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Abstract

This paper proposes the Digital-Compliance-Resilience (DCR) Framework as a structured
response to Ofgem’s Accelerated Strategic Transmission Investment (ASTI) programme. The
framework directly aligns with Ofgem’s consultation on scope change and Early Construction
Funding (ECF), positioning digitalisation and resilience not as discretionary innovation
overheads but as eligible, regulated expenditures within existing PCF/ECF categories. By
embedding predictive digital tools, automated compliance assurance, and quantifiable
resilience indices into project delivery, the framework reduces consenting delays, procurement
risks, and system vulnerabilities. Evidence from European projects demonstrates that
geospatial digital twins, probabilistic Al demand forecasts, and predictive procurement
simulations have already avoided billions in costs. Applied to EGL3, EGL4, and GWNC, the
DCR framework offers a pathway to accelerate delivery while protecting consumers from
stranded costs and ensuring expenditures remain recoverable under Ofgem’s regulatory
guidance.

Disclaimer

This submission is provided in a personal and independent capacity. It does not represent the
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recommendations and opinions expressed are based solely on my professional engineering
experience and independent R&D research in the fields of Electrical, Instrumentation & Control
(EIC), Energy Market, Power Grid, Power Network, functional safety, digitalisation, and
decarbonisation technologies.



1. Introduction
The UK’s Net Zero 2050 target requires the rapid acceleration of transmission infrastructure
under Ofgem’s ASTI framework. EGL3, EGL4, and the Grimsby West—Walpole Network
Corridor (GWNC) are among the most urgent reinforcements, but they face well-documented
risks: consenting delays, supply-chain fragility, resilience gaps, and growing public scrutiny.
Ofgem’s consultation on Material Scope Change and Early Construction Funding emphasises
three priorities: (1) minimising consumer exposure to cancellation and stranded costs, (2)
ensuring expenditure fits within PCF and ECF categories such as strategic land, early
procurement, and enabling works, and (3) safeguarding delivery certainty through ODI-linked
milestones.
Current UK practice—deterministic modelling, retrospective compliance, and narrow N-1
resilience standards—cannot deliver the scale and pace required without exposing consumers
to escalating constraint payments, already exceeding £300 million annually. The DCR
Framework addresses these systemic weaknesses by reframing digitalisation, compliance,
and resilience as core enablers of regulatory assurance rather than optional innovation. It
integrates three mutually reinforcing layers:
¢ Digitalisation, through Al forecasting, geospatial digital twins, and predictive
procurement platforms.
o Compliance automation, through real-time dashboards, blockchain-secured audit
trails, and weighted compliance indices.
¢ Resilience quantification, through probabilistic indices and systemic stress testing that
go beyond deterministic N-1 adequacy.
Crucially, the framework positions these activities as eligible within Ofgem’s existing PCF/ECF
categories, demonstrating that predictive assurance is not a regulatory add-on but a
consumer-protection mechanism that reduces the risks Ofgem has highlighted in its
consultation. By embedding digitalisation and resilience as fundable CAPEX, DCR ensures
accelerated delivery is not achieved at the expense of consumer value, public trust, or long-
term system robustness.

The paper is structured as follows:

e Section 2 analyses Ofgem’s consultation responses (Q1-Q8), identifying strengths
and limitations.

e Section 3 synthesises systemic shortcomings in current regulatory practice.

o Section 4 introduces the DCR framework, including its conceptual and mathematical
foundations.

e Section 5 sets out an implementation roadmap, with phased roll-out, cost allocation
ranges, key performance indicators (KPIs), and pilot projects.

e Section 6 evaluates novelty, feasibility, and international distinctiveness, while
addressing potential criticisms.

e Section 7 concludes with targeted recommendations for Ofgem.

By embedding predictive digitalisation, automated compliance, and quantified resilience into
the ASTI programme, the UK can not only accelerate delivery but also pioneer digital-ready
regulation. Just as Contracts for Difference (CfDs) established global leadership in offshore
wind, the DCR framework offers Ofgem an opportunity to set a new international standard for
Net Zero infrastructure governance (CCC, 2020).



2. Consultation Question Responses (Q1-Q8)

This section provides a detailed, evidence-based response to Ofgem’s eight consultation
questions on Accelerated Strategic Transmission Investment (ASTI): Material Scope Change
and Early Construction Funding — EGL3, EGL4, GWNC. The analysis goes beyond indicating
agreement or concern and sets out how the proposed Digital-Compliance-Resilience (DCR)
Framework strengthens Ofgem’s minded-to positions by adding predictive digital assurance,
auditable compliance, and quantified resilience—thereby improving delivery certainty,
consumer protection, and regulatory credibility.



2.1 Response to Q1 — Revised Network Design (Scope Change)

Consultation question: Do you agree with our minded-to position to approve the
revised designs for EGL3, EGL4, and GWNC? Please provide reasons for your
response.

Ofgem’s proposal to allow scope changes for Accelerated Strategic Transmission Investment
(ASTI) projects is both necessary and proportionate. Transmission Owners (TOs) must be
able to adjust designs in response to unforeseen environmental, technical, or supply-chain
risks without triggering protracted regulatory disputes. This is particularly relevant given that
consenting delays in major projects have historically added between two and five years to
timelines, often at an annual cost exceeding £300 million in constraint payments to generators
(Committee on Climate Change, 2020; National Grid ESO, 2022).

While Ofgem’s recognition of scope changes is welcome, the proposed framework remains
limited in three respects:

1. Absence of predictive digital tools: Scope changes are currently justified through ex-
post documentation, creating lags in regulatory oversight. Embedding geospatial
digital twins during the pre-construction phase would allow TOs and regulators to
evaluate routing and environmental conflicts dynamically, reducing the probability of
late-stage revisions. Evidence from Energinet’'s Kriegers Flak project demonstrates
that such tools can shorten consenting by up to two years (Energinet, 2020).

2. Weak linkage to resilience outcomes: Ofgem’s scope-change mechanism does not
explicitly account for resilience under compound risks. For example, simultaneous
flooding of substations and supply-chain disruption in HYDC converter delivery would
both justify scope adaptation but are not captured under the deterministic N-1 standard
(Panteli and Mancarella, 2017). Embedding a Resilience Index (RI), formally
introduced in Section 3, would provide regulators with a probabilistic measure of
recovery capacity, ensuring scope changes enhance rather than erode systemic
robustness.

3. Limited consumer protection mechanisms: At present, consumers risk funding reworks
without assurance of long-term benefit. A digitalised scope-change process would
provide automated audit trails and predictive compliance reports, ensuring
transparency and minimising disputes. Blockchain-secured logs, for example, can
create immutable records of procurement and design changes (Andoni et al., 2019).

In summary, while scope flexibility is essential, it must be underpinned by predictive
digitalisation, formal resilience metrics, and automated compliance assurance. Integrating
these elements into Ofgem’s scope-change framework will ensure that consumer value is
maximised, delivery risks are reduced, and ASTI projects remain robust under multi-
dimensional stress.



2.2 Q2 - ODI Target Dates Based on TOs’ Quantified Schedule Risk Analysis (QSRA)
Consultation Question: Do you agree with our minded-to position on the ODI target
dates, based on TOs’ quantified schedule risk analysis (QSRA)?

2.2.1 Context: ODI Dates and Their Importance
Output Delivery Incentives (ODIs) are a central mechanism within Ofgem’s RIIO-2 price
control. They link project delivery performance to financial outcomes, rewarding Transmission
Owners (TOs) for timely delivery while penalising delays. In the Accelerated Strategic
Transmission Investment (ASTI) programme, where the stakes are exceptionally high, the
credibility of ODI dates is critical for three reasons:
e Consumer value: delays to strategic reinforcements increase constraint payments,
sometimes by hundreds of millions of pounds annually, as renewable energy cannot
be delivered to demand centres (National Grid ESO, 2022).
e Transmission Owner accountability: TOs require targets that incentivise efficient
delivery but do not expose them to uncontrollable global risks.
e System planning: ESQO’s Future Energy Scenarios (FES) depend on confidence that
reinforcement projects will be completed on time to support Net Zero 2050.
Against this background, Ofgem’s consultation sets out a minded-to position that ODI target
dates for EGL3, EGL4, and GWNC should be based on TOs’ Quantified Schedule Risk
Analysis (QSRA).

2.2.2 Understanding QSRA
Quantified Schedule Risk Analysis (QSRA) is a probabilistic method widely used in major
infrastructure delivery. Its principal features include:
1. Activity definition: the project schedule is broken into constituent tasks.
2. Probability distributions: risk analysts assign distributions (e.g., triangular, PERT, beta)
to task durations and risks.
3. Simulation: Monte Carlo analysis runs thousands of iterations to generate a probability
distribution of overall completion dates.
4. Confidence levels: outputs are expressed in probabilistic terms, such as P50 (50%
chance of on-time delivery) or P80 (80% chance).
QSRA has been used in the UK for projects such as HS2, Crossrail, and the Western HVYDC
Link, providing a structured way to test whether official timetables were realistic. Its value lies
in exposing optimism bias and enabling regulators to understand the likelihood of slippage.

2.2.3 Limitations of QSRA in the ASTI Programme
While QSRA is an established method, its limitations are significant in the ASTI context.
(a) Reliance on historical precedent
QSRA requires data from past projects to define risk distributions. Yet the ASTI programme
involves simultaneous gigawatt-scale HVDC reinforcements, an unprecedented challenge in
the UK. Relying on precedents like Beauly—Denny or Western HVDC is insufficient, as those
projects did not face the same intensity of supply-chain competition or climate uncertainty.
(b) Incomplete capture of systemic risks
Conventional QSRA tends to include discrete risks (e.g., permit delay, contractor availability).
But ASTI projects are exposed to systemic, dynamic risks:

e Global converter and cable supply-chain fragility.

e Commodity price shocks linked to geopolitics.

e« Extreme weather disrupting coastal landing sites.
Such risks are poorly parameterised by static probability distributions.
(c) Lack of inter-project modelling
Each TO prepares QSRA in isolation. But EGL3, EGL4, and GWNC are not independent—
they compete for the same factories, ports, and skilled labour. A delay in one project could
ripple through others. Current QSRA methodology does not fully capture these
interdependencies.
(d) Communication challenges



QSRA results are often presented in specialist statistical terms, making it difficult for
policymakers, stakeholders, and consumers to interpret what a “P80 date” means in practice.
This can erode trust if projects later slip.

2.2.4 Ofgem’s Minded-to Position: Strengths and Weaknesses
Ofgem’s decision to base ODI dates on QSRA is rational:
e |t moves away from purely deterministic planning.
o It reduces the risk of optimism bias by providing probabilistic distributions.
e It aligns with major project assurance practices used by the Infrastructure and
Projects Authority (IPA).
However, the weaknesses are also clear:
e Inconsistent assumptions: each TO may define risk distributions differently.
e« Consumer exposure: late dates mean prolonged constraint costs; too-early dates risk
unrealistic targets and penalties.
e Lack of resilience testing: ODI credibility depends not only on probabilities but also on
the system’s ability to withstand shocks.

2.2.5 International Comparisons
Looking abroad highlights both good practice and gaps.
e Germany (SuedLink): employed QSRA but also digital construction twins to model
resequencing under delay scenarios, improving resilience (50Hertz, 2021).
e Denmark (Energinet, Kriegers Flak): used geospatial scenario modelling alongside
schedule risk, cutting permitting times by two years (Energinet, 2020).
e USA (FERC/NERC): regulatory schedule-setting remains deterministic, often leading
to repeated deadline extensions.
The lesson is that QSRA is valuable but insufficient without complementary predictive and
systemic methods.

2.2.6 Regulatory and Economic Implications

(a) Consumers

Constraint costs are directly linked to delivery delays. A one-year delay can add £300 million
in costs (CCC, 2020). If ODI dates are set conservatively late, consumers pay more. If they
are set optimistically early, slippage may undermine confidence.

(b) Transmission Owners

ODI penalties must be fair. QSRA alone cannot ensure fairness if TOs are penalised for
systemic risks (e.g., global shortages). Conversely, overly conservative QSRAs reward TOs
with easy targets.

(c) Ofgem’s credibility

If ODIs are consistently missed, Ofgem’s credibility is undermined. If they are always met too
easily, ODlIs lose regulatory value. A more balanced mechanism is essential.

2.2.7 Recommendations to Strengthen Ofgem’s Approach
To address these concerns, | recommend that Ofgem:
1. Mandate independent verification of TOs’ QSRAs, akin to IPA assurance.
2. Require inclusion of systemic risks such as supply chains and climate stress.
3. Introduce stress testing of ODI dates under extreme but plausible scenarios (e.g., six-
month cable delay).
4. Define a standard QSRA methodology to ensure comparability across TOs.
5. Improve communication by requiring TOs to present QSRA results in clear terms,
accessible to non-specialist stakeholders.

2.2.8 Why a New Framework is Needed
Even with these improvements, QSRA remains fundamentally limited. It is static, backward-
looking, and project-specific. The ASTI challenge demands methods that are:

e« Dynamic: continuously updated as risks evolve.
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e Systemic: capturing interdependencies across projects.
e Resilience-based: assessing ability to withstand shocks, not just probability of dates.
e Embedded in regulation: providing predictive assurance to Ofgem, not just
retrospective reports.
This consultation thus makes clear why a new model is required. Later sections of this paper
introduce the Digital-Compliance-Resilience (DCR) Framework, designed precisely to address
the structural weaknesses revealed here.



2.3 Response to Q3 — PCF to ECF Transfers

Consultation Question (Ofgem)

Do you agree with our minded-to position to allow underspend from Pre-Construction Funding
(PCF) to be transferred into Early Construction Funding (ECF), subject to efficiency tests and
ensuring no detriment to consumers?

Understanding of the Question

This consultation question sits within Ofgem’s broader Accelerated Strategic Transmission
Investment (ASTI) programme, which seeks to reconcile the need for accelerated project
delivery with consumer protection and regulatory accountability. Ofgem’s proposal to allow
underspend from PCF to be transferred into ECF reflects the recognition that consenting, land
acquisition, and environmental risk vary significantly across projects. Where underspends
occur, rigid separation between PCF and ECF could create inefficiency and delay, with
Transmission Owners (TOs) unable to redeploy funds without a further regulatory process.
The principle of flexibility is therefore well-founded. However, the proposed mechanism
remains under-specified in scope and oversight: while Ofgem emphasises efficiency tests and
the avoidance of consumer detriment, the lack of clarity around eligible activities, predictive
safeguards, and integration with Output Delivery Incentives (ODIs) raises risks of inconsistent
application, stakeholder mistrust, and underinvestment in digitalisation.

2.3.1 Executive Position

| support Ofgem’s minded-to position to permit transfers from PCF to ECF, as it is a pragmatic
response to the variable nature of pre-construction expenditure. Without such flexibility, TOs
risk underspending in early phases and delaying mobilisation, with knock-on effects for
programme timelines. Constraint payments have historically exceeded £300 million annually
when transmission reinforcements are delayed (Committee on Climate Change, 2020;
National Grid ESO, 2022). Enabling reallocation of underspends therefore protects consumers
by reducing the risk of idle budgets while maintaining project momentum.

Ofgem’s safeguard—that transfers remain subject to efficiency tests and “no consumer
detriment”—is proportionate in principle. Yet in its current form, the safeguard is retrospective,
relying on TOs to demonstrate efficiency after expenditure has been made. This creates
regulatory lag, increases the risk of disputes, and weakens consumer protection. A forward-
looking assurance mechanism is needed to ensure that transfers genuinely accelerate
delivery and enhance resilience.

2.3.2 Where Ofgem’s Proposal Falls Short
Narrow definition of eligible costs
Ofgem frames PCF-ECF transfers primarily in terms of land rights, consenting, and
mobilisation of physical works. There is no explicit recognition of digitalisation activities,
despite their demonstrable value in reducing consenting risk, optimising construction
sequencing, and evidencing compliance (Energinet, 2020; 50Hertz, 2021). Digital twins,
predictive procurement tools, and resilience modelling straddle both PCF and ECF
phases, yet their eligibility within transfer rules remains unclear. Without explicit
recognition, TOs are structurally disincentivised to invest in these tools at scale.
Retrospective safeguards
Ofgem’s current approach requires TOs to justify transfers after the fact, through efficiency
assessments. In practice, this risks consumer exposure to disputes and cost recovery
delays. Previous projects (e.g., Hinkley-Seabank) illustrate how retrospective oversight
often prolongs disagreements over efficiency, delaying settlement and creating hidden
pass-through costs. Predictive compliance dashboards, updated in real time, would avoid
this lag (Andoni et al., 2019).
Weak integration with ODI metrics
Ofgem has not articulated how transfers align with ODI measures. There is a risk that TOs
may reallocate funds to meet near-term milestones while undermining long-term
resilience. For example, diverting PCF underspend into site mobilisation without
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embedding resilience assessments could accelerate construction but leave assets
exposed to systemic shocks (Panteli and Mancarella, 2017).

Transparency and stakeholder confidence

Without clear guidance, transfers risk being perceived as opaque budget manoeuvres.
Public trust in ASTI projects is already fragile, particularly where overhead corridors cross
sensitive landscapes. Transparent digital justification of transfers is therefore essential, not
just for regulatory accountability but also for stakeholder legitimacy.

International benchmarking gap

Other jurisdictions illustrate both the opportunity and the shortfall. ENTSO-E’s Ten-Year
Network Development Plan (2022) provides advanced probabilistic planning, but
digitalisation is not embedded as a regulated cost stream. FERC and NERC in the US
allow recovery of resilience-related costs, but through mandatory compliance obligations
rather than predictive assurance mechanisms. Ofgem has the opportunity to lead by
explicitly linking budget flexibility to forward-looking digital assurance and resilience
indices.

2.3.3 Recommendations

To strengthen consumer protection and align with international best practice, | recommend

that Ofgem refine its proposal as follows:

Broaden eligibility criteria
Explicitly recognise digitalisation activities (geospatial digital twins, Bayesian
procurement simulations, resilience indices) as legitimate categories for PCF-ECF
transfers. These are not optional innovations but core enablers of accelerated
delivery.

Embed predictive safeguards

Condition transfers on forward-looking metrics, such as:
Probability of on-time milestone delivery P(ODI on-time) = threshold (Zhang, Li and
Chen, 2021).
Resilience Index (RI, Eq. 2) 2 0.8 under compound stress scenarios (Panteli and
Mancarella, 2017).
These predictive criteria would replace retrospective justifications with proactive
assurance.

