of solutions should consider the
overloaded equipment and therefore the viability of a
technology to be an option in a joint solution.

The objective is speed to accelerate connections the individual
technological options in steps (1-3), and this should be
considered when tested of pairing of DLR/APFC and
Advanced Conductor/APFC.

6. Optimize results with joint tech solution: Where the
technology permits e.g. APFC, Advanced Conductors or
Voltage Regulation, adjust the scale of solution to determine if
there can be added benefits before moving to next generator.

The results of the use of this methodology from a real-life
assessment is shown in section 4 results.

The process described has been shown for the connection of a
queue of generation, but the same approach may be used where
multiple demand customers or a mix exist.

3.2, Increased network transfer capacity of a circuit and/or
region

The purpose of the methodology is to develop a solution that
provides the increased power transfer of a circuit and/or region
with the existing network (i.e. without the need to build
parallel pathway development or completely rebuild the
existing one). Typically, the circuit capacity is for an overhead
line but could be for other items of plant or equipment. The
methodology considers the optimum location and/or mix of
technologies to do this.

Another key dimension in this type of analysis is the longevity
of the solution[s]. Innovative grid technologies have been used
increasing to fill an interim period until another conventional
solution can be completed, but the process below also
examines cascading the development of innovative grid
solutions as well for a more enduring solution, or as a solution
for much longer-term interim periods.

Fig. 3 Increased network transfer flowchart

The method is shown in the flowchart shown in Figure 3. It
first considers the existing circuit or regions network and
applies a standard intact and single contingency [N-1]
assessment to find the transfer limit before thermally
overloading the circuit equipment or voltages outside of
statuary limits. The new desired transfer limit sets the size
(delta) that must be resolved. In addition, the duration that a
solution is required to deliver either that of the planning
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horizon typically 10-15 years, or as an interim until another
conventional solution is completed. The process below is then
used to identify and select technology[s] to resolve these
issues:

1. Consider individual solutions: Based on the need date
and scale (refer to section 2.) of the thermal overload on the
circuit (or overloads in a region) or equipment types, a
selection of candidates from DLR, Voltage Regulation, APFC
or Advanced conductors can be selected to be tried. The
analysis can then be run (use the same approach as the method
in section 3.1) with these technologies to see if all network
problem[s] are resolved and total benefit of technology.
Solutions should be tested for the planning horizon
(foreseeable future) typically 10-15 years.

2. Perform Cost Benefit analysis of each technology that
provides a valid solution: Use standard TOTEX [2] to
determine benefit from each technology. Note often a
technology will provide benefit sufficient to pay for the project
investment but not for the foreseeable future. In these
instances, at least one further longer term IGT may be justified
and offer an optimised solution.

3. Resolve remaining network needs using joint
technology options for unsolved needs: One technology may
not be sufficient then combining technological solutions offers
a new potential solution.

In the short term (1 year) it may be clear from the step 1 and 2
how a solution can be combined for a network issue.
Inspection of the results may show either DLR capacity not
being used fully or APFC deployment that has used all spare
capacity on alternative paths. If line capacity greater than 30%
is needed, then pairing Advanced conductors with APFC may
prove a solution. If at any point a voltage issue arises and
becomes a limiting factor, then voltage regulation can be
deployed at the effected location either on the line or station.

It can occur where a solution will be deliverable in time to meet
the arrival of a need, but as the size of a network needs often
increase (e.g. overload on a line) it does not provide longevity
for the planning horizon. In these situations, a joint
technological solution should be used to find a staged
development of a solution. Other IGT solutions with longer
lead times due to site specific reasons (e.g. planning
permission, related station works, etc.) can be added or replace
technologies.

4. Optimize results with joint tech solution: Where the
technology permits e.g. APFC, Advanced Conductors or
Voltage Regulation, adjust the scale of solution to determine if
there can be added benefits before moving to next network
issue.

The results of the use of this methodology from a real-life
assessment is shown in section 4 results.

4 Results

The results from the real-life application of these processes are
shown below, their relevance and potential application.

4.1. Maximised acceleration of the connection of

generation

Table 1 shows results from a real-life application [8] of the
process outlined in section 3.1. The application was examining
connecting a total queue of 650MW into one substation. The
existing network with uncontrolled power flows was able to
connect 350MW before one of the four lines into the station
were overloaded.