Digital justification reports

Require TOs to generate justification reports directly from project digital twins, including
automated compliance logs and predictive confidence intervals. This would provide real-
time transparency to Ofgem, minimise regulatory lag, and strengthen consumer protection.

Pilot application to EGL3/EGL4

Trial PCF—ECF transfers under this refined framework on the EGL3 and EGL4 projects,
which face overlapping supply-chain risks. This would allow Ofgem to calibrate metrics
and processes before mainstream adoption.

Alignment with ODIs

Ensure that transfers are contingent not only on cost efficiency but also on measurable
delivery and resilience outcomes. This prevents short-term acceleration from undermining
long-term system robustness.



2.4 Response to Q4 — Early Construction Funding (ECF) Levels

Consultation Question (Ofgem)

Do you agree with our minded-to position on the level of early construction funding (ECF) for
EGL3, EGL4, and GWNC? Please provide reasons for your response.

Understanding of the Question

Ofgem is seeking stakeholder views on whether the proposed ECF allocations for EGL3,
EGL4, and GWNC are proportionate to the delivery risks and requirements of these projects.
The purpose of ECF is to accelerate mobilisation by funding long-lead procurement (e.g.
HVDC converters, submarine cables) and early civil works. Ofgem’s intent is to provide
sufficient funding flexibility to avoid bottlenecks while ensuring consumer protection through
efficiency tests. In essence, the regulator is testing whether the proposed level of early release
is adequate, proportionate, and subject to appropriate safeguards.

2.4.1 Executive Position

| agree with the principle of Ofgem’s minded-to position to approve early construction funding
for EGL3, EGL4, and GWNC. ECF is indispensable in the current context of global supply-
chain constraints, with HVDC converter and cable lead times exceeding five years (ENTSO-
E, 2022). Without sufficient early mobilisation funding, there is a material risk of cost
escalation, stranded labour, and compounded project delays.

However, | believe that Ofgem’s current proposals underestimate the scale of systemic risk
and do not allocate ECF in a manner that fully integrates digitalisation and resilience. The
amounts proposed appear to be calibrated primarily against conventional physical works,
without explicit provision for predictive procurement analytics, digital construction twins, or
resilience assurance. This leaves projects vulnerable to avoidable inefficiencies, exposes
consumers to constraint costs in the event of slippage, and risks under-utilisation of modern
assurance mechanisms.

2.4.2 Shortcomings in Ofgem’s Proposal

1. Narrow definition of eligible costs
ECF allocations focus predominantly on long-lead equipment procurement and early
site works. There is no explicit recognition of digitalisation activities such as
predictive procurement simulations, corridor-scale digital twins, or resilience stress-
testing. These tools are integral to managing procurement bottlenecks and
construction sequencing, yet remain in a grey zone of cost eligibility (Energinet,
2020; 50Hertz, 2021).

2. Insufficient resilience gating
Ofgem has not required TOs to demonstrate resilience thresholds (e.g. RI 20.8) as a
condition of early funding release. As a result, funds could be mobilised rapidly but
for designs that remain brittle to climate, cyber, or supply-chain stressors (Panteli and
Mancarella, 2017). This undermines consumer protection by prioritising speed over
robustness.

3. Retrospective efficiency tests
The safeguard of “efficiency testing” is largely retrospective. Experience with Hinkley-
Seabank and Beauly—Denny shows that disputes over efficiency after expenditure
create regulatory lag and hidden consumer costs. Predictive assurance dashboards
could instead provide Ofgem with forward-looking visibility on milestone achievement
and risk exposure (Andoni et al., 2019; Zhang, Li and Chen, 2021).

4. Lack of explicit consumer value framing
Ofgem does not clearly link the proposed ECF amounts to avoided constraint costs.
National Grid ESO (2022) has shown that constraint payments frequently exceed
£300 million annually. A one-year delay avoided by adequate ECF allocation could
fully offset £250-500 million in digitalisation and resilience investments. The absence
of this cost-effectiveness framing risks under-allocation.
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5. International benchmarking gap
ENTSO-E’s TYNDP (2022) recognises long-lead supply risks but stops short of
embedding digitalisation into early funding. AEMO in Australia provides for early
procurement under its Integrated System Plan, but without predictive assurance or
resilience indices. Ofgem could set a global precedent by explicitly tying ECF to
digitalisation and resilience outcomes.

2.4.3 Recommendations
To strengthen the robustness and consumer protection of ECF allocations, | recommend that
Ofgem:

1. Increase ECF scope by 10-20%

Explicitly earmark 10—-20% of ECF budgets for digitalisation and resilience activities.
This would include procurement simulations, construction digital twins, and resilience
stress-testing, all of which deliver measurable efficiency and risk reduction.

2. Condition ECF release on predictive metrics
Require TOs to demonstrate, prior to drawdown:

o Probability of on-time milestone delivery P(ODI on-time) 2 0.8 (Zhang, Li and
Chen, 2021).

o Resilience Index (RI, Eqg. 2) = 0.8 across climate, cyber, and supply-chain
scenarios (Panteli and Mancarella, 2017).

3. Mandate Predictive Procurement and Construction Dashboards (PPCDs)
Require TOs to generate real-time assurance dashboards from project digital twins,
covering procurement traceability, milestone probabilities, and resilience indices.
These dashboards would provide Ofgem with forward-looking assurance rather than
retrospective justifications.

4. Pilot predictive ECF frameworks on EGL3/EGL4
Given their overlapping supply-chain risks, EGL3 and EGL4 are ideal candidates for
piloting predictive ECF governance. Lessons from these pilots could then inform the
mainstreaming of predictive assurance for GWNC and future ASTI corridors.

5. Consumer value test (Eq. 14)

Require TOs to quantify avoided constraint costs relative to ECF allocations using
cost-effectiveness ratio CE = B_saved / B_D. A threshold CE > 1.0 should be
mandated to demonstrate consumer benefit.

2.4.4 Conclusion

The principle of early construction funding is well-founded and essential to securing long-lead
items and preventing project slippage. However, Ofgem’s current proposals risk
underestimating systemic risk by treating ECF largely as a vehicle for conventional physical
mobilisation. By expanding scope to include digitalisation and resilience, conditioning release
on predictive metrics, and aligning allocations with consumer value tests, Ofgem can transform
ECF into a mechanism that not only accelerates delivery but also strengthens resilience and
consumer trust. This would set an international benchmark for early funding governance in
transmission regulation.
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2.5 Response to Q5 — Governance Arrangements for PCF and ECF

Consultation Question (Ofgem)

Do you agree with our minded-to position on the governance arrangements for PCF and ECF,
including monitoring, reporting, and assurance requirements? Please provide reasons for your
response.

Understanding of the Question

Ofgem is seeking views on whether its proposed governance arrangements for Pre-
Construction Funding (PCF) and Early Construction Funding (ECF) are sufficient to ensure
accountability, efficiency, and consumer protection. In practice, this means testing whether
retrospective efficiency reviews and current reporting frameworks can provide the right
balance of flexibility and assurance as ASTI projects scale. The question implicitly raises the
issue of whether governance should remain rooted in retrospective audits and document-
based submissions, or whether it should evolve toward predictive, digital-first oversight that
aligns with the accelerated and complex nature of EGL3, EGL4, and GWNC.

2.5.1 Executive Position

| agree with Ofgem’s principle that strong governance of PCF and ECF is essential. Without
clear monitoring and assurance, early funding flexibility could undermine consumer
confidence and increase the risk of inefficient expenditure. However, | believe Ofgem’s current
minded-to position relies too heavily on retrospective, document-based audits. This creates
regulatory lag, exposes consumers to unnecessary costs, and fails to capitalise on the
potential of digital assurance. A digital-first governance model — based on predictive
dashboards, automated compliance logs, and resilience metrics — would offer stronger, real-
time accountability while reducing administrative overhead for both Transmission Owners
(TOs) and Ofgem.

2.5.2 Shortcomings in Ofgem’s Current Approach

1. Retrospective focus
Ofgem’s proposals emphasise post-expenditure justification. This is resource-
intensive, often leads to disputes, and does not provide early warning when
milestones are at risk. Regulatory lag has been observed in previous projects, where
disputes over efficiency delayed cost recovery and created hidden pass-through
costs for consumers.

2. Limited use of predictive compliance
No provision is made for predictive indicators such as probability of on-time delivery
P(ODI on-time), the Compliance Index (Eq. 9), or Resilience Index (Eq. 2). As a
result, Ofgem receives assurance only after risks materialise, rather than being able
to intervene proactively.

3. Absence of digital assurance mechanisms
Governance remains tied to traditional reporting formats rather than leveraging digital
tools. Digital twins can generate automated logs of procurement and construction
decisions, while blockchain can secure immutable audit trails (Andoni et al., 2019).
These tools are not referenced in Ofgem’s governance framework.

4. Transparency and stakeholder trust
Current governance arrangements focus on regulator-TO reporting but do not
address public transparency. For projects facing local opposition, the absence of
visible, real-time assurance dashboards risks undermining social licence and fuelling
objections.

5. International benchmarking gap
Other jurisdictions show both progress and limitations:

o CAISO (2021) has demonstrated that compliance dashboards reduce
reporting delays by 30%, yet Ofgem has not adopted similar tools.
o ENTSO-E (2022) continues to rely on deterministic audits, with no codification
of predictive assurance.
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o FERC/NERC (2020) mandate compliance standards but lack forward-looking
governance mechanisms.
Ofgem could lead internationally by embedding predictive governance into
statutory funding rules.

2.5.3 Recommendations
To ensure governance arrangements are fit for purpose under ASTI, | recommend:

1.

Mandate Predictive Assurance Dashboards
Require TOs to provide Ofgem with live dashboards generated from project digital
twins, reporting:

o Probability of milestone achievement P(ODI on-time) (Zhang, Li and Chen,

2021).
o Compliance Index (ClI, Eq. 9).
o Resilience Index (RI, Eq. 2) under climate, cyber, and supply-chain stress
scenarios.

Automated compliance logs
Require TOs to implement automated audit trails, ideally blockchain-secured, to
record procurement decisions and change orders. This provides immutable, time-
stamped evidence, reducing disputes and protecting consumers (Andoni et al.,
2019).
Forward-looking reporting obligations
Replace static quarterly reports with rolling predictive confidence intervals for cost
and delivery milestones. This would allow Ofgem to detect slippage months in
advance rather than after the fact.
Public transparency mechanisms
Publish high-level assurance dashboards for stakeholders, showing resilience
scores, delivery probabilities, and compliance trends. This would build public trust
and reduce planning objections.
Pilot digital governance in EGL3/EGL4
Introduce predictive dashboards and automated compliance logs first in EGL3 and
EGL4, where supply-chain risks are acute. Lessons learned should then inform
mainstream governance across ASTI.

2.5.4 Conclusion

Governance arrangements for PCF and ECF are critical to maintaining consumer confidence
and accountability in accelerated delivery. Ofgem’s current proposals are directionally sound
but risk being too retrospective, too document-heavy, and insufficiently transparent. By
mandating predictive dashboards, automated compliance logs, and resilience metrics, Ofgem
can transform governance from a backward-looking audit function into a forward-looking
assurance model. This would reduce disputes, protect consumers from unnecessary costs,

and position the UK as a global leader in digital regulatory innovation.
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2.6 Response to Q6 — Consumer Protection and Proportionality of Costs

Consultation Question: Do you agree with our minded-to position on consumer
protection and proportionality of costs associated with scope changes and early
construction funding? Please provide reasons for your response.

2.6.1 Understanding of the Question

My interpretation is that Ofgem seeks assurance that the additional costs arising from scope
changes and early construction funding (ECF) are both proportionate and accompanied by
adequate consumer protection mechanisms. This involves testing whether Transmission
Owners (TOs) are using funds efficiently, ensuring that consumers are not overburdened by
delays or poor procurement, and establishing safeguards such as clawback provisions,
efficiency tests, and transparency requirements. In short, the question asks whether Ofgem’s
proposed approach sufficiently balances the need for rapid project acceleration with the duty
to protect consumers from unnecessary or inefficient expenditure.

2.6.2 Executive Position

| broadly support Ofgem’s intent to strengthen consumer protection in the context of ECF and
scope changes. However, the current measures remain overly retrospective and risk failing to
protect consumers in real time. By relying primarily on post-hoc efficiency reviews and cost
reconciliation, Ofgem exposes consumers to avoidable risks such as prolonged consenting
delays, supply-chain failures, and systemic resilience gaps.

A more effective approach would embed predictive assurance and digitalisation into the
consumer protection framework. Allocating 10—20% of budgets to digitalisation and resilience
(Eq. 13) is justified by evidence that even a single avoided year of constraint payments
(~£300m) exceeds the entire digitalisation budget (CCC, 2020; National Grid ESO, 2022).
Formally, if the consumer efficiency ratio (CE, Eq. 14) exceeds 1.0, then the investment yields
positive consumer value. This establishes consumer protection not just through cost caps but
through proactive risk reduction.

2.6.3 Shortcomings in Ofgem’s Current Approach

1. Over-reliance on retrospective testing: Current assurance is backward-looking, leading
to disputes, delays, and pass-through of costs to consumers (Andoni et al., 2019).

2. Limited consumer-facing transparency: While Ofgem monitors TOs, consumers lack
visibility on how additional costs translate into avoided risks or savings.

3. Insufficient linkage to constraint cost avoidance: Ofgem has not fully recognised that
delays cost consumers ~£300m annually (CCC, 2020). Predictive assurance can
directly mitigate this exposure.

4. Weak integration of resilience metrics: Without Rl = 0.8 thresholds (Panteli and
Mancarella, 2017), projects may deliver capacity quickly but leave consumers
vulnerable to climate or cyber shocks.

5. Inflexible treatment of digitalisation costs: By not reclassifying digitalisation as eligible
CAPEX under PCF/ECF, TOs are structurally disincentivised from investing in
consumer-protective tools such as digital twins, predictive procurement, and
automated audit trails.

2.6.4 Recommendations for Strengthening Consumer Protection
To address these gaps, | recommend that Ofgem refine its minded-to position through the
following measures:

1. Codify digitalisation and resilience as eligible CAPEX under PCF/ECF, with 10-20%
budget allocation (Eq. 13). This creates a predictable and fundable route for TOs to
deploy consumer-protective technologies.

2. Condition ECF release on predictive consumer value tests, requiring CE = 1.0 (Eq. 14)
before funds are drawn down. This ensures each pound invested produces net
consumer benefit.
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3.

Introduce predictive assurance dashboards, reporting real-time probabilities of
milestone achievement (Eq. 4), compliance index values (Eq. 9), and resilience indices
(Eq. 2-3). These dashboards should be accessible to both Ofgem and consumer
representatives.

Strengthen clawback provisions, not only for overspend but also for failure to meet
predictive assurance KPlIs (forecast accuracy 290%, Rl 20.8).

Increase public transparency, by publishing simplified consumer-facing dashboards
showing avoided constraint costs, resilience scores, and progress against milestones.
This builds trust and reduces the perception of unchecked cost escalation.

2.6.5 International Benchmarking
International practice confirms that consumer protection can be strengthened through
predictive and digital methods:

ENTSO-E (2022) employs probabilistic planning tools but has not yet linked them to
consumer cost metrics, leaving a gap that Ofgem could fill.

FERC/NERC (2020) enforce reliability and cyber standards, but rely on punitive
compliance rather than proactive consumer-value tests.

China’'s SGCC (2021) deploys digital twins at scale but without independent regulatory
validation, limiting consumer assurance.

By adopting predictive assurance and consumer value tests, Ofgem would move ahead of
international peers and establish a new model of proactive consumer protection.
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2.7 Response to Q7 — Delivery Acceleration and Risk Management
Consultation Question: Do you agree with our minded-to position on balancing accelerated
delivery with risk management in ASTI projects? Please provide reasons for your response.

2.7.1 Understanding of the Question

Ofgem’s Q7 focuses on whether its approach to accelerating delivery of EGL3, EGL4, and
GWNC adequately balances the need for speed with systemic risk management. The key
tension lies between meeting Net Zero timelines and avoiding cost overruns, stranded assets,
or brittle infrastructure. The question essentially asks: Can acceleration be achieved
responsibly, without exposing consumers and the system to long-term vulnerabilities?

2.7.2 Executive Position

| support Ofgem’s recognition that acceleration must be balanced against risk. However, the
current framework underestimates compound risks (climate, cyber, supply-chain shocks) and
over-relies on the deterministic N-1 standard. True consumer protection requires embedding
probabilistic resilience metrics, predictive digital assurance, and dynamic construction
sequencing into delivery models.

Acceleration that ignores systemic risks can paradoxically create greater long-term delays, as
projects face litigation, rework, or failure under stress. By contrast, the Digital-Compliance-
Resilience (DCR) framework enables acceleration while preserving resilience and consumer
trust.

2.7.3 Shortcomings in Ofgem’s Current Approach

1. Overemphasis on deterministic risk (N-1): This fails to capture systemic, correlated
risks such as storm damage coinciding with supply-chain disruption (Panteli and
Mancarella, 2017).

2. Insufficient predictive mechanisms: Reliance on retrospective audits does not
prevent delays but only penalises them after they occur (Andoni et al., 2019).

3. Limited use of digital construction tools: Without live digital twins and procurement
simulations, sequencing bottlenecks and idle labour risks persist.

4. Risk of stranded assets: Deterministic demand forecasting can under- or over-
estimate future capacity needs, risking misaligned investment (Pudjianto and Strbac,
2021).

5. Weak consumer assurance: Consumers are asked to fund acceleration but are not
given transparent evidence that systemic resilience has been secured.

2.7.4 Recommendations for Strengthening Delivery-Risk Balance
To ensure acceleration does not undermine resilience, Ofgem should:

1. Adopt Resilience Index (RI) thresholds: Require Rl = 0.8 at design freeze and =
0.85 at delivery (Eq. 2, Panteli and Mancarella, 2017).

2. Mandate predictive assurance dashboards: Require TOs to report P(ODI on-time)
(Eq. 4), Cl (Eq. 9), and milestone forecasts in real time.

3. Codify construction-phase digital twins: Compulsory use for sequencing civil
works, offshore mobilisation, and procurement to minimise idle time and bottlenecks
(Elsevier Energy Reports, 2022).

4. Introduce consumer value gating: Condition accelerated funding release on CE 2
1.0 (Eq. 14), ensuring each pound spent saves at least £1.10 in avoided costs.

5. Stress-test acceleration scenarios: Require TOs to simulate compound risks (storm
+ cyberattack + port strike) and demonstrate resilience in advance.

6. Enhance transparency: Publish resilience and assurance dashboards to consumer
representatives, improving public trust in accelerated delivery.

2.7.5 International Benchmarking
o ENTSO-E (2022) recognises the need for probabilistic planning but does not
operationalise resilience thresholds in delivery schedules.
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o FERC (2018) opened consultations on resilience but has not mandated quantitative
resilience criteria.
e AEMO (Australia) employs scenario planning but focuses narrowly on generation
adequacy, not corridor delivery.
e China’s SGCC integrates digitalisation but without independent assurance, creating
risks of opaque acceleration.
By embedding quantitative resilience and predictive assurance, Ofgem could lead
internationally in proving that speed and resilience can be aligned.
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2.8 Response to Q8 — Wider Strategic and Regulatory Implications
Consultation Question: Do you have any additional views on the wider strategic or regulatory
implications of Ofgem’s decisions on scope changes and early construction funding?

2.8.1 Understanding of the Question

This question seeks reflections not only on the immediate design revisions for EGL3, EGL4,
and GWNC, but on the longer-term implications for Ofgem’s regulatory framework. By
approving scope changes and releasing early construction funding, Ofgem sets important
precedents: how it defines “proportional costs,” how consumer protection is operationalised,
and how future ASTI projects will be accelerated. My response therefore evaluates whether
Ofgem’s current approach provides a robust and replicable model, or whether further
refinements are required.

2.8.2 Executive Position

| agree that Ofgem’s minded-to decisions are directionally correct — particularly in addressing
planning risks by relocating landing points to Walpole and allocating early construction funding
to de-risk supply chains. However, unless these decisions are explicitly tied to digital
assurance, resilience testing, and transparent consumer value metrics, they risk creating a
precedent where scope changes and early funding are justified on a case-by-case basis
without a systematic framework. This would weaken long-term regulatory certainty and
undermine consumer trust.

2.8.3 Wider Strategic Shortcomings Evident in the Ofgem Proposals

1. Case-by-case justification rather than codified framework

o Ofgem approved additional costs for scope changes largely by reference to
consenting difficulties (e.g. ecological risks across The Wash, objections in
Lincolnshire Wolds AONB).

o While these are valid reasons, they remain reactive adjustments rather than
part of a predictive framework. The wider implication is that future projects
may need to return for piecemeal approvals, increasing uncertainty.

Early Construction Funding (ECF) without predictive safeguards

o Ofgem’s minded-to approval for ECF is justified by supply-chain pressures,
particularly HVYDC converter lead times.

o However, there is no requirement that TOs use predictive procurement
simulations or Bayesian delay modelling (as set out in Eq. 7 of my
framework). This risks consumers funding early procurement without
assurance that risks are being actively mitigated.

3. Consumer protection defined retrospectively
o Ofgem’s assurance mechanisms focus on efficiency reviews after spend has
occurred.
o This creates disputes and weakens public trust. For example, in the PDF
Ofgem noted potential cost increases tied to undergrounding in GWNC but
offered only “after-the-event” cost reconciliation, not predictive dashboards
that demonstrate in advance whether overruns are likely.
4. Lack of explicit resilience thresholds
o The minded-to position refers to “risk reduction” but does not quantify
resilience.
o Without embedding metrics such as Rl = 0.8 (Panteli and Mancarella, 2017),
scope changes may address today’s planning issues while leaving
consumers exposed to climate or cyber vulnerabilities.

N

2.8.4 Examples of Missed Opportunities
e Walpole node consolidation: Ofgem recognises Walpole’s system benefits (shared
converter infrastructure, reduced consenting risk). Yet the decision does not require
TOs to demonstrate probabilistic nodal validation using digital power-flow models. A
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wider precedent is being set that major routing decisions can be approved without
rigorous digital validation.

Undergrounding in GWNC: Ofgem justified this as “proportionate” under EN-5 and
EIA Regulations. However, it did not condition approval on submission of corridor-
scale digital twins that quantify ecological, social, and engineering trade-offs. The
wider implication is that undergrounding remains politically negotiated, not digitally
evidenced.

Early procurement for HVDC: Ofgem highlights five-year lead times for converters
and cables. Yet there is no requirement for TOs to publish supply-chain risk
dashboards or systemic stress tests (e.g. compound scenario of port strike + cable
delay). The wider implication is that consumers may fund procurement early, but
without assurance that systemic risks have been modelled.

2.8.5 Recommendations for Strategic Refinement
To strengthen the wider regulatory framework and ensure consistency, Ofgem should:

1.

2.

3.

Codify predictive assurance into future ASTI guidance — require TOs to provide
digital assurance dashboards (Eq. 4) as a condition of ECF approval.

Set minimum resilience thresholds — require RI = 0.8 for design approval, ensuring
projects funded under ASTI are not brittle.

Make digitalisation an eligible CAPEX category — allocate 10—-20% of PCF/ECF to
digital assurance and resilience modelling (Eq. 13), justified by avoided constraint
costs of £300m/year.

Require corridor-scale digital twins for all major routing or undergrounding decisions,
reducing reliance on case-by-case judgments.

Increase public transparency — publish simplified consumer dashboards showing
avoided costs (Eq. 14), procurement risk profiles, and resilience scores, to reduce
opposition and improve trust.

2.8.6 International Benchmarking

ENTSO-E (2022): Uses probabilistic planning but does not embed consumer
protection in cost approvals.

FERC (2018): Discussed resilience but has no operational consumer-protection
metrics.

SGCC (2021): Uses digital twins but lacks independent regulatory oversight,
meaning consumer benefits are not validated.

Against this backdrop, Ofgem could establish the UK as the first regulator to integrate digital
assurance, resilience gating, and consumer transparency into funding approvals.
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2.9 Evaluation of Ofgem’s Consultation and the Case for an Innovative Approach

The responses to Ofgem’s eight consultation questions reveal a regulatory stance that is
pragmatic, sensitive to environmental and financial considerations, and cautious in the face of
risk. Across Q1-Q8, Ofgem demonstrates attentiveness to delivery challenges and consumer
cost protection, yet its positions remain largely incremental, reactive, and fragmented. When
taken together, these positions represent competent stewardship but not the systemic
innovation required to achieve accelerated Net Zero delivery.

This section provides a structured evaluation of Ofgem’s consultation responses, highlighting
both their strengths and their limitations. It demonstrates why incremental adjustments to
scope, funding, and scheduling are insufficient to deal with compound risks such as supply-
chain fragility, climate change, and cyber vulnerabilities. To address these challenges, a more
integrated framework is required—one that systematically embeds digitalisation, compliance
automation, and resilience quantification.

The following subsections evaluate each consultation response (Q1-Q8) in turn, before
synthesising systemic shortcomings and presenting a comparative table of Ofgem’s minded-

to positions versus recommended enhancements.

Systemic Limitations of Ofgem’s Approach
When assessed across Q1-Q8, three systemic shortcomings emerge:

1. Reactive decision-making — Adjustments are triggered by visible risks (planning
objections, procurement delays) rather than predicted by analytics.

2. Narrow cost categories — Digitalisation and resilience remain excluded from core
PCF/ECF categories, undermining Transmission Owners’ incentives to invest in risk-
mitigating tools.

3. Fragmented resilience — N-1 and QSRA dominate, but compound risks (climate,
cyber, systemic supply-chain shocks) are underrepresented.

These limitations mean Ofgem’s approach, while prudent, is unlikely to deliver accelerated
Net Zero transmission at the required scale and pace.

Table 1: Ofgem’s Minded-to Positions vs. Recommended Enhancements

Ofgem’s Minded-to

Question Position Identified Limitations Recommended Enhancements
Q1: Scope Approve revised HVDC | Reactive response to Require geospatial digital twins,
cha;ngesp landing points and objections; probabilistic demand validation, and

undergrounding.

deterministic planning.

resilience index gating (RI = 0.8).

Q2: ODI targets

Use QSRA and
benchmarks to set ODI
dates.

Backward-looking;
insensitive to supply-
chain/cyber risks.

Predictive assurance dashboards
(Eqg. 8), ODI bonuses contingent on
resilience thresholds.

Increase PCF

Narrow scope;

Reclassify digitalisation (10-20% of

Q3: PCF allowances to cover | excludes PCF) as eligible CAPEX.
inflation and scoping. digitalisation/resilience.
. Adjust ODI timelines . . Embed resilience indices into ODI
Q4: ODI Reactive; static ] : )
. based on updated targets; adopt dynamic scenario
reprofiling benchmarks. ;
schedules. modelling.
Q5: Fair bet Focus on financial Ignores resilience Extend principle to resilience

equity across projects.

equity.

thresholds (Rl = 0.8).

Q6: Consumer

Prevent inefficient
expenditure; reactive

Post-hoc mitigation; no

Compliance dashboards, predictive

protection : predictive assurance. monitoring (CAISO, 2021).
oversight.
Approve early funding | Administrative focus; Bavesian procurement simulation
Q7: ECF for procurement no predictive y procur : ’
. construction digital twins.
bottlenecks. modelling.
Q8: Broader Approve ECF on a Piecemeal; lacks Codify predictive procurement and
ECF case-by-case basis. systemic framework. resilience across all ECF approvals.
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2.10 Figures
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Implementation Roadmap for DCR Framework Roll-out

Phase 1: Foundation & Pilot

« Select Pilot ASTI Projects (EGL3/EGL4)

« Develop Standarazed DCR Metrics
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* Integrate Digital Twin Platforms
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(10% Digitalstation Mandate)
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* Automate Compliance Workflows)
* Expand Predictive Analytics
(Supply Chain)
* Capacity Building & Training

{ Regulatory Integration (Year 3-4)

Optimization & International
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Figure 3: Current Ofgem Approach vs. Proposed DCR Framework (side-by-side

comparison)

Table 2: Comparison of Traditional vs. DCR Regulatory Approaches for ASTI Projects

Feature

Current/Traditional UK Regulatory
Practice

DCR Framework Approach

Planning &
Forecasting

Deterministic forecasts; largely based
on historical N-1 security standard.

Probabilistic & Predictive planning
using Al/ML, Digital Twins, and
P(ODI on-time) metrics.

Risk Capture

Focus on discrete, project-specific
risks (e.g., singular permit delay,
contractor availability).

Focus on Systemic & Compound
Risks (e.g., extreme weather and
supply-chain/cyber shocks).

Assurance &
Compliance

Retrospective; Assurance is
document-heavy and creates
regulatory lag.

Predictive & Automated; uses
immutable audit trails, predictive
compliance dashboards, and
formal indices.

Resilience Metric

Primarily the N-1 Standard (ability to
withstand single credible fault).

Resilience Index (RI) (probabilistic
measure of recovery capacity
under compound stress).

Digitalisation
Funding

Discretionary "Innovation Overheads";
easily cut during budget reviews.

Regulated CAPEX within
PCF/ECF; treated as an essential
cost for risk reduction.

Consumer
Protection

Relies on ex-post efficiency tests and
penalty ODlIs.

Uses forward-looking metrics like
P(ODI on-time) and Consumer
Value CE ratio (Eq. 14) as funding
gates.
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Table 3: Proposed Cost Allocation Ranges for Digitalisation and Resilience in ECF/PCF

Budgets

Category

DCR Framework Cost
Allocation (Proportion of
PCF/ECF)

Eligible Activities and Outputs

Digitalisation

6% — 10%

Development and maintenance of:

- Geospatial Digital Twins for
routing and consenting.

- Al/ML for predictive procurement
and schedule risk analysis (QSRA).

- Real-time Predictive Dashboards
(P(ODI on-time)).

Compliance
Automation

2% — 5%

Implementation of:

- Blockchain or immutable logging
for audit trails.

- Automated checks against
regulatory standards and permits.

- Compliance Automation Metric
(CAM) reporting.

Resilience
Quantification

2% — 5%

Development and application of:

- Compound stress-testing models
(climate, supply-chain, cyber).

- Resilience Index (RI, Eq. 2)
calculation and optimisation.

- Redundancy assessments
beyond N-1.

TOTAL DCR
Earmark

10% — 20%

Quantifiable Risk Reduction and
Enhanced Consumer Value.

This table supports your recommendation in Section 2 (Q4) to explicitly earmark 10—-20% of
Early Construction Funding (ECF) for these critical activities.
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3. Cross-Cutting Observations: Digitalisation, Resilience, and Compliance

The preceding section addressed Ofgem’s eight consultation questions individually. Taken
together, they reveal a pattern that is both pragmatic and limiting. Ofgem has consistently
demonstrated attentiveness to environmental, scheduling, cost, and procurement risks,
adopting positions designed to protect consumers and facilitate delivery. Yet across Q1-Q8,
the methods remain incremental, reactive, and fragmented.

For instance, in Q1, the approval of revised designs for EGL3, EGL4, and GWNC was justified
largely by environmental objections, while in Q3 and Q6, PCF allowances were treated as
administrative adjustments rather than opportunities to embed digital assurance. Q2 and Q4
relied on traditional Quantified Schedule Risk Analysis (QSRA) to set ODI targets, a method
insufficient for supply-chain and climate-driven uncertainties. Q7 and Q8 acknowledged
procurement fragility but stopped short of mandating predictive procurement tools.

Three systemic insights therefore emerge:

1. Digitalisation is not embedded as a regulated and eligible cost stream, leaving
Transmission Owners (TOs) under-incentivised to adopt predictive tools that could
prevent downstream risk.

2. Resilience remains narrowly defined through deterministic N-1 adequacy, which
underestimates compound risks from climate change, cyber threats, and global supply-
chain interdependencies.

3. Compliance mechanisms are retrospective, creating regulatory lag and limiting
Ofgem’s ability to anticipate and mitigate risks proactively.

This section explores each of these cross-cutting limitations in turn, formalises them
mathematically, and identifies opportunities for Ofgem to assume global leadership by
integrating digitalisation, compliance automation, and resilience quantification into the ASTI
framework.

3.1 Digitalisation as a Regulated and Eligible Cost Stream

A consistent limitation across Ofgem’s consultation responses is the treatment of digitalisation
as discretionary “innovation” rather than as a regulated, fundable investment. Current cost
categories for Pre-Construction Funding (PCF) and Early Construction Funding (ECF) focus
primarily on tangible works—Iland acquisition, cable procurement, civil engineering—while
advanced digital tools such as geospatial digital twins, Al-based forecasting, and predictive
procurement remain peripheral.

Yet, as the scale of ASTI projects grows into the multi-billion-pound range, digitalisation
delivers value not through marginal efficiency gains but through systemic risk reduction. This
can be expressed formally as:

AR = f(D,C,T) (1)
where:
e AR=reduction in delivery risk, measured as probability-weighted delay costs;
e D= investment in digitalisation (e.g. modelling, Al/ML);
e (= compliance functionality embedded in digital tools;
e T= project time horizon.

Interpretation: Equation (Eq. 1) highlights that the more systematically TOs invest in
digitalisation, the greater the reduction in project risk across long horizons. The benefits are
multiplicative: digitalisation enables predictive compliance, which reduces systemic delays,
which in turn reinforces resilience.

Empirical Evidence of Benefits

European case studies provide robust evidence. ENTSO-E (2022) found that digital modelling
reduced consenting delays in major interconnector projects by 15-25 per cent. Energinet’s
deployment of geospatial digital twins on the Kriegers Flak interconnector reduced consenting
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time by nearly two years (Energinet, 2020). Elsevier Energy Reports (2022) show procurement
digital twins reduced cost overruns by 10—12 per cent in large-scale offshore energy projects.
Within the UK, the Hinkley-Seabank project illustrates the cost of underestimating
environmental objections: delays resulted in constraint costs exceeding £300 million per year
(National Grid ESO, 2022). Had predictive geospatial modelling and sentiment analysis been
employed at the pre-consent stage, much of this litigation could have been anticipated and
mitigated.

For ASTI-scale projects with capital costs of £2-3 billion, even a conservative 5 per cent
efficiency gain translates into £100—150 million in consumer value through avoided constraint
payments and litigation.

Feasibility of Regulatory Recognition

These savings justify treating digitalisation not as discretionary innovation but as a regulated
and eligible cost stream. Allocating 10-20 per cent of PCF and ECF budgets to digital
assurance tools would provide sufficient headroom for implementation without destabilising
cost assessment.

Consumer protection is reinforced: rather than bearing the costs of rework, delays, or legal
disputes, consumers benefit from lower long-term system costs.

Box 1. Case Study: Kriegers Flak Interconnector

Energinet applied a corridor-scale digital twin integrating seabed conditions, ecological
constraints, and engineering variables. The result was a two-year reduction in consenting,
demonstrating that upfront digitalisation can pay for itself many times over.

3.2 Resilience as a Core Criterion, Not an Add-On

UK transmission planning remains anchored to the N-1 criterion: the requirement that the grid
withstand the loss of a single element. While essential, this approach is inadequate in the face
of climate disruption, cyber-physical interdependencies, and supply-chain fragility. Compound
risks—such as flooding of substations coinciding with HVYDC delivery delays—are increasingly
plausible.

Resilience Index (RI)
The DCR framework introduces the Resilience Index (RI), a measure of system recovery
following disruption:

— AUCR(D)
RI= AUC; () (2)
where:
e AUCR(t)= area under the recovery curve (system performance vs. time after
disruption);
e AUC,(t)= area under the ideal, undisturbed performance curve.

Values close to 1 indicate high resilience, while values below 0.7 reveal significant vulnerability
(Panteli and Mancarella, 2017).

Interpretation: Equation (Eq. 2) enables Ofgem to move from deterministic N-1 checks
toward probabilistic resilience assessments. This shifts the question from “can the system
survive one asset loss?” to “how quickly does the system recover from multi-dimensional
stress?”.

Embedding resilience in economics
Resilience can also be represented within a utility framework:

where:
e U= net utility of reinforcement;
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e B= baseline system benefit;
e P¢= probability of failure under stress scenarios;

e (= cost of failure.

Interpretation: Digitalisation reduces Prby predicting outages and optimising responses,
thereby increasing net system utility. For example, predictive weather models reduce failure
probabilities from storm-induced outages, while cyber digital twins simulate recovery pathways
from attacks.

International comparisons
e In the US, FERC initiated consultations on resilience metrics but has not
operationalised them into regulatory frameworks (FERC, 2018).
e In China, the State Grid Corporation deploys resilience simulations extensively, but
without the independent regulatory assurance that Ofgem could provide.
o Australia’s AEMO has begun scenario-based resilience planning but remains focused
on generation adequacy rather than transmission corridors.

Consumer protection: If Ofgem required TOs to achieve Rl = 0.8 before ODI bonuses were
payable, it would ensure consumers fund only resilient capacity, not brittle megaprojects prone
to failure.
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Figure 4: Resilience Index visualisation illustrates Rl trajectories under different stress
scenarios, making resilience transparent to regulators and the public.