Speed was considered essential and therefore faster IGTs were
first considered of those IGT applicable and available to
considered to be used.

Table 1 Permissible increase of power generation capacity due
to connection of singular and mixed innovative grid
technologies

Scenario Number of Number of Increased Power Total new
deployed lines with  generation [MW] generation
locations DLR [MW]

Existing - - - 350
Network
DLR - 2 +100 450
PFC 2 - +150 500
PFC + DLR 2 5 +300 650

As the network issues in the areas were on overhead lines and
planning was envisaged for conductor replacement, the
process then first considered the use of DLR and APFC as the
fastest viable solutions. Singularly, both DLR and APFC
provided marked increases to the existing to total generation
that could be connected but fell short of the accommodating
the entire queue. The DLR suffered from the power not
equally being shared between the four circuits and the APFC
that the available line capacity was insufficient to
accommodate a higher capacity. A Cost Benefit Analysis
(CBA) concluded that either would be justified with payback
within a year (Step 1-4 of the process in section 3.1).

Thereafter as a next step both technologies were (Step 5 and
6) considered together, using the initial fixed solutions from
previous steps (1- 4) in the process. When combined the
connection capacity was increased (SOMW) but new needs
arose as increased transfers on the lines required a remote line
to have more capacity, an additional DLR installation
resolved this issue, and the natural power flow did not require
further power flow control. However, to reach the highest
level of transfer two further DLR deployments were needed
(on the circuits with the APFC installed) on the other two lines
terminating in the substation where the generation queue was
connecting. In totality this connected the full 650MW.

The solution was limited to DLR and APFC in this case, due
to the desired fastest lead time for connection and that neither
an increased line capacity exceeding 30%, or a voltage related
issue arose which would have required an Advanced
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Conductor or Voltage Regulation solution to be deployed,
respectively.

4.2.  Increased network transfer capacity of a circuit and/or
region

Table 2 shows results from a real-life application of the
process outlined in section 3.2. The application was examining
an overload on a single circuit line running parallel to a double
circuit line. Loss of the double circuit line resulted in the
overload of the single circuit. DLR was deployed on the line
first (as part of a wider network deployment) and managed the
situation in the near term, with a positive CBA payback period
of less than 1 year.

However, the longevity of the solution meant that with a 25%
increase in capacity from the DLR, overloads quickly returned
for the same network contingency. As there were further
underutilised parallel paths, APFC is also being deployed. It
has a positive CBA with a payback of less than 2 years
resolving overloads on the single circuit of up to 80%.

The rapid increase in power transfers due to move to
renewable energy and imbalance in the lower voltage single
circuit and the higher voltage double circuit, will result
capability provided by the APFC being exceeded in the
medium term.

Consequently, a replacement of the existing line is also
planned with an advanced conductor (providing a further
100% capacity increase), which will manage the situation
beyond the current planning horizon.

A conventional solution of up-voltaging the circuit to match
the parallel double circuit line is a final envisaged step, which
is planned to retain the APFC and if possible, the advanced
conductor.

Table 2 Sum increase of original line capacity from IGT
solutions

Original DLR DLR & APFC Advanced Conductor ~ Voltage Uprate, APFC &
Added Added & APFC Added Advanced Conductor
Added
100% 125% 234% 360% 720%

5 Conclusion

The methodologies and processes discussed in this paper have
shown practical and workable methods for considering
combined innovative grid technologies as solutions in the
distribution network. The methodologies and examples have
shown the value of combining these technologies, which offer
more than a simple sum of the benefits they provide, but
through their symbiotic relationships can offer more than the
sum of their parts.

In the generation connection queue example this has been
shown to provide to permit as much as a further increase in
generation capacity of 15%, in a network over the already
impressive increase of 30-45% capacity increase that each
singularly may offer, or a 90% increase in capacity in total.

In the network needs example, it has been shown that the line
capacity can be increased to 125% with DLR, to 180% by
adding APFC that can form a joint solution. Reforming to a
new joint solution with Advanced conductor and APFC
increases this again to 360%, and in future these IGTs can be
used to improve the next conventional solution providing up
to 720% capacity.

Throughout each step the Cost Benefit Analysis has shown the
ability to deliver a solution by the following year and recover
the full investment cost of this and subsequent additional IGT
technologies

This shows the tremendous capabilities and diversity from the
combination of IGT technologies and how success of the
methodologies described above to deliver solutions.
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