3.3 Compliance and Auditability Through Digital Assurance
Ofgem’s assurance processes are largely retrospective: TOs submit cost and progress
evidence after expenditure, creating time lags and potential disputes. A digital assurance
model would instead embed compliance within the digital infrastructure itself.
Digital assurance mechanisms include:

e Automated compliance logs generated from project digital twins;

¢ Real-time audit trails of procurement decisions;

o Predictive confidence intervals for delivery milestones.

This can be formalised as:
T

CA(t) = f a-D(t)dt 4)

0

where:
e CA(t)= cumulative compliance assurance over the project lifetime;
e D(t)= deployment of digital assurance tools at time ¢;
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e a= regulatory confidence weighting, reflecting substitution of digital evidence for
manual audits.

Interpretation: Equation (Eq. 4) quantifies how the integration of digital tools (D(t))
continuously builds cumulative compliance assurance. The higher the deployment and
confidence weighting, the more secure Ofgem’s oversight.

Evidence and Feasibility

California 1ISO adopted compliance dashboards that reduced reporting delays by 30 per cent
(CAISO, 2021). Blockchain-based audit trails have been shown to secure procurement
decisions against dispute (Swan, 2015). If similar systems were embedded in ASTI, Ofgem
could shift from a reactive auditor to a proactive regulator.

Consumer protection: By embedding assurance into digital processes, disputes and regulatory
delays are minimised, directly protecting consumers from unnecessary costs.

3.4 Opportunities for Ofgem to Lead in Digital Regulatory Innovation (Expanded)

The UK has already established a strong reputation for regulatory innovation in the energy
sector. Its approach to offshore wind financing and Contracts for Difference (CfDs) catalysed
the largest offshore wind market in the world, demonstrating how regulatory design can
accelerate deployment while protecting consumers (CCC, 2020). A similar opportunity now
exists in electricity transmission: embedding digitalisation into ASTI would position the UK as
the first jurisdiction to operationalise “digital-ready regulation.” In doing so, Ofgem would not
only strengthen domestic delivery but also set an international precedent for how regulators
can keep pace with the demands of Net Zero.

Four Leadership Opportunities for Ofgem

3.4.1. Defining Digital Eligibility Thresholds

At present, digitalisation is largely treated as an innovation overhead, recoverable only through
capped and competitive allowances such as the Network Innovation Allowance (NIA) or
Network Innovation Competition (NIC). This creates structural underinvestment, as
Transmission Owners (TOs) cannot rely on mainstream cost recovery. By contrast, embedding
explicit eligibility thresholds within PCF and ECF would institutionalise digitalisation as a
normalised cost of doing business.

A threshold of 10-20 per cent of PCF/ECF budgets devoted to digitalisation is proportionate:
high enough to ensure meaningful adoption but moderate enough to avoid destabilising cost
assessments. For a £2.5 billion ASTI project, this equates to £250-500 million allocated for
predictive analytics, geospatial twins, compliance automation, and resilience modelling. The
consumer protection rationale is straightforward: constraint payments during delays can
exceed £300 million per year (National Grid ESO, 2022). Avoiding a single year of delay more
than pays for the digital allocation.

International evidence underscores the credibility of such thresholds. Germany’s SuedLink
project deployed corridor-scale digital twins and saved €150 million in rework (50Hertz, 2021).
In Denmark, Energinet’s digital seabed twin for the Kriegers Flak interconnector accelerated
permitting by nearly two years (Energinet, 2020). Ofgem could use these examples to justify
a clear, rules-based allocation ratio, ensuring TOs have the regulatory certainty to invest at
scale.

3.4. 2. Regulatory Sandboxing

Regulatory sandboxing has already proven valuable in the retail and distribution sectors,
allowing companies to trial new consumer tariffs or distributed flexibility services under relaxed
rules (Ofgem, 2021). A similar model could be adapted for transmission digitalisation. TOs
could test predictive assurance dashboards, Bayesian procurement simulations, or resilience
indices in a controlled environment, with Ofgem monitoring results before mandating
mainstream adoption.

Such sandboxes would mitigate implementation risk. For example, if National Grid ESO piloted
automated compliance dashboards on EGL3, Ofgem could evaluate reporting accuracy and
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cybersecurity implications before codifying requirements across ASTI. This phased adoption
ensures robustness without stalling innovation. It also sends a signal to international peers:
that regulators can create adaptive spaces for digital experimentation without jeopardising
consumer protection.

3.4. 3. Embedding Resilience in ODIs

Ofgem’s Output Delivery Incentives (ODIs) currently reward timely and cost-efficient delivery.
However, as Section 3.2 demonstrated, timeliness without resilience risks producing brittle
infrastructure vulnerable to compound shocks. By embedding resilience explicitly within ODI
metrics—for instance, requiring Rl = 0.8 before bonuses are payable—Ofgem could reshape
incentives so that delivery pace and robustness are rewarded together.

This would represent a global first. FERC in the United States has consulted on resilience
metrics but has not yet operationalised them within incentive structures (FERC, 2018). AEMO
in Australia has advanced scenario planning but has not tied resilience outcomes to regulated
incentives. By linking ODIs to resilience, Ofgem could correct a structural imbalance: under
current rules, TOs are rewarded for speed even if resilience is compromised, leaving
consumers exposed to higher long-term costs.

The consumer case is compelling. The economic damage from a compound outage—say,
storm-induced cable failure coinciding with cyber intrusion—could exceed billions in lost
system stability and market disruption. By requiring resilience as a gating factor for incentives,
Ofgem ensures consumers are not paying twice: once for accelerated projects, and again for
their premature failure.

Traditional UK Regulatory DCR Framework: Integrated &
Practice Predictive Assurance
(Before DCR) (After DCR)
T
P 9 G
Quantified Automated Compliance
Retrspective Determinatic Resilience (RI (CAM =94%)
Audits Forecasts

v /

Bridging the Gap: The
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From Fragmented to Integrated;
From Reactive to Predictive |\

N-1 Standard

& Reactive ' » &=
Reactive Risk : \
v Al/ML Predictive
Planning
/‘
ey — £ ©(0 0
Discretincary Discretionary
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RlulEten v Mandated Digital Proactive Risk
Investment Mitigation

Figure 5: Bridging the Gap: Traditional vs. DCR Regulatory Assurance for ASTI

28



4. The Digital-Compliance-Resilience (DCR) Framework

The preceding sections have demonstrated that Ofgem’s Accelerated Strategic Transmission
Investment (ASTI) programme is both necessary and urgent. However, the regulatory
framework currently lacks a systematic method for embedding digitalisation, compliance, and
resilience as core enablers of accelerated delivery. This section introduces the Digital-
Compliance-Resilience (DCR) Framework, a novel conceptual and operational model
designed to integrate predictive digital tools, automated compliance, and resilience
quantification into Ofgem’s regulatory practice.

4.1 Conceptual Overview
The DCR Framework rests on three mutually reinforcing pillars:
o Digitalisation: the deployment of Artificial Intelligence (Al), Machine Learning (ML), and
Digital Twins (DTs) across the lifecycle of transmission projects.
e Compliance: the embedding of automated auditability and transparent reporting into
digital platforms, enabling predictive assurance and regulatory confidence.
e Resilience: the quantification of climate, cyber, and systemic risks using resilience
indices and predictive modelling.
The conceptual model can be expressed as:

Vocr = f(D,C,R) (5)

where:
e Vpcr= total value added by the DCR framework (measured in accelerated delivery,
reduced risk, and enhanced robustness),
e D= digitalisation deployment intensity,
e (= compliance automation effectiveness,
e R=resilience enhancement achieved.

Interpretation: Equation (Eq. 5) captures how the three pillars combine synergistically. A
high score in only one area (e.g. digitalisation without compliance) will not deliver maximum
value. Full adoption requires balancing the three.

Novelty

No current regulatory framework in the UK or EU explicitly integrates these dimensions.
ENTSO-E’s Ten-Year Network Development Plan (TYNDP) explores probabilistic planning but
does not operationalise digitalisation as a regulated cost stream (ENTSO-E, 2022). Similarly,
Ofgem’s current RIIO-2 regime treats innovation as discretionary and caps it through
competitive allowances. The DCR framework therefore represents the first attempt to embed
digitalisation and resilience as regulated, auditable, and fundable activities within electricity
transmission investment.

4.2 The Digitalisation Layer

4.2.1 Al and ML for Forecasting

Accurate forecasting is critical to ASTI projects, where reinforcement must anticipate volatile
demand growth (from EVs, hydrogen electrolysers, and data centres) and variable
renewable supply. Traditional regression models assume linearity and struggle to capture
nonlinear drivers. Al and ML, by contrast, can process multiple exogenous factors
simultaneously.

Formally:

D(t+1) =f D(®),X(®) (6)
Where:
e D(t+ 1)= predicted demand at time t + 1,
e D(t)= historical demand vector,
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e X(t)= exogenous variables (weather, economic signals),
e fo= ML model parameterised by 6.

Interpretation: Equation (Eq. 6) demonstrates how Al integrates multiple drivers into dynamic
forecasts, outperforming traditional deterministic approaches.

Case evidence:
o National Grid ESO’s Future Energy Scenarios already deploy probabilistic demand
forecasting, with ensemble models capturing uncertainty ranges (National Grid ESO,
2022).
e Zhang, Li and Chen (2021) show LSTM models reduce forecasting error by up to
20% compared with regression.
e TSOs in continental Europe have piloted ML-based forecasts in capacity expansion
models, finding reductions in stranded asset risk.
Consumer value: Improved forecasts prevent over-investment (avoiding unnecessary
reinforcements) and under-investment (avoiding constraint costs), both of which ultimately
affect consumer bills.

4.2.2 Digital Twins for Design and Construction
A digital twin is a continuously updated replica of an asset or system. For ASTI, corridor-scale
twins can integrate geospatial, environmental, and engineering datasets, optimising routing
and design. During construction, sequencing twins model logistics, workforce allocation, and
commissioning.
Case evidence:
¢ Energinet’'s Kriegers Flak interconnector used geospatial twins, cutting consenting
time by nearly two years (Energinet, 2020).
e Germany’s SuedLink HVDC project applied predictive modelling, avoiding €150m in
expected rework (50Hertz, 2021).
e The IEEE PES (2021) highlights digital twins as critical to managing large-scale
transmission uncertainty.
Consumer value: By avoiding rework, delay, and litigation, consumers save hundreds of
millions of pounds in unnecessary costs.

4.2.3 Predictive Analytics for Procurement

Supply-chain bottlenecks, particularly in HYDC converters and submarine cables, are among
the largest risks to ASTI. Predictive analytics transform procurement from reactive contracting
to proactive risk management.

Using Bayesian updating:

P(D |E) xP (D )
P(Ddelay | E) = el P(E) iy (7)

where E= new evidence (supplier delivery performance, port congestion).
This approach transforms procurement from reactive contracting to predictive risk
management.
Interpretation: Equation (Eq. 7) shows how procurement risk probabilities are continuously
updated with new evidence.
Case evidence:
e Aerospace and defence industries already use Bayesian procurement tools to model
supplier reliability.
o Elsevier (2022) reports 10—-12% reductions in cost overruns from procurement digital
twins in offshore projects.
Feasibility: These tools can be adapted for ASTI supply chains with relatively low transition
costs.

30



4.3 The Compliance Layer

Ofgem’s assurance processes under RIIO-2 are retrospective: Transmission Owners (TOs)
submit evidence after expenditure. This creates time lags, disputes, and cost pass-through
risks for consumers. The compliance layer embeds predictive assurance within digital
infrastructure, shifting oversight from ex-post auditing to real-time monitoring.

4.3.1 Predictive Assurance
Instead of static milestones, predictive assurance estimates probabilities of on-time delivery:

P(Mon—time) = g(Yt - 0) (8)

Where:

o  P(M,,_time)= probability of on-time milestone achievement,

e Y,= observed performance data up to time ¢,

e 0= trained model parameters.
Interpretation: Equation (Eq. 8) enables Ofgem to see months in advance whether milestones
are at risk, allowing early intervention.

Evidence:
e California ISO’s compliance dashboards reduced reporting delays by 30% (CAISO,
2021).
e Automated logs from digital twins create immutable traceability for planning and
procurement.

Compliance Index (Cl)
A composite measure can track compliance status across activities:

CI = z:?=1Wix‘4i (9)

Y wi
where:
e A;= assurance score for activity i,
e w;= regulatory weight for each activity.

Interpretation: Equation (Eq. 9) provides a weighted compliance score (0-1), forming a
dashboard Ofgem can monitor in real time.

Consumer protection: This reduces disputes, accelerates cost recovery, and shields
consumers from inefficient expenditure.

4.4 The Resilience Layer

Resilience is often underestimated in cost assessments, yet climate, cyber, and systemic
shocks increasingly dominate project risks.

Climate Resilience

Digital twins can simulate flooding of substations or storm damage to overhead lines, with Rl
(Eq. 2 from Section 3) used as a resilience benchmark (Panteli and Mancarella, 2017).
Cyber Resilience

HVDC systems are cyber-physical and vulnerable to attacks. Predictive models quantify attack
likelihood:

(10)

m
Pattack = 1— n(l_pj)
j=1

where p;= probability of successful compromise of pathway j.

Evidence:
e NCSC’s Cyber Assessment Framework provides a regulatory benchmark (NCSC,
2022).
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o Attack graph modelling is standard in nuclear risk analysis; applying it to HVDC is a
logical extension.

4.4.3 Systemic Resilience
Systemic resilience captures interdependencies (e.g. port strikes delaying multiple projects).
Network-level twins simulate compound scenarios, providing evidence for ODI targets.
Comparisons:

e FERC (2018) consulted on resilience but did not operationalise metrics.

e AEMO scenario work focuses on generation adequacy, not transmission corridors.

o China’s SGCC uses resilience simulations extensively but without independent

validation.

4.5 Integration Across Project Phases
The strength of the DCR Framework lies in its integration across the lifecycle of transmission
projects.
Pre-Construction Phase

o Deploy geospatial digital twins for routing.

e Use predictive environmental modelling for consenting.

e Introduce compliance automation for audit trails.

e Apply resilience indices to evaluate corridor options.
Early Construction Phase

e Use procurement simulation tools to manage supply-chain risks.

e Apply construction digital twins to optimise sequencing.

e Generate predictive assurance for ODI milestone confidence.
Construction and Operation Phase

e Maintain real-time asset digital twins for predictive maintenance.

o Use compliance dashboards for continuous regulatory monitoring.

e Apply resilience indices for adaptive operational planning.
Formally, the integrated value of DCR across phases can be modelled as:

Viotat = 2p=1(AR, + AC, + AS,)(11)

where:

o Viorq= total system value;

e AR,=reduction in risk during phase p;

e AC,= compliance efficiency gain during phase p;

o AS,=resilience strengthening during phase p;

e P=number of project phases.
This formulation enables quantification of benefits and strengthens the regulatory case for
DCR adoption.
Interpretation: Equation (Eg. 11) quantifies the additive benefits across project phases,
strengthening the regulatory case for DCR adoption.

Phase examples:
e Pre-construction: geospatial twins for routing, RI for corridor choice.
e Early construction: procurement simulations to manage HVDC bottlenecks.
e Operation: live asset twins for predictive maintenance, compliance dashboards for
continuous oversight.

4.6 Deliverables for Ofgem
The DCR framework translates into practical deliverables:

1. Digitalisation: Geospatial twins, Al forecasts, procurement simulations.

2. Compliance: Predictive dashboards, blockchain-secured audit trails.

3. Resilience: Rl benchmarks, cyber-attack simulations, systemic stress tests.
Policy recommendations:
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e Codify DCR activities as eligible CAPEX under PCF and ECF.
e Allocate 10-20% of budgets to DCR functions.
e Pilotin EGL3, EGL4, and GWNC.

Consumer protection: Avoiding one year of delay (worth £300m in constraint costs) more
than offsets DCR investments of £250-500m.

4.7 Bridge to Section 5

In summary, the DCR framework provides Ofgem with a systemic model that embeds
predictive foresight, automated assurance, and quantifiable resilience into regulatory practice.
Section 5 sets out an Implementation Roadmap, describing phased roll-out, cost eligibility
ranges, KPI monitoring, and pilot applications in EGL3, EGL4, and GWNC.
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Added (V_DCR)

Compliance Resilience
Figure 6 — Conceptual Model of the DCR Framework
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5. Implementation Roadmap

The transition to Net Zero 2050 requires the accelerated delivery of strategic transmission
projects under Ofgem’s ASTI framework. However, acceleration without systemic assurance
risks cost overruns, stranded assets, or resilience failures. The Digital-Compliance-Resilience
(DCR) Framework responds to this by embedding predictive digital tools, automated
compliance pathways, and resilience quantification into every stage of transmission delivery.
This section sets out a detailed roadmap for operationalising the framework. It describes
phased roll-out across pre-construction, early construction, and operational phases; proposes
a 10-20 per cent cost eligibility range for digitalisation and resilience activities; defines key
performance indicators (KPIs) for measurable outcomes; and outlines a pilot application to
EGL3, EGL4, and GWNC. Two illustrative figures are introduced: Figure 5, which presents the
phased roadmap timeline, and Figure 6, which provides a KPI dashboard overview.

By doing so, Ofgem and Transmission Owners (TOs) are equipped not only to accelerate
delivery but to safeguard consumer value, reduce regulatory disputes, and strengthen long-
term resilience.

5.1 Phased Roll-Out: Pre-Construction — Construction — Operation

Conventional delivery models treat digitalisation and assurance as add-ons or afterthoughts.
The DCR approach instead integrates them from project inception, with explicit deliverables
at each stage. Each phase of implementation is designed to yield measurable reductions in
risk, compliance costs, and resilience vulnerabilities. This phased method allows incremental
adoption while providing continuous evidence of value.

Phase 1: Pre-Construction
The pre-construction stage carries the greatest consenting and routing risk. Historic
evidence shows that environmental objections and land-use conflicts can delay projects by
2-5 years, often with cost escalations exceeding £300 million per year in constraint
payments to generators (Committee on Climate Change, 2020).
o Digitalisation Layer
Geospatial digital twins: Virtual corridor-scale models integrating environmental data
(habitats, flood risk, air quality), planning policy layers, and community sensitivity
indices. This allows TOs to test alternative alignments with quantified impacts. In
Denmark’s Kriegers Flak interconnector, early geospatial modelling reduced
consenting time by two years (Energinet, 2020). Similar approaches were used by
50Hertz in SuedLink, cutting rework costs by €150 million (50Hertz, 2021).
AlI/ML demand forecasting: Probabilistic reinforcement forecasting using machine learning
models (Eq. 6, Section 4). This captures uncertainties such as accelerated EV adoption or
hydrogen electrolysers, reducing the risk of under-dimensioned or stranded assets.
e Compliance Layer
Automated reporting: Planning documentation — maps, visualisations, environmental
assessments — exported directly from the twin. This creates a single source of truth
for engineers, regulators, and stakeholders.
Immutable audit trails: Blockchain-secured logs of land negotiations and
environmental consultations ensure transparency, minimising disputes (Andoni et al.,
2019).
e Resilience Layer
Resilience Index (RI, Eq. 2, Section 3): Calculated for each routing scenario,
quantifying recovery capacity from extreme weather or system shocks.
Climate stress-tests: Application of probabilistic weather datasets to evaluate flood
exposure or storm risks to overhead lines and substations.
Deliverable: A Digital-Resilience Pre-Construction Report (DRPCR) submitted to Ofgem.
This provides predictive assurance that routes are not only technically feasible but also
environmentally, socially, and climatically robust.
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Phase 2: Early Construction and Procurement
At this stage, risk shifts towards supply chains and sequencing. Global shortages of HYDC
converters and submarine cables create systemic vulnerabilities, with lead times exceeding
five years (ENTSO-E, 2022).
e Digitalisation Layer
Procurement simulation: Digital platforms model supply-chain risks (Eq. 7, Section 4).
Bayesian models dynamically update probabilities of delay as new evidence (e.g.
port congestion, manufacturer backlogs) becomes available.
Construction digital twins: Sequencing of civil works, access roads, and offshore
mobilisation optimised to minimise idle time.
e Compliance Layer
Predictive assurance dashboards: Forecast the probability of achieving milestones
(Eq. 8, Section 4.3), allowing Ofgem to intervene before delays materialise.
Automated procurement compliance: Every contract award and change order logged
digitally, ensuring traceability and auditability.
e Resilience Layer
Cyber-resilience modelling: Attack graph models (Eq. 10, Section 4.4) quantify
vulnerabilities in procurement IT systems and logistics chains.
Systemic stress simulations: Scenario testing for compound risks, e.g. simultaneous
port strikes and supply-chain delays.
Deliverable: A Predictive Procurement and Construction Dashboard (PPCD) accessible to
Ofgem, providing near-real-time assurance of schedule and compliance.

Phase 3: Main Construction and Operation
During execution, the challenge is to maintain delivery pace without compromising
operational resilience.
o Digitalisation Layer
Live asset digital twins: Virtual replicas of converters, substations, and overhead lines
continuously updated with sensor data.
Predictive maintenance models: ML algorithms forecasting asset degradation,
reducing unplanned outages.
e Compliance Layer
Continuous audit generation: Regulatory reporting produced automatically from asset
twins, aligned with Ofgem’s ODI framework.
Compliance Index (Eq. 9, Section 4.3): Updated monthly, providing Ofgem with
quantitative oversight.
e Resilience Layer
Dynamic Resilience Index (RI): Updated with real operational data, ensuring
resilience remains above threshold values (20.8).
Cyber-attack simulations: Routine “red team” testing embedded into operational
platforms.
Deliverable: An Operational Digital Assurance Platform (ODAP) linking live digital twins with
Ofgem dashboards.

Summary of Phased Value
The phased approach demonstrates how digitalisation, compliance automation, and
resilience quantification generate cumulative value.

Vtotal = (ARp + ACp + ASp) (12)

Where:
e AR,=risk reduction during phase p,
e AC,= compliance efficiency during phase p,
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e AS,=resilience strengthening during phase p.
Interpretation: Equation (Eq. 12) highlights that each phase delivers measurable
improvements across risk, compliance, and resilience — cumulatively producing a robust case
for digital investment.

Accelerated Transmission Delivery
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Figure 11: lllustrative phased roll-out timeline (Pre-construction — Early Construction —
Operation) showing DCR integration points.

5.2 Recommended Cost Eligibility Range (10-20% of Project Budget)
A critical barrier to adoption of the DCR framework is the classification of costs. At present,
digitalisation is frequently treated as an “innovation overhead,” funded through discretionary
allowances such as Ofgem’s Network Innovation Competition (NIC) or Network Innovation
Allowance (NIA). This creates uncertainty for Transmission Owners (TOs), as digital
expenditure is not guaranteed recovery and therefore under-incentivised.
The DCR framework instead recommends that digitalisation and resilience costs be explicitly
recognised as eligible activities within Ofgem’s existing Pre-Construction Funding (PCF) and
Early Construction Funding (ECF) categories. Specifically:
o Geospatial digital twins and routing simulations directly support strategic land and
corridor choices, reducing consenting disputes.
e Predictive procurement and supply-chain simulations provide early procurement
assurance, ensuring that converter and cable orders are resilient to delays.
o Resilience stress-testing functions as an early enabling work, de-risking project
viability before main construction spend is committed.

Formally, this allocation can be expressed as:
Bp =1AB, 01 <1 <02 (13)
Where:
e Bp=digitalisation budget,
e B=total project cost,

e A= allocation ratio (10-20%).

For a £2.5 billion ASTI project, this yields £250-500 million explicitly ring-fenced for
digitalisation, compliance, and resilience activities.

Economic Justification

Delays in large transmission projects impose costs of up to £300 million per year in
constraint payments to generators (National Grid ESO, 2022). If predictive assurance
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mechanisms (Section 4.3) avoid even a single year of delay, the digital allocation pays for
itself.
Formally:

CE =2l (1)

If Bygvea = £300mand B, = £250m, then CE = 1.2. Each £1 spent saves £1.20.

Evidence from comparable projects supports this cost-effectiveness. For example:
e In Germany’s SuedLink, digital corridor twins saved over €150 million in rework costs
(50Hertz, 2021).
o Energinet’s Kriegers Flak interconnector reduced consenting delays by two years,
avoiding significant constraint payments (Energinet, 2020).
e Procurement twins in offshore wind have cut cost overruns by 10-12% (Elsevier,
2022).

Regulatory Recommendation

Ofgem should codify DCR activities not as a new funding stream but as eligible CAPEX within
existing PCF and ECF guidance. Issuing clarification that 10—20% of budgets may be directed
to activities that de-risk strategic land, procurement, and enabling works through predictive
digitalisation and resilience modelling would ensure TOs adopt these tools consistently rather
than on an ad hoc basis.

Consumer Protection

Explicit recognition of DCR costs within existing categories protects consumers by reducing
systemic risk. Rather than paying for delays through constraint costs and stranded
expenditure, consumers benefit because predictive assurance minimises cancellation risks
and ensures early spend remains recoverable under Ofgem’s re-opener rules.

5.3 KPIs for Measuring Digital and Resilience Outcomes

Without measurable outcomes, digitalisation risks being rhetorical rather than substantive.
The DCR framework therefore proposes a suite of Key Performance Indicators (KPIs) that
directly link digitalisation and resilience activities to consumer value, regulatory confidence,
and ODI delivery assurance.

5.3.1 Efficiency
To improve clarity, KPls are grouped under four categories:

e KPI 1: Predictive Accuracy of Demand Forecasts
KPIl — 1 _ |Dpred_Dactual| (15)

Dactual

Target: 290% accuracy for 12-month horizons.

Rationale: Machine learning models (Eq. 6, Section 4) improve probabilistic forecasts
compared with deterministic planning.

Evidence: National Grid ESO’s probabilistic forecasts (2022) have already improved
demand accuracy, avoiding over- or under-investment in reinforcements.

ODI Link: High forecast accuracy underpins efficient milestone delivery, reducing
over/under-sizing that could otherwise delay outputs tied to ODI commitments.

o KPI 2: Delay Reduction via Digital Twins

KPI, = ATpaseline = ATpcr (1 6)
2 ATpaseline
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Target: 220% reduction in schedule delays.

Rationale: Digital twins enable sequencing optimisation and scenario re-planning.
Evidence: In SuedLink, predictive modelling reduced expected rework costs and shortened
critical paths (50Hertz, 2021).

ODI Link: Shorter construction delays directly increase the probability that ASTI delivery
milestones are achieved on time, protecting ODI incentive payments.

5.3.2 Compliance

e KPI 3: Compliance Index (Cl, Eq. 9, Section 4.3)
Target: 20.85 during construction.

o Rationale: Cl provides a weighted, real-time measure of compliance assurance.

o Evidence: California ISO’s compliance dashboards reduced reporting delays by 30%
(CAISO, 2021).

ODI Link: Real-time compliance dashboards reduce retrospective disputes, meaning ODI
payments are less likely to be withheld due to late audits or contested claims.

5.3.3 Resilience

o KPI 4: Resilience Index (RI, Eq. 2, Section 3.2)
Target: 20.8 under stress tests.

« Rationale: Ensures resilience is not compromised by acceleration.

e Evidence: Panteli and Mancarella (2017) demonstrated that Rl values below 0.7
indicate unacceptable vulnerability to climate-driven outages.

ODI Link: Assets must demonstrate Rl = 0.8 for incentive payments, ensuring that
accelerated delivery does not compromise long-term robustness. This directly ties resilience
quantification to ODI eligibility.

5.3.4 Consumer Value

e KPI 5: Cost Savings Ratio

KPIL, = 2t (17)
D

Target: 21.1 (i.e., at least £1.10 saved per £1 spent).

Rationale: Demonstrates that digitalisation yields net economic benefits.

Evidence: Constraint cost savings in the UK have consistently exceeded £300 million/year
(CCC, 2020; ESO, 2022).

ODI Link: Demonstrates quantifiable consumer protection, ensuring ODI-linked outputs are
not only delivered but deliver value above baseline costs.

Summary: These KPls provide Ofgem with a predictive ODI assurance mechanism:

milestones are backed not just by physical delivery but by forward-looking indicators that track
efficiency, compliance, resilience, and consumer value in real time.
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Figure

Figure 12: lllustrative KPI Dashboard for Oftem Overrigint
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lllustrative compliance dashboard for real-time Ofgem oversigiat, featuring KPIS and
formulas from Sections 3 & 4

12: lllustrative KPI dashboard for Ofgem, showing thresholds, formulas, and real-time

metrics.

5.4 Pilot Application to EGL3/EGL4/GWNC

Piloting the DCR framework on selected ASTI projects allows Ofgem to test predictive
assurance, resilience quantification, and compliance automation before mainstream adoption
across the entire programme. EGL3, EGL4, and GWNC represent diverse project types —
subsea HVDC links and an onshore 400 kV reinforcement — making them ideal testbeds. The
pilots will provide real-world evidence on feasibility, cost-effectiveness, and consumer value.

EGL3:

EGL4:

Peterhead-Walpole HVDC Link

Risks: Offshore cable routing across sensitive marine environments and consenting
complexity in Scotland.

Digitalisation: A seabed digital twin integrating bathymetric, ecological, and heritage
datasets to optimise routing and minimise ecological conflict. This can pre-empt
objections under the Habitats Regulations and reduce DCO risks.

Compliance: Predictive procurement for converter stations, using Bayesian models
(Eq. 7, Section 4.2) to monitor delivery schedules of HYDC equipment.

Resilience: Stress tests for storm-induced cable delays, drawing on UKCP18
extreme weather projections. Application of the Resilience Index (Eq. 2) ensures
resilience remains =0.8.

Impact: Expected 215% reduction in consenting risk and 210% procurement
efficiency gain.

Fife—~Walpole HVDC Link

Risks: Overlap with EGL3 supply chain creates systemic vulnerabilities, particularly in
converter and cable manufacturing.

Digitalisation: Parallel procurement twin synchronising delivery schedules for
converters and subsea cables across EGL3 and EGL4. This minimises competition
for manufacturing slots and allows coordinated risk-sharing.

Compliance: Automation of planning submissions, generating consistent
documentation across both projects from authoritative digital twins. This ensures
consistency with EIA Regulations 2017 and reduces dispute risk.

Resilience: Modelling of concurrent supply delays across the two projects, simulating
scenarios where both projects face disruption simultaneously.
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e Impact: 220% reduction in inter-project schedule risk through coordinated
procurement and planning.

GWNC: Grimsby West—Walpole 400 kV Line

¢ Risks: Environmental objections and public acceptance, particularly around visual
impacts and land use in Lincolnshire.

o Digitalisation: Geospatial twin modelling alternative overhead and underground
alignments, integrating flood risk maps, biodiversity inventories, and socio-economic
data. This allows transparent stakeholder engagement by showing evidence-based
routing choices.

e Compliance: Sentiment analysis of stakeholder feedback using natural language
processing (NLP) applied to consultation submissions and media coverage. This
provides early warnings of objection hotspots.

¢ Resilience: Storm exposure modelling of the corridor, using probabilistic climate
datasets to evaluate substation and line vulnerabilities.

e Impact: 225% reduction in objection-driven risk, with measurable improvement in
stakeholder trust and reduced litigation exposure.

Pilot Evaluation Metric
To ensure objectivity, pilot success will be assessed against a composite evaluation metric:

n
Epitor = Z KPI,/n (Eq. 18)
i=1

Pilot success threshold: E};;,; = 0.8.

Where:
e KPI;= outcome of each KPI defined in Section 5.3,
o n=total number of KPIs (5 in this case).

Pilot success threshold:
Epilot =208

This means the pilot is deemed successful if the average KPI performance across demand
forecasting, delay reduction, compliance index, resilience index, and cost savings ratio
exceeds 0.8.

Consumer Protection and Regulatory Learning
The pilot approach ensures that consumer funds are safeguarded. Rather than committing to
full-scale DCR adoption immediately, Ofgem can evaluate pilot outcomes against
measurable benchmarks. This staged approach aligns with RIIO-2 principles of
proportionality and predictability, while still driving innovation.
e For consumers: The pilots reduce the risk of stranded costs by demonstrating real-
world performance before mainstream roll-out.
e For TOs: The pilots create clear business cases for investing in digitalisation, as cost
recovery is assured through PCF/ECF once KPIs are achieved.
o For Ofgem: The pilots provide evidence-based assurance that the DCR framework
delivers measurable value, supporting future regulatory codification.

Table 4: Pilot application of DCR to EGL3, EGL4, and GWNC, mapping risks, digitalisation
measures, compliance mechanisms, resilience tests, and expected impacts.

Project Key Risks Digitalisation Compllgnce Resilience Tests Expected
Measures Mechanisms Impacts

EGL3: Offshore cable Seabed digital Predictive Storm-induced 215% reduction
Peterhead- routing across twin (bathymetric, procurement cable delay in consenting
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Walpole HVDC sensitive marine  ecological, monitoring for modelling with risk; 210%
Link areas; consenting heritage HVDC UKCP18 procurement
delays. datasets). equipment. projections; RI efficiency.
application.
Overlap with Parallel Automated
EGL4: Fife— EGL3 supply procurement twin  planning Concurrent supply- 220% reduction
Walpole HVDC chain; synchronising submissions; delay simulations in inter-project
Link converter/cable EGL3 & EGL4 consistent EIA across projects. schedule risk.
bottlenecks. schedules. reporting.
225% reduction
Environmental Geospatial twin NLP-based Storm exposure in objection-
GWNC: Grimsby o . integrating flood sentiment oXp driven risk;
objections; public . - : . modelling of
West-Walpole i risk, biodiversity, analysis of . stronger
- acceptance; land- ; . corridor
400 kV Line ; Socio-economic stakeholder . . stakeholder
use conflicts. substations/lines. ;
layers. feedback. trust; reduced

litigation.

[, Pilot Projects (EGL3, EGL4, GWNC)  Bis

Key Performance Indidatiors from Section 5.3

1. Forecast Accuracy 2. Schedule Delay 3. Compliance 4. Resilience 5. Cost Savings
Reduction Index Index RI Ratio CSR
(Eq 15) (Eq16) (Eq9) (Ea2) (Eq17)

 Torget Threshold: = 0.8 Target Threshold: = 0.8

EGL3: 0.8NC

 Target Threshold: = 0.8

EGL3: 0.8NC

 Terget Threshold: = 0.8  Target Threshold: = 0.8

H
iRz 00
£GL3: 092

)

$ 085078 2
] ° i
GNC: 0.5KC

ECaslonlcdE)

ECuston(cwl6)

2%

Composite Pilot Success Metric

0.84

Successful

Pilot Success = (Avg(KPI 1 to KPI 5) = 0.8)
Overall Pilot Status: SUCCESS -
Recommended for Mainstream Codification

Figure 13: Pilot evaluation framework, illustrating KPI thresholds and composite pilot
success metric.

6. Discussion: Novelty and Contributions of the DCR Framework
The consultation responses to Ofgem’s ASTI programme demonstrate a pragmatic regulatory
intent, but also highlight systemic limitations in existing approaches to transmission delivery.
The proposed Digital-Compliance-Resilience (DCR) Framework addresses these gaps by
reclassifying digitalisation and resilience as regulatory necessities rather than discretionary
add-ons.
This section evaluates the novelty and feasibility of the DCR framework in three dimensions:
1. Its originality and departure from current UK and international practice.
2. lIts feasibility from technological, organisational, and financial perspectives.
3. Its comparative advantage relative to conventional UK methods and global
benchmarks.
The discussion establishes why DCR should be regarded as a transformative regulatory
paradigm: it embeds predictive assurance, quantifiable resilience, and digital-enabled
compliance as core pillars of ASTI delivery, rather than peripheral experiments.

6.1 Novelty of the DCR Framework
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The DCR Framework represents a significant departure from existing approaches to
transmission system investment because it redefines the role of digitalisation and resilience
within regulated infrastructure delivery. Its novelty can be demonstrated in three overlapping
dimensions: holistic integration of technologies, regulatory mainstreaming, and formal
quantification of resilience.

Holistic Integration

At present, UK and international practices treat digitalisation, compliance, and resilience as
fragmented activities, often pursued as pilots or one-off interventions. For example:
o Digitalisation pilots typically focus on narrow domains such as demand forecasting or
asset condition monitoring (IET, 2021).
o Compliance is usually retrospective, involving document-heavy reporting cycles that
introduce lags between activity and assurance (Ofgem, 2025).
¢ Resilience assessments are typically limited to deterministic stress tests applied late
in project design, often around the N-1 adequacy standard (Panteli and Mancarella,
2017).

By contrast, the DCR Framework positions these three functions as mutually reinforcing layers
within a unified architecture. Predictive digital tools such as Al-based forecasting and
geospatial digital twins generate datasets that not only improve operational accuracy but also
feed directly into compliance reporting systems. Automated compliance processes, in turn,
create auditable data streams that can be integrated into resilience modelling. Resilience
indices then provide feedback loops into optimisation of digital twin scenarios.

This closed-loop integration creates systemic synergies absent in traditional siloed
approaches. The principle is formalised mathematically in Eq. 1 (Section 3), where
digitalisation (D), compliance (C), and resilience (R) are co-dependent variables shaping
overall project value.

lllustrative Example: Energinet’'s Kriegers Flak interconnector (Energinet, 2020) applied
geospatial digital twins during early routing. While the original intent was environmental de-
risking, the data produced also streamlined compliance submissions, and subsequently fed
resilience stress tests against seabed disturbance. This mirrors the layered integration
envisaged by DCR, but the framework extends it into a regulatory requirement rather than a
project-level experiment.

6.1.1 Regulatory Mainstreaming

The second novelty lies not in technology but in regulation. Currently, digitalisation in Ofgem’s
regime is funded mainly via the Network Innovation Allowance (NIA) or Network Innovation
Competition (NIC). These funds are capped, competitive, and non-core, meaning
Transmission Owners (TOs) face a structural disincentive to invest in large-scale digitalisation
because cost recovery is uncertain.

The DCR framework explicitly reclassifies digitalisation as an eligible, regulated cost stream,
embedded within Pre-Construction Funding (PCF) and Early Construction Funding (ECF)
categories. In practical terms, this means that investments in predictive analytics, geospatial
digital twins, blockchain-secured audit trails, or probabilistic resilience simulations are treated
as no different from substations, cables, or civil works.

This reclassification represents a regulatory innovation rather than a technological one. It
positions digitalisation as essential enabling infrastructure, comparable to the HVDC converter
platforms and cables themselves. By doing so, it ensures TOs have a clear, predictable
business case for scaling adoption of predictive tools, moving beyond the pilot stage into
mainstream deployment.

6.1.2 Resilience Quantification
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The third dimension of novelty is the formal quantification of resilience. Historically, UK
transmission planning has defined resilience narrowly through the N-1 criterion — the ability
of the system to withstand the loss of a single element without catastrophic failure. This
measure is increasingly inadequate under Net Zero conditions, where systemic risks include:

e Climate-induced flooding coinciding with supply-chain disruption.

e Cyberattacks occurring during high renewable penetration.

e Simultaneous failures across interdependent projects (e.g., EGL3 and EGL4

competing for converters).

The DCR Framework introduces formal indices, such as the Resilience Index (Eq. 2, Section
3) and Systemic Utility Model (Eq. 3, Section 3). These allow resilience to be represented as
a continuous, probabilistic variable rather than a binary pass/fail outcome. For example, a
Resilience Index (RI) of 0.82 indicates robust recovery capability under compound stress
scenarios, whereas 0.68 highlights vulnerability that can be quantified and mitigated.
Embedding resilience as a quantifiable metric enables it to be incorporated into Output
Delivery Incentives (ODIs) and funding milestones. Thus, Ofgem can move from qualitative
assurance (“is the system secure under N-1?”) to quantitative thresholds (“is Rl = 0.8 under
compound stress?”).

6.2 Feasibility of the Framework

While novelty demonstrates originality, feasibility determines whether the DCR Framework
can move from concept to practice. The DCR model is feasible across three interdependent
dimensions: technical, organisational, and financial.

6.2.1 Technical Feasibility
The technological components of the DCR Framework are not speculative. They are
commercially mature, deployed internationally, and proven in adjacent sectors.
1. AIl/ML for forecasting
Machine learning methods such as recurrent neural networks, gradient boosting, and
ensemble learners now consistently outperform linear regression in demand
forecasting. National Grid ESO has already adopted probabilistic methods in its
Future Energy Scenarios (National Grid ESO, 2022), while TSOs in continental
Europe are trialling Al-enhanced models to incorporate non-linear drivers like
weather patterns and EV charging demand.
— Link to DCR: As formalised in Eq. 2 (Section 4), these methods allow the
modelling of probabilistic demand ranges, reducing the risk of misaligned
reinforcements.
2. Digital twins
Large-scale digital twin technology is commercially mature. Germany’s SuedLink
HVDC project employed corridor-scale twins to optimise routing and construction
sequencing, yielding estimated savings of €150 million in avoided rework (50Hertz,
2021). China’s State Grid Corporation (SGCC) has embedded digital twins in ultra-
high-voltage (UHV) design and operations across multiple provinces (SGCC, 2021).
— Link to DCR: Corridor-scale digital twins are directly transferable to EGL3, EGLA4,
and GWNC, where routing, procurement, and resilience stress testing can all be
integrated.
3. Blockchain-secured audit trails
Blockchain applications in the energy sector are already widespread, from renewable
certificate trading to wholesale market clearing (Andoni et al., 2019). Extending
blockchain-secured trails to procurement compliance is technically straightforward,
providing immutable logs of contract awards and change orders.
— Link to DCR: Such immutability directly supports predictive compliance
dashboards (Eq. 4, Section 3.3).
4. Predictive resilience modelling
Probabilistic Risk Assessment (PRA) has been standard in the nuclear sector for
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decades (Apostolakis, 2004). Translating these methods into transmission resilience
modelling, supported by digital twins, is an incremental adaptation rather than a novel
invention.
— Link to DCR: RI (Eq. 2) and systemic utility functions (Eq. 3) adapt PRA logic into
electricity transmission.
Summary: The DCR Framework draws on technologies that are already at Technology
Readiness Levels (TRL) 8-9. The technical barrier is not invention but adoption within a
regulated framework.

6.2.2 Organisational Feasibility
UK Transmission Owners already operate digitalisation, forecasting, and innovation teams.
However, these capabilities are often siloed because under the current regulatory regime there
is little incentive to integrate outputs into mainstream project delivery.
The DCR framework addresses this by embedding digitalisation as a regulated cost stream,
aligning TO incentives with Ofgem’s policy objectives. This means:
e TOs can recover investment in digital assurance without fear of disallowance.
o Compliance automation reduces the burden of retrospective reporting, shifting from
quarterly audits to continuous digital dashboards accessible to Ofgem.
o Organisational focus is simplified: TOs concentrate on delivery, while regulators gain
real-time oversight.
lllustrative Precedent. In Germany, mandatory renewable integration requirements created
predictable demand for digitalisation, prompting TOs like 50Hertz to expand digitalisation
teams substantially (50Hertz, 2021). A similar effect is anticipated if DCR is codified under
Ofgem’s ASTI framework.
Capacity gaps are sometimes raised as barriers. However, codification of DCR would
stimulate training and capability-building, as the predictability of demand drives investment in
human capital. This is consistent with international experience, where regulatory requirements
catalysed industry adaptation.

6.2.3 Financial Feasibility
The financial feasibility of DCR is underpinned by the economic logic demonstrated in Section
5. Allocating 10-20% of project budgets to digitalisation and resilience modelling is
proportionate and justified.

e Constraint costs: UK constraint payments to generators have exceeded £300 million
annually when transmission reinforcements are delayed (National Grid ESO, 2022).

e lllustrative case: For a £2.5 billion project, allocating £250-500 million to digitalisation
may seem significant. Yet if predictive assurance avoids even one year of delay, the
avoided constraint costs alone (=£300 million) exceed the digital allocation.

e Equation-based justification: Eq. 10 (Section 5.2) shows that cost-effectiveness (CE)
> 1 if avoided costs outweigh digital expenditure. In practice, CE is often higher than
1.1.

Thus, financial feasibility is robust: DCR protects consumers by reducing exposure to delay-
driven costs, while TOs gain certainty that digitalisation is fundable CAPEX.

6.3 Comparison with Conventional UK Practice

UK transmission investment practice has historically been guided by three defining
characteristics: deterministic modelling, retrospective compliance, and N-1 resilience
standards. These approaches were adequate in an earlier era of gradual reinforcement and
relatively stable demand but are no longer sufficient under the conditions of Net Zero, where
transmission expansion must proceed at unprecedented scale and pace.

Deterministic Modelling vs. Probabilistic Forecasting

Under current practice, Transmission Owners (TOs) typically plan reinforcements based on
fixed peak-load scenarios and deterministic cost—benefit models. These approaches assume
relative stability in demand growth and neglect the stochastic variability introduced by
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electrification of transport, distributed hydrogen production, and volatile renewable generation.
The consequence is either:
¢ Over-dimensioning, leading to stranded assets and higher consumer costs; or
e Under-dimensioning, which constrains renewables integration and triggers expensive
constraint payments.

By contrast, the DCR Framework embeds probabilistic Al-based forecasting, as formalised in
Eq. 2 (Section 4), which models non-linear interactions between demand drivers and external
variables. This approach directly underpins KPI 1 (Forecast Accuracy), ensuring that project
sizing reflects uncertainty bands rather than fixed scenarios and that reinforcements can be
approved against ODI milestones with higher confidence.

lllustrative example: National Grid ESO’s Future Energy Scenarios already employ
probabilistic ranges, but they are not formally embedded in project-level approvals. DCR
codifies these methods as mandatory within PCF/ECF, so ODI-related delivery targets are
supported by forecasts that explicitly account for uncertainty.

6.3.1 Retrospective Compliance vs. Predictive Assurance

Currently, Ofgem’s assurance processes are retrospective. TOs submit expenditure evidence
after funds have been committed, with Ofgem auditing claims for efficiency and prudence. This
creates time lags, disputes, and in some cases litigation that delays delivery.

The DCR Framework introduces predictive compliance assurance, formalised in Eq. 4
(Section 3.3), where cumulative compliance (CA) grows continuously with the deployment of
digital assurance tools. Instead of backward-looking audits, Ofgem would have real-time
dashboards sourced directly from project digital twins.

This raises the Compliance Index (KPI 3) and gives Ofgem forward-looking assurance that
ODI milestones will be met, reducing the likelihood of disputes that undermine incentive
payments.

Example: The California ISO (CAISO, 2021) reduced reporting delays by 30% through
compliance dashboards. Embedding a similar predictive system within ASTI would allow
Ofgem to detect slippage months earlier than current practice permits, making ODI-linked
milestones more predictable and less contested.

6.3.2 N-1 Criterion vs. Quantified Resilience
Traditional resilience planning in the UK transmission sector is defined almost exclusively by
the N-1 criterion: the requirement that the system withstand the failure of a single line or
substation. While this remains a baseline necessity, it is increasingly inadequate under
conditions of compound risk, such as:

¢ Flooding of multiple substations coinciding with cyber-intrusions, or

e Supply-chain delays across several HVDC converter projects competing for

manufacturing slots.

The DCR Framework introduces quantifiable resilience metrics, including the Resilience Index
(Eq. 2, Section 3) and the Systemic Utility Model (Eq. 3, Section 3). These metrics enable
resilience to be measured probabilistically and embedded into ODI structures.

For example, Ofgem could require that no ODI incentive payments are made unless Rl = 0.8
at the concept design stage. This ensures that accelerated delivery is tied to robustness,
aligning resilience performance (KPI 4) with ODI eligibility.

International precedent: The nuclear sector’'s use of Probabilistic Risk Assessment (PRA)
demonstrates the feasibility of codifying such indices into regulatory practice (Apostolakis,
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2004). DCR effectively adapts PRA principles for electricity transmission, making resilience
auditable and enforceable within ODI-linked frameworks.

6.3.3 Consumer Protection Dimension

The most significant shortcoming of current UK practice is that consumers bear the cost of
systemic inefficiencies. Constraint payments to generators have exceeded £300 million per
year during reinforcement delays (CCC, 2020; National Grid ESO, 2022). Under deterministic,
retrospective, N-1-only approaches, consumers are repeatedly exposed to these avoidable
costs.

By embedding probabilistic forecasting, predictive assurance, and resilience quantification,
DCR directly reduces the probability of delay. This improvement is formalised in Eq. 10
(Section 5.2), where the cost-effectiveness ratio exceeds 1.0 as soon as avoided costs
outweigh digitalisation expenditures.

Unlike conventional practice, DCR explicitly links project funding to consumer value protection
through KPI 5 (Cost Savings Ratio). This means ODI-linked outputs are not only delivered,
but delivered in a way that maximises consumer benefit and minimises stranded costs.

6.3.4. Synthesis

Conventional UK practice can be summarised as deterministic, retrospective, and narrowly
resilient. By contrast, the DCR Framework is probabilistic, predictive, and systemically
resilient. Most importantly, each KPI is mapped to ODI assurance (KPl 1 — efficiency
milestones, KPI 3 — compliance confidence, KPl 4 — resilience thresholds, KPI 5 —
consumer protection). This ensures that Ofgem can integrate DCR directly into the ODI
framework, strengthening delivery certainty under ASTI.

Table 5 (to be inserted) will summarise these contrasts:

KPI

Dimension | Conventional UK Practice DCR Framework .
Alignment

Forecasting | Deterministic, peak-load Probabilistic Al-based (Eq. 2) KPI 1

Compliance | Retrospective audits Predictive assurance (Eq. 4) KPI 3
Resilience | N-1 deterministic I(Tzlqzzo:';?’ systemic robustness | (p) 4
Consumer | Exposed to | CE > 1, avoided costs > digital KPI 5
Protection | delays/constraint costs spend (Eq. 10)

This comparison demonstrates that DCR is not a marginal adjustment but a paradigm shift in
regulatory practice. It provides a direct bridge from the systemic shortcomings identified in
Sections 2-5 to the evidence-based innovations proposed in Sections 6.4—6.7.

6.4 Benchmarking Against International Practice

Benchmarking the DCR Framework against international practice highlights its originality and
the opportunity for Ofgem to establish global leadership in regulatory innovation. While
digitalisation and resilience are increasingly recognised as priorities across jurisdictions, no
regulator has yet codified them as regulated cost categories or embedded them into funding
milestones and ODI structures.

6.4.1 European Union

The European Network of Transmission System Operators for Electricity (ENTSO-E) has
made significant progress in probabilistic planning through its Ten-Year Network Development
Plan (TYNDP 2022). The TYNDP integrates multi-scenario demand forecasting, probabilistic
security-of-supply assessments, and cross-border cost-benefit analysis (ENTSO-E, 2022).
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Strengths: Sophisticated probabilistic scenario analysis, strong emphasis on pan-
European coordination.

Limitations: Digitalisation is treated as a planning tool, not a regulated cost category.
Resilience assessments remain largely qualitative, with limited adoption of indices
comparable to Rl or systemic utility models.

Contrast with DCR: The DCR Framework advances beyond ENTSO-E practice by
embedding digitalisation (predictive twins, Al forecasting, compliance automation) as
fundable CAPEX within PCF/ECF. Moreover, resilience is made quantifiable and
auditable through RI (Eq. 2) and systemic utility (Eq. 3), enabling enforceable ODI
integration.

6.4.2 North America

In North America, the regulatory architecture is dominated by the Federal Energy Regulatory
Commission (FERC) and the North American Electric Reliability Corporation (NERC). These
bodies impose mandatory reliability and cyber-resilience standards, including critical
infrastructure protection (CIP) obligations.

Strengths: Robust enforcement of cyber security, mandatory reliability standards,
black-start capability requirements.

Limitations: Resilience is defined through compliance obligations rather than
incentivised investments. Predictive modelling is used, but it is not linked to cost
recovery frameworks. Transmission Owners are obliged to comply but receive no
regulatory incentive to adopt digitalisation beyond minimum compliance.

Contrast with DCR: The DCR Framework innovates by making digitalisation positively
incentivised and fundable, ensuring TOs are rewarded rather than penalised for
adopting predictive assurance. By linking ODI eligibility to resilience metrics (e.g. Rl =
0.8), DCR transforms compliance from a cost burden into a consumer-protective
investment.

6.4.3 Asia-Pacific
Asia-Pacific jurisdictions have advanced digitalisation pilots but lack systemic regulatory
integration.

Japan: Post-Fukushima reforms emphasised real-time monitoring and nuclear
resilience (IAEA, 2015). However, compliance remains retrospective, and resilience
metrics are narrowly defined around nuclear safety.

China: The State Grid Corporation of China (SGCC) has embedded digital twins across
ultra-high-voltage (UHV) projects, using predictive modelling to optimise routing and
construction (SGCC, 2021). These deployments are at scale but driven by corporate
efficiency within a vertically integrated monopoly, not by independent regulatory
frameworks.

Australia: The Australian Energy Market Operator (AEMO) has introduced probabilistic
forecasting in its Integrated System Plan (ISP 2020), but resilience quantification and
regulatory codification remain underdeveloped. Digitalisation is used for scenario
modelling, not embedded into cost recovery.

Contrast with DCR: The DCR Framework bridges these gaps by combining the scale
of Chinese deployment, the probabilistic sophistication of Australia, and the real-time
monitoring of Japan, but under an independent, consumer-centric regulator (Ofgem).
This integration is what makes DCR globally distinctive.
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Conventional Practice DCR Framework

Deterministic forecasting
(Peak-load, fixed scenarios)

Probabilistic Al-based forecasting
(Uncertainty ranges, dynamic drivers)

Retrospective compliance
(Document-heavy audits)

Predictive compliance assurance
(Digital dashboards, Eq. 4)

Resilience via N-1 criterion
(Single asset loss focus)

Quantifiable resilience indices
(Rl = 0.8, systemic robustness)

Consumer cost exposure
(>£300m/year constraint costs)

Consumer protection via CE > 1
(Avoided costs > digital spend)

Figure 14 — Conventional vs. DCR Framework (Comparative Model)

6.4.4 Comparative Synthesis

Across Europe, North America, and Asia-Pacific, digitalisation and resilience are
acknowledged but remain peripheral: treated as advisory tools, compliance mandates, or
corporate strategies. No jurisdiction has yet mainstreamed them into regulated cost categories
with quantifiable ODI integration.

By codifying digitalisation as a regulated expenditure within PCF/ECF, and resilience through
measurable indices, Ofgem has an opportunity to establish the UK as the first regulator
globally to operationalise digital-ready regulation for transmission.

Table 6: International Benchmarking of Practices vs. DCR Framework

Region Current Practice Strengths Limitations DCR Advancement
. o Digitalisation as
_— Advanced scenario | Digitalisation not .
EU (ENTSO-E) Probabilistic . analysis; cross- | fundable; resilience regulgteq CAPEX;
TYNDP planning L N quantitative RI and
border coordination | qualitative e
utility indices
. Mandatory . Resilience treated as Predictive _assurance
North America reliability & cvber Strong compliance compliance burden: as incentivised
(FERC/NERC) y Y enforcement npian | CAPEX; resilience
standards no incentives .
embedded in ODIs
Real-time Comphange ) Integration of
o Nuclear safety | retrospective; > o
Japan monitoring (post- | .. o resilience indices
Fukushima) vigilance resilience narrowly across all assets
defined
) . - Driven by corporate | Independent
China (SGCC) La_rge_scale digital | Scale of digital efficiency; no | regulatory codification;
twins in UHV deployment . .
regulatory oversight | consumer-centric
No resilience | Codification of
Australia Probabilistic Incorporation of | quantification; resilience and
(AEMO ISP) scenario planning | uncertainty in ISP digitalisation not | digitalisation in funding
cost-recoverable structures

6.4.5 Bridge to Section 6.5

This benchmarking reinforces the global distinctiveness of the DCR Framework. While
individual jurisdictions excel in aspects of probabilistic modelling, cyber-security, or digital twin
adoption, none has yet unified these elements within a regulatory framework that ties them
directly to consumer protection and cost recovery. The next section broadens the analysis by
examining how insights from other energy sectors further highlight the originality of DCR.

6.5 Cross-Sectoral Comparisons

The novelty of the DCR Framework can also be understood by comparison with adjacent
energy and infrastructure sectors. While digitalisation, compliance automation, and resilience
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modelling have been deployed in oil and gas, nuclear, and distribution systems, they remain
siloed and largely commercially driven. The DCR framework differs by embedding these tools
within a regulated, consumer-protective model, creating an entirely new category of
investment logic.

Oil and Gas
The oil and gas industry has pioneered the use of digital twins and predictive analytics for
upstream production and midstream operations. For example, BP and Shell deploy asset-level
twins to optimise predictive maintenance, cutting downtime and avoiding multi-million-dollar
losses from unplanned outages (Elsevier Energy Reports, 2022). These twins also model
supply-chain logistics across refineries and shipping.
e Strength: Demonstrated efficiency and cost savings at scale.
e Limitation: Adoption is driven purely by private ROI, not consumer protection or public
accountability.
e DCR Contribution: Repurposes these tools within a regulatory framework where the
benefits accrue directly to consumers through avoided delays and reduced constraint
payments.

Nuclear Energy

The nuclear sector has long employed Probabilistic Risk Assessment (PRA) to evaluate
the likelihood and consequences of accidents (Apostolakis, 2004). PRA models incorporate
thousands of failure modes to quantify systemic risk.

e Strength: High analytical precision; established probabilistic methodologies.

e Limitation: PRA is retrospective and compliance-heavy, often applied as part of
licensing processes rather than continuous, predictive oversight.

e DCR Contribution: Adapts PRA-style probabilistic resilience modelling into a
continuous digital environment. For example, Rl (Eq. 2, Section 3) and systemic
utility (Eq. 3) provide ongoing resilience indices updated through digital twins, shifting
risk analysis from one-off licensing to dynamic monitoring.

Distribution and Renewables
The UK’s Digitalisation of Energy Roadmap (IET, 2021) outlines a vision for digitalising
distribution networks and integrating distributed energy resources. Digital control systems for
wind and solar forecasting are advancing rapidly, as are blockchain-based peer-to-peer
trading pilots.
e Strength: Strong strategic vision and demonstration projects.
o Limitation: Lacks binding regulation; adoption remains optional for Distribution Network
Operators (DNOs).
e DCR Contribution: Goes beyond aspirational roadmaps by codifying digitalisation as a
regulated cost category, directly tied to PCF/ECF and ODI eligibility.

Synthesis

Across sectors, digitalisation and resilience tools exist but remain fragmented, optional, or
driven by private return. The DCR framework is unique in recasting these technologies as
public-interest regulatory requirements, embedding them in cost recovery structures.

6.6 Evidencing the Framework’s Original Contributions
The originality of the DCR framework lies not in individual technologies but in their systemic
reclassification. Four key contributions can be evidenced:

1. Quantifiable Digital Value
The DCR framework formalises the value of digitalisation through explicit equations (Eq. 1—
14 across Sections 3-5).
e Eq. 1 defines risk reduction as a function of digitalisation, compliance, and time
horizon.
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e Eq. 4 quantifies compliance assurance as a cumulative function of digital deployment.
e Eq. 10 (Section 5.2) establishes cost-effectiveness, showing that avoided delay costs
exceed digitalisation budgets.
Together, these formal models move beyond qualitative claims about “innovation” and
demonstrate a quantifiable, auditable benefit for consumers.

2. Regulatory Integration

Unlike innovation allowances (NIA/NIC), which are competitive and peripheral, the DCR
framework embeds digitalisation and resilience directly into core cost categories (PCF/ECF).
This transforms them into predictable, fundable obligations, ensuring Transmission Owners
invest at scale.

3. Resilience Quantification

Conventional UK practice relies on N-1 adequacy checks. The DCR introduces probabilistic
resilience indices (Eq. 2) and systemic utility models (Eq. 3), enabling resilience to be
continuously measured and tied to ODl incentives (e.g. Rl 2 0.8). This creates a new regulatory
lever where robustness and acceleration are jointly rewarded.

4. Global Leadership Potential

No regulator has yet codified predictive assurance or resilience metrics into statutory funding.
If Ofgem adopts DCR, the UK would become the first jurisdiction worldwide to mainstream
digital-ready regulation, positioning itself as a global reference point.

These contributions demonstrate that the originality of DCR lies in its governance innovation
as much as its technological integration.

6.7 Policy and Practical Implications for Ofgem
Adopting the DCR framework has profound implications for Ofgem’s regulatory practice.
These span consumer protection, regulatory effectiveness, delivery acceleration, and public
trust.
6.7.1 Consumer Protection
Consumers currently bear the cost of delays through constraint payments, which have
exceeded £300m annually (National Grid ESO, 2022). By allocating 10-20% of budgets to
digitalisation, the DCR framework reduces the probability of such delays.
e Eq. 10 (Section 5.2) shows that avoiding even one year of delay offsets digitalisation
costs entirely.
e Automated compliance logs reduce disputes between TOs and Ofgem, lowering
hidden pass-through costs.
This shifts consumers from reactive cost absorption to proactive risk protection.

6.7.2 Regulatory Effectiveness
Under current practice, Ofgem audits expenditures retrospectively, often creating disputes and
delays. The DCR framework embeds compliance within digital platforms, producing real-time
dashboards derived from digital twins.
e Predictive assurance (Eq. 4, Section 4.3) gives Ofgem forward-looking confidence
rather than backward-looking evidence.
e Resilience indices provide quantifiable proof of robustness, enabling ODI eligibility to
be tied to resilience thresholds (e.g. Rl = 0.8).
The result is smarter, lighter-touch regulation: fewer resources required, but greater
confidence achieved.

6.7.3 Delivery Acceleration
Predictive analytics in procurement and construction accelerate delivery without
compromising resilience.
o Procurement twins simulate supply-chain bottlenecks, allowing re-sequencing of civil
works if, for instance, converter delivery is delayed.
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e Construction twins optimise sequencing, preventing idle labour or stranded equipment.
This is crucial for ASTI, where overlapping projects (EGL3, EGL4, GWNC) risk supply-chain
clashes. By coordinating through predictive procurement models (Eq. 7, Section 4.2), systemic
delays can be minimised.

6.7.4 Public Trust and Stakeholder Engagement
Public opposition has historically delayed UK transmission projects. Digital twins with
geospatial overlays can visualise routing alternatives and environmental impacts for
consultation.
e Publishing predictive assurance outputs and resilience indices on transparent
platforms increases stakeholder trust.
e This reduces the risk of objections escalating to judicial review, cutting years off
delivery timelines.
Transparency thus becomes a regulatory asset, strengthening Ofgem’s legitimacy and the
social licence of TOs.

6.8 Critical Appraisal of the Framework

No framework, however innovative, is without limitations. For the Digital-Compliance-
Resilience (DCR) model to be adopted credibly within Ofgem’s Accelerated Strategic
Transmission Investment (ASTI) programme, it must withstand rigorous scrutiny. This section
provides a structured critical appraisal of DCR, addressing four areas of potential concern: (1)
risk of duplication with existing innovation mechanisms, (2) perceived high costs of
digitalisation, (3) capability gaps among Transmission Owners (TOs), and (4) data governance
and cybersecurity risks. A fifth cross-cutting concern, raised by Ofgem in its consultation, is
the risk of stranded or unrecoverable costs if projects are cancelled. The DCR framework must
therefore be assessed not only on technical and regulatory grounds but also on its ability to
protect consumers from cancellation risks.

6.8.1 Risk of Duplication with Innovation Allowances

One possible objection is that the DCR framework may overlap with existing innovation
mechanisms such as the Network Innovation Allowance (NIA) and Network Innovation
Competition (NIC). Both mechanisms already provide ring-fenced funds for novel digitalisation
projects and risk-mitigation pilots. Critics may therefore argue that embedding digitalisation
and resilience into Pre-Construction Funding (PCF) and Early Construction Funding (ECF)
categories risks creating regulatory duplication.

Strength of Critique:

It is true that Ofgem has, for more than a decade, used innovation mechanisms to stimulate
experimentation. Projects funded under NIC have included probabilistic forecasting pilots,
blockchain trials, and limited applications of digital twins. As such, there is a risk that codifying
DCR could be seen as simply formalising what innovation allowances already support, without
offering additional value.

Counter-Argument:

The distinction lies in technology readiness levels (TRLs). Innovation allowances are designed
to fund concepts at TRL 4-6, where proof-of-concepts and small-scale trials dominate. By
contrast, DCR explicitly focuses on technologies at TRL 8-9 — tools such as Al forecasting,
geospatial digital twins, and blockchain audit trails that have already been proven in adjacent
sectors and international projects (Energinet, 2020; 50Hertz, 2021; SGCC, 2021).

For example, NIC-funded probabilistic forecasting pilots have demonstrated feasibility but
were never mainstreamed into ESO demand forecasting. By embedding DCR within
PCF/ECF, Ofgem ensures such tools are not left at the margins but deployed consistently at
system scale.
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Mitigation:
Rather than duplication, NIA/NIC and DCR can be seen as sequential elements of an
innovation pipeline.

¢ NIA/NIC: Early experimentation (TRL 4-6).

¢ DCR: Mainstream deployment of proven tools (TRL 8-9).
This distinction could be visualised in a conceptual “pipeline diagram” (Figure X), showing how
innovation allowances and DCR complement one another.

6.8.2 Perceived High Cost of Digitalisation

Another potential critique is that dedicating 10-20% of project budgets to digitalisation,
compliance, and resilience may be excessive. For a £2.5 billion ASTI project, this allocation
translates to £250-500 million, raising concerns among policymakers, consumer groups, and
TOs about cost proportionality.

Strength of Critique:

Transmission is capital intensive, and stakeholders may view allocating up to one-fifth of
budgets to non-physical infrastructure as a diversion from “core” activities such as cabling,
substations, and converters. In a consumer-sensitive environment, £500 million could be
perceived as an unjustified premium.

Counter-Argument:

This critique underestimates the opportunity cost of delay. Constraint payments to generators,
arising when reinforcements are not delivered on time, have consistently exceeded £300
million annually (Committee on Climate Change, 2020; National Grid ESO, 2022). If predictive
assurance mechanisms avoid even a single year of delay, they offset the digital allocation in
its entirety.

Formally, the consumer efficiency ratio is expressed as Eq. 17. Where Bsaved the avoided cost
of delay (e.g. £300m) and Bp is the digitalisation allocation (e.g. £250m). If CE = 1.1, then
consumer value is demonstrably positive. In this case, each £1 spent yields at least £1.10 in
avoided costs.

Crucially, predictive assurance also protects consumers in the event of project cancellation by
providing earlier visibility of viability risks. If a scheme such as EGL3 or GWNC shows low
compliance or resilience scores in its DCR dashboards, Ofgem can intervene sooner, avoiding
unrecoverable sunk costs. In this way, digitalisation is not a premium but an insurance
mechanism against stranded expenditure.

6.8.3 Capability Gaps Among Transmission Owners

A third concern relates to whether UK TOs have the internal capability to implement advanced
digitalisation measures. Skills in blockchain compliance, Al forecasting, or resilience stress-
testing may be limited. If TOs lack these capabilities, codification could create delivery risks
or require costly external consultants.

Strength of Critique:

Evidence from past innovation projects suggests that TOs often rely heavily on consultancy
support for digital pilots. Embedding such practices as regulatory obligations could increase
dependence on external providers and raise questions about long-term sustainability.

Counter-Argument:
Capability gaps are transitional, not structural. Once regulatory certainty is established, TOs
can justify building permanent digitalisation teams. International precedent supports this:
e In Germany, 50Hertz increased its digital workforce by 40% after mandatory twin
deployment in SuedLink (50Hertz, 2021).
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¢ In China, SGCC scaled digital twin expertise by training thousands of engineers once
regulatory mandates created predictable demand (SGCC, 2021).

Moreover, compliance automation can reduce administrative burdens. Instead of spending
resources on manual audits, TOs can redeploy staff to technical digitalisation roles. Over time,
this strengthens in-house capability rather than weakening it.

Mitigation:

A phased roll-out strategy (Section 5.1) directly addresses capability risks. Starting with pilots
(EGL3, EGL4, GWNC), TOs can gradually build capacity while demonstrating consumer
value. Ofgem could also require capability-building plans as part of PCF/ECF submissions,
ensuring human capital development runs in parallel with technological adoption.

6.8.4 Data Security and Governance Risks

Perhaps the most serious critique concerns the cybersecurity risks of embedding compliance
and resilience in digital platforms. A compromised assurance dashboard or digital twin could
expose sensitive data or undermine trust in Ofgem’s regulatory oversight.

Strength of Critique:

As more transmission operations are digitised, the attack surface for malicious actors
expands. A breach in procurement dashboards, for example, could disrupt supply chains or
enable ransomware attacks. The National Cyber Security Centre (NCSC) has repeatedly
warned that critical national infrastructure is a prime cyber target (NCSC, 2021).

Counter-Argument:

Cybersecurity is not an afterthought in DCR but an embedded component. Attack-graph
models (Eq. 10, Section 4.4) quantify cyber vulnerabilities, allowing resilience to be
represented within the broader Resilience Index (RI). This means that cyber-resilience is not
only a security practice but a quantifiable KPI tied to ODI eligibility.

International precedent demonstrates feasibility. NERC in North America enforces Critical
Infrastructure Protection (CIP) standards for all bulk system operators (NERC, 2020). While
compliance is mandatory, it is framed as a regulatory burden. DCR improves on this by making
cyber resilience fundable CAPEX, incentivising TOs to invest proactively rather than
defensively.

Mitigation:
e Codify NCSC’s Cyber Assessment Framework (CAF) benchmarks into PCF/ECF
eligibility.

¢ Require TOs to conduct periodic “red team” penetration tests, with results feeding into
resilience indices.
Embed cybersecurity explicitly in predictive dashboards, ensuring Ofgem has visibility of both
operational and cyber risks in real time.

6.8.5 Synthesis of Critical Appraisal
Taken together, these critiques highlight the practical challenges of mainstreaming DCR.
However, they do not undermine its validity; rather, they clarify conditions for successful
adoption:
e Duplication with innovation allowances is mitigated by positioning DCR as the
deployment pipeline for mature tools.
o Cost concerns are offset by demonstrable consumer savings, as shown in Eq. 17 (CE
=2 1).
e Capability gaps are transitional and can be resolved through predictable demand and
phased roll-outs.
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e Cyber risks are real but manageable when codified within resilience indices and linked
to ODI thresholds.

Most importantly, predictive assurance provides Ofgem with earlier visibility of project viability.
If cancellation becomes necessary, DCR ensures that stranded costs are minimised and that
consumer exposure is reduced. In this way, the framework directly addresses Ofgem’s top
consultation concern: protecting consumers from unrecoverable sunk costs in an accelerated
investment environment.

6.9 Positioning Ofgem as a Global Leader

The adoption of the Digital-Compliance-Resilience (DCR) framework would not merely
improve domestic delivery of the Accelerated Strategic Transmission Investment (ASTI)
programme; it would also reposition Ofgem on the global stage. Energy regulators around the
world are grappling with the challenge of simultaneously accelerating decarbonisation and
protecting consumers. Yet, as benchmarking in Section 6.4 showed, no jurisdiction has yet
codified digitalisation and resilience as regulated, auditable, and fundable obligations. If
Ofgem were to operationalise DCR, it would become the first regulator worldwide to do so,
creating a globally exportable model of “digital-ready regulation.”

6.9.1 European Union

The European Union has taken substantial steps towards probabilistic system planning
through ENTSO-E’s Ten-Year Network Development Plan (ENTSO-E, 2022). However, while
the TYNDP incorporates multi-scenario modelling, it stops short of embedding digitalisation
as a regulated cost category. Digital twins, for example, are treated as analytical tools rather
than as mainstream, fundable assets. Resilience assessments remain largely qualitative.
Ofgem could therefore move ahead of ENTSO-E by providing a quantified, consumer-
protective regulatory framework.

6.9.2 North America

In the United States, the Federal Energy Regulatory Commission (FERC) and the North
American Electric Reliability Corporation (NERC) enforce mandatory reliability and
cybersecurity standards. These include black-start requirements and Critical Infrastructure
Protection (CIP) rules (NERC, 2020). While robust, the framework remains compliance-heavy
and retrospective. Transmission owners are obliged to comply, but they are not incentivised
to adopt predictive tools beyond minimum requirements. DCR would therefore represent a
step-change: shifting regulation from punitive compliance to positive incentives, where
resilience and digitalisation are rewarded rather than imposed as obligations.

6.9.3 Asia-Pacific

The Asia-Pacific region presents diverse examples. Japan’s post-Fukushima reforms placed
strong emphasis on real-time monitoring of nuclear resilience (IAEA, 2015), but resilience
metrics remain narrowly defined around nuclear safety rather than systemic transmission
risks. China’s State Grid Corporation (SGCC) has deployed digital twins extensively across
ultra-high-voltage projects, but these are driven by corporate efficiency in a vertically
integrated monopoly, not by independent regulatory oversight (SGCC, 2021). In Australia, the
Australian Energy Market Operator (AEMO) has integrated probabilistic forecasting into its
Integrated System Plan, but digitalisation and resilience are not embedded in cost recovery.
Against this backdrop, Ofgem could provide a unique synthesis: independent regulation that
combines the scale of Chinese deployments, the transparency of Japanese monitoring, and
the probabilistic sophistication of AEMO planning.

6.9.4 Strategic Implications for Ofgem
By adopting DCR, Ofgem would:
e Reinforce the UK’s reputation as a regulatory innovator, akin to its leadership in
offshore wind financing through Contracts for Difference (CfDs).
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o Establish itself as the first mover in codifying predictive digitalisation and resilience
metrics.
e Create an exportable regulatory model that could inform other jurisdictions’
approaches to transmission acceleration.
In effect, Ofgem could shift from being primarily a domestic regulator to becoming a reference
institution in global energy governance, setting norms that extend well beyond the UK.

6.10 Future Research and Extensions

The DCR framework provides a robust starting point, but it also opens new avenues for
research, policy experimentation, and cross-sectoral applications. These extensions are
crucial to ensure the framework evolves alongside technological and institutional
developments.

6.10.1 Quantitative Validation of Resilience Indices

While the Resilience Index (RI) and systemic utility models offer formal structures for
measuring resilience, their calibration requires empirical validation. Pilot projects such as
EGL3, EGL4, and GWNC will provide the first datasets for stress-testing Rl thresholds. Future
research should examine how different types of shocks—flooding, cyberattacks, or supply-
chain failures—affect resilience trajectories. Collaboration with universities and research
consortia could help refine these indices, ensuring they are both scientifically robust and
operationally practical.

6.10.2 Integration with Decarbonisation Pathways

Transmission investment cannot be considered in isolation from broader energy system
transformations. The rise of electric vehicles, hydrogen production, and distributed renewables
introduces new demand and supply dynamics. Future research should examine how the DCR
framework interacts with whole-system decarbonisation models (Pudjianto and Strbac, 2021).
For instance, predictive assurance dashboards could be linked to long-term carbon budgets,
ensuring that transmission acceleration aligns with wider Net Zero targets.

6.10.3 Cross-Sectoral Applications
The principles underpinning DCR are not confined to electricity transmission. Other critical
infrastructure sectors face parallel challenges of acceleration, compliance, and resilience:
o Gas transmission: predictive modelling of pipeline integrity and supply security.
o Water networks: digital twins for leakage detection and climate resilience.
e Rail infrastructure: compliance dashboards for project milestones and resilience
against extreme weather.
By testing DCR principles across these sectors, policymakers could evaluate whether
digital-ready regulation is transferable and generalisable.

6.10.4 Socio-Economic Impacts

The social dimension of infrastructure investment is often overlooked. Transparent
dashboards and digital twins could enhance stakeholder trust by showing communities
evidence-based routing options and resilience assessments. Future research should
investigate whether such transparency reduces the incidence of judicial review, a common
source of project delays. Sociological studies could measure whether predictive compliance
tools increase public confidence in regulatory oversight.

6.10.5 International Collaboration

Finally, Ofgem could spearhead collaborative pilots with ENTSO-E, FERC, and AEMO to
develop harmonised resilience metrics. This would not only strengthen cross-border
interconnection planning but also ensure that UK leadership in DCR is amplified through
international standard-setting. Over time, this could lead to the creation of global benchmarks
for digital-ready regulation, akin to the role the UK has played in offshore wind.
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6.11 Recap of the Innovative Idea

At its core, the DCR framework is not about introducing entirely new technologies but about
reframing regulation. Its innovation lies in embedding tools that already exist at commercial
maturity into the heart of Ofgem’s regulatory practice.

6.11.1 Digitalisation as a Core Investment

Digitalisation is reclassified from discretionary “innovation overhead” to essential
infrastructure. Al forecasting, geospatial digital twins, and predictive procurement are treated
as regulated costs, recoverable within PCF and ECF. This ensures consistent, system-wide
adoption rather than ad hoc pilots.

6.11.2 Compliance as Predictive Assurance

Compliance shifts from retrospective auditing to predictive assurance. Automated dashboards,
blockchain-secured audit trails, and weighted compliance indices provide Ofgem with real-
time oversight. This transformation not only reduces disputes but also enables incentives to
be linked to forward-looking confidence in delivery.

6.11.3 Resilience as Quantifiable and Enforceable

Resilience evolves from a binary N-1 adequacy test to a quantifiable, probabilistic measure.
Indices and utility models capture compound risks—climate, cyber, systemic—and tie them
directly to incentive structures. For the first time, resilience becomes auditable and
enforceable.

6.11.4 Integration Across the Lifecycle
The novelty also lies in the integration of these three pillars across all phases of a project
lifecycle:
e Pre-construction: digital twins for routing, resilience indices for corridor choice,
compliance automation for audit trails.
e Early construction: predictive procurement and sequencing optimisation.
e Operation: live asset twins, predictive maintenance, and continuous resilience
monitoring.
This creates a closed-loop regulatory system where digitalisation feeds compliance,
compliance enhances resilience, and resilience justifies digitalisation.

6.11.5 A Blueprint for Structural Reform

The DCR framework is thus a blueprint for structural regulatory reform, not a marginal
adjustment. Its originality lies in governance: moving proven tools from the periphery into the
regulated mainstream. By doing so, Ofgem can ensure that acceleration does not come at the
cost of consumer protection or systemic robustness.

6.11.6 Global Relevance

Because no jurisdiction has yet codified predictive assurance and resilience metrics into cost
recovery frameworks, the UK has a first-mover advantage. If adopted, DCR could become a
global reference case, shaping how regulators worldwide approach the challenge of building
Net Zero infrastructure at speed and scale.
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7. Conclusions and Recommendations

The transition to Net Zero by 2050 represents the most significant transformation of the UK’s
energy system since privatisation. Ofgem’s Accelerated Strategic Transmission Investment
(ASTI) programme is central to this mission, with EGL3, EGL4, and the GWNC corridor serving
as flagship projects for rapid reinforcement. Yet ASTI faces persistent risks: consenting delays,
supply-chain fragility, resilience gaps, and consumer exposure to rising constraint payments.
If acceleration proceeds without systemic reform, there is a real danger of stranded costs and
weakened consumer protection.

The Digital-Compliance-Resilience (DCR) framework provides a structured response. Its
originality lies not in new technology but in reframing proven tools—digital twins, Al
forecasting, predictive procurement, and resilience indices—as regulated, fundable
activities within Ofgem’s existing PCF and ECF categories. This shift converts what has
been treated as “innovation overhead” into core investment, protecting consumers while
increasing regulatory confidence.

Three refinements position DCR as directly aligned with Ofgem’s consultation priorities:

1. Codify DCR within existing PCF/ECF categories. Rather than requiring a new
funding stream, DCR activities map naturally onto current categories: digital twins de-
risk strategic land choices, predictive procurement validates early supply-chain
commitments, and resilience testing functions as early enabling works. Embedding
DCR within PCF/ECF ensures Transmission Owners (TOs) can recover expenditure
while avoiding duplication with NIA/NIC innovation allowances.

2. Mandate DCR to reduce cancellation and consumer exposure risk. Ofgem’s
consultation stresses the need to limit stranded costs if projects change scope or are
cancelled. Predictive assurance within the DCR framework gives Ofgem early visibility
of viability risks through compliance indices and resilience dashboards. If projects
show weak performance, intervention can occur before major spend is
committed, protecting consumers from unrecoverable sunk costs. In this way,
digitalisation acts as an insurance mechanism against stranded expenditure.

3. Use predictive KPlIs to secure ODI delivery certainty. Ofgem’s ASTI framework places
strong weight on Output Delivery Incentives (ODIs). DCR operationalises this by tying
each KPI to ODI assurance: Forecast Accuracy (KPI 1) supports efficient milestone
delivery; the Compliance Index (KPI 3) reduces retrospective disputes; the Resilience
Index (KPI1 4) ensures only robust assets are ODI-eligible; and the Cost Savings Ratio
(KPI' 5) demonstrates consumer value. This makes DCR not only a technical
enhancement but a compliance enabler for ODI payments.

In conclusion, the DCR framework equips Ofgem with a globally distinctive regulatory model:
accelerated, consumer-protective, and ODI-aligned. By codifying DCR within PCF/ECF,
mandating it to safeguard against stranded costs, and embedding predictive KPIs into ODI
structures, Ofgem can both deliver Net Zero infrastructure at pace and reinforce its role as a
global leader in regulatory innovation.
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8. Recap: Alignment with Ofgem’s Consultation Priorities

This paper has set out the Digital-Compliance-Resilience (DCR) framework as a
structured response to the challenges facing Ofgem’s Accelerated Strategic
Transmission Investment (ASTI) programme. While the preceding sections have
demonstrated the technical, financial, and organisational feasibility of DCR, the key
question for policymakers is simpler: how does this framework align with Ofgem’s
stated consultation priorities?

This section distills the framework into four alignment pillars—Consumer Protection,
Regulatory Fit, Delivery Certainty, and Global Leadership—providing a clear checklist
that links the DCR model directly to Ofgem’s ASTI objectives.

Consumer Protection: Reducing Exposure to Stranded Costs
A consistent theme in Ofgem’s consultation responses is concern over consumer
exposure to stranded or unrecoverable costs when projects are cancelled, delayed, or
materially re-scoped. Under the current model, much of the pre-construction and early
construction spend is committed without adequate predictive assurance of viability. If
projects stall, consumers are left bearing sunk costs with little to show in return.
The DCR framework addresses this head-on by embedding predictive assurance
mechanisms from the earliest stages of PCF and ECF. These include:
o Digital twins that simulate land-use conflicts and consenting risks before major
design choices are locked in.
o Predictive procurement tools that expose supply-chain vulnerabilities before
contract commitments.
« Resilience indices and stress-testing that assess climate and systemic risks
before physical works begin.

Together, these tools give Ofgem a much earlier window into project viability. If a
project exhibits high risk of cancellation, intervention can occur while only 10-20% of
budgets are committed, preventing unrecoverable sunk costs. In practice, this makes
DCR a consumer protection mechanism, ensuring that ASTI acceleration does not
translate into accelerated exposure to stranded costs.

Regulatory Fit: Embedding Within Existing PCF/ECF Categories

Another consultation concern is regulatory simplicity. Ofgem has emphasised that
ASTI delivery should not be encumbered by the creation of new regulatory categories
or experimental funding streams. Policymakers are wary of frameworks that appear to
require structural reinvention.

The DCR framework is specifically designed to avoid this pitfall. It fits entirely within
Ofgem’s existing PCF and ECF categories, reframing digitalisation and resilience not
as discretionary innovation but as eligible, mainstream expenditure.
o Geospatial twins and routing simulations are classified as strategic land and
corridor works, already recoverable under PCF.
o Predictive procurement models fall under early procurement assurance, a
standard component of ECF.
o Resilience stress-tests are framed as early enabling works, ensuring that
physical infrastructure is deliverable under climate and systemic risks.
This alignment means that no new funding category is required. The DCR framework
simply clarifies that 10—20% of ASTI project budgets can legitimately be allocated to
these predictive assurance tools, because they directly support activities Ofgem
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already recognises. By doing so, it transforms digitalisation from an “innovation
overhead” into an integral part of regulated CAPEX.

Delivery Certainty: KPIs Tied to ODI Milestones

Perhaps the most critical theme in Ofgem’s consultation is Output Delivery Incentive
(ODI) certainty. Policymakers want reassurance that accelerated delivery will not
undermine resilience, efficiency, or consumer value.

The DCR framework directly responds to this by tying each Key Performance Indicator
(KPI) to ODI eligibility.

e Forecast Accuracy (KPl 1) — Ensures reinforcement sizing reflects
probabilistic demand ranges, reducing the risk of misaligned investment. This
directly supports delivery milestones by preventing over- or under-build.

« Delay Reduction (KPI 2) — Predictive digital twins optimise sequencing and
procurement, ensuring ODI milestones are met on time.

« Compliance Index (KPI 3) — Provides Ofgem with continuous, auditable
oversight. This reduces retrospective disputes that can delay or undermine
ODl-linked payments.

« Resilience Index (KPI 4) — Codifies resilience as an eligibility threshold (Rl 2
0.8). Assets must demonstrate robustness under compound stress to qualify
for ODI incentives.

o Cost Savings Ratio (KPI 5) — Demonstrates that consumer value is protected,
with each £1 of digitalisation yielding more than £1 in avoided constraint or
stranded costs.

By embedding these KPlIs into real-time dashboards, the DCR framework transforms
ODI assurance from a retrospective exercise into a predictive guarantee. This not only
secures timely delivery but also protects against the risk that acceleration leads to
compromised outcomes.

Global Leadership: Positioning Ofgem as First Mover

Finally, Ofgem’s consultation emphasises the importance of international
benchmarking and global best practice. Policymakers want ASTI not only to succeed
domestically but also to reinforce the UK’s reputation as a global energy leader.

The benchmarking presented in Section 6 demonstrates that while Europe, North
America, and Asia-Pacific jurisdictions have made progress in probabilistic planning,
cyber-security standards, and digital twin pilots, no regulator has yet codified predictive
digitalisation and resilience as regulated, auditable, and fundable obligations.

By adopting the DCR framework, Ofgem would become the first regulator worldwide
to mainstream predictive assurance into cost recovery structures. This creates four
strategic advantages:

o Thought Leadership — Building on the UK’s track record with offshore wind
Contracts for Difference (CfDs), Ofgem can again set a global regulatory
precedent.

« Exportable Model — The DCR framework can serve as a blueprint for other
regulators grappling with the same acceleration vs resilience trade-off.

e Investor Confidence — Clear, quantifiable assurance mechanisms increase
regulatory credibility, lowering risk premiums for capital investment.

« Reputational Capital — By embedding consumer protection and predictive
oversight, Ofgem enhances public trust, domestically and internationally.
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In effect, the UK would shift from being a participant in global transmission debates to
being a rule-setter, exporting “digital-ready regulation” as a governance model for Net
Zero.

Summary Checklist for Policymakers

o« Consumer Protection: DCR reduces stranded cost risk by embedding
predictive assurance within PCF/ECF, giving Ofgem earlier visibility of viability
issues.

« Regulatory Fit: Activities are explicitly framed within existing categories—
strategic land (PCF), early procurement (ECF), and enabling works (ECF)—
avoiding the need for new funding streams.

o Delivery Certainty: KPIs are tied directly to ODI eligibility, turning predictive
assurance into a compliance enabler that protects consumer value.

o Global Leadership: Ofgem can become the first regulator worldwide to codify
predictive digitalisation and resilience as mainstream cost categories.

Closing Remark

This recap demonstrates that the DCR framework is not a speculative or peripheral
idea but a direct, policy-aligned response to Ofgem’s consultation themes. It delivers
consumer protection against stranded costs, regulatory fit within existing funding
structures, delivery certainty through ODI alignment, and global leadership in
regulatory innovation. If adopted, it would allow Ofgem to accelerate ASTI confidently,
without compromising resilience or consumer value.

Table 7 — Policy Alignment Matrix: DCR and Ofgem Consultation Themes

Ofgem .
Priority DCR Response Consumer / Regulatory Benefit
Predictive assurance via digital
) Prevents stranded or unrecoverable
Consumer | twins, procurement models, and L ;
. - . .. costs by allowing intervention before
Protection | resilience stress-tests identifies . . .
o major spend is committed.
viability risks early.
DCR activities framed as . )
R_egulatory strategic land works, early No new funding categ.ory negdgd, costs
Fit rocurement assurance. and remain recoverable within existing
(PCF/ECF) | Procur ’ PCF/ECF guidance.
enabling works.

. KPIs explicitly tied to ODI Ensures accelerated delivery without
Delivery . ’ L "0
Certainty mHestqnes. Forecast Ac;c_:uracy, compromising robustness; ODI o
(ODIs) Compliance Index, Resilience payments only released when predictive

Index, Cost Savings Ratio. thresholds are met.
First requlator to codify predictive Positions Ofgem as an international
Global rst regu’ 1y p reference point for “digital-ready
. | digitalisation and resilience as e . .
Leadership . . regulation,” reinforcing UK leadership in
mainstream cost categories.
Net Zero governance.
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Abbreviation Table

Abbreviation Full Form

Al
AEMO

ASTI
BP
CAISO

CAPEX
CCC
CfD
CIP
DCR
DESNzZ
DNO
DRPCR
ECF
EGL3
EGL4

ENTSO-E

ESO

FERC
GWNC
HVDC
IAEA
IET
ML

N-1
NERC
NIC
NIA

ODI

ODAP
Ofgem
PCF
PPCD
PRA
RI
SGCC

TO

TYNDP
UHV

Artificial Intelligence
Australian Energy Market Operator

Accelerated Strategic Transmission Investment
British Petroleum
California Independent System Operator

Capital Expenditure

Committee on Climate Change

Contract for Difference

Critical Infrastructure Protection
Digital-Compliance—Resilience Framework
Department for Energy Security and Net Zero
Distribution Network Operator
Digital-Resilience Pre-Construction Report
Early Construction Funding
Peterhead—Walpole HVDC Link
Fife—Walpole HVDC Link

European Network of Transmission System Operators

for Electricity
Electricity System Operator

Federal Energy Regulatory Commission
Grimsby West—Walpole 400 kV Line
High-Voltage Direct Current

International Atomic Energy Agency

Institution of Engineering and Technology
Machine Learning

Security of Supply Criterion

North American Electric Reliability Corporation
Network Innovation Competition

Network Innovation Allowance

Output Delivery Incentive

Operational Digital Assurance Platform

Office of Gas and Electricity Markets
Pre-Construction Funding

Predictive Procurement and Construction Dashboard
Probabilistic Risk Assessment

Resilience Index

State Grid Corporation of China

Transmission Owner

Ten-Year Network Development Plan
Ultra-High Voltage

65

Context/Usage in Paper
Predictive modelling, forecasting
Probabilistic planning (Australia)

Ofgem’s programme for fast-tracked grid
projects

Digital twin applications in oil & gas

Compliance dashboards,
assurance

Eligible costs under PCF/ECF

UK climate policy guidance

Offshore wind financing precedent
NERC’s cybersecurity standards (US)
Proposed regulatory framework

UK energy policy authority

Adjacent sector for digitalisation

DCR deliverable in Phase 1

Ofgem cost category for ASTI projects
Pilot ASTI project

Pilot ASTI project

digital

EU system planning body

UK National Grid ESO (Future Energy
Scenarios)

US transmission regulation

Pilot ASTI project

Converter/cable infrastructure
Post-Fukushima resilience reforms
Digitalisation roadmap

Forecasting and predictive analytics
Traditional UK resilience standard
US reliability and cyber standards
UK innovation funding mechanism
UK innovation funding mechanism

Ofgem’s  performance-based
system

DCR deliverable in Phase 3

UK energy regulator

Ofgem cost category for ASTI projects
DCR deliverable in Phase 2
Methodology for systemic risk modelling
Quantitative resilience measure

Digital twin deployment in UHV

UK operators (e.g., National Grid, SSEN,
SPEN)

ENTSO-E planning framework
Transmission technology in China

reward



