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Executive summary

Electricity grid congestion increasingly limits the ability of large electricity consumers to expand, elec-
trify, or connect new assets. While grid reinforcement remains necessary, it is often slow due to spatial,
permitting, and implementation constraints. This creates a need for complementary instruments that
use existing grid capacity more efficiently. This thesis evaluates the time-duration-based transport right
(TDTR) as such an instrument. TDTR is a form of Alternative Transport Right in which a customer re-
ceives firm capacity for part of its demand and conditional capacity for the remaining share. Under the
Dutch design, customers are guaranteed firm access for 85% of the time in a year, while up to 15%
may be restricted during predefined congestion-related call-hours. For the distribution system operator
(DSO), TDTR is therefore both a customer contract and a potential congestion-management tool. The
central question of this thesis is whether it can deliver value for the customer and the grid at the same
time.

The question is examined with a customer-level optimisation model applied to three flexibility archetypes:
logistics with an electric-vehicle fleet, cold storage, and dairy processing with an industrial heat pump.
The logistics case represents charging that can be shifted within operational windows, the cold-storage
case cooling that can be shifted within the thermal mass of the stored product, and the dairy case a
largely continuous process with a shiftable heat-pump share. Each case is first evaluated with flexibility
only under a fully firm connection, and then with flexibility combined with an optimised TDTR contract.
The model selects the firm-to-TDTR ratio that minimises the customer’s total annual cost of electricity
supply, including energy costs, taxes and network tariffs, while respecting the technical constraints of
the process.

Grid impact is evaluated through the reduction in the customer’s annual peak, the change in system-
wide grid pressure across the year, and, most importantly, the change in consumption during local
call-hours. These call-hours are defined as the 15% busiest hours of the substation and therefore
represent moments of local grid pressure. Each archetype is tested across four substation call-hour
profiles whose timing differs relative to electricity prices. In well-aligned profiles, call-hours coincide with
relatively high electricity prices, so the customer’s cost incentive and the DSO’s congestion objective
point in the same direction. In misaligned profiles, call-hours coincide with relatively low electricity
prices, so the customer has an incentive to consume exactly when the DSO would prefer load to fall.

On the customer side, TDTR creates a positive business case across all three archetypes, but the
saving is driven less by connection size than by the share of load that can be shifted in time. Logistics
achieves the largest saving, about 23%, because EV charging can be moved to cheaper hours within
the charging window. Cold storage saves about 5%, because cooling can be shifted within the thermal
flexibility of the stored product. Dairy processing saves about 2%, because the underlying process
is relatively flat and continuous, leaving little room to reduce the monthly peak or shift substantial en-
ergy volumes. The largest electricity consumer is therefore not automatically the most suitable TDTR
participant, the controllable share of the load is the more important determinant.

The grid-side result is more conditional. A positive customer business case does not automatically
imply a lower load during the call-hours. TDTR reduces the customer’s firm capacity right during pre-
defined local congestion hours, but it does not by itself determine how the customer operates its flexible
demand. That operation remains driven by the customer’s own cost minimisation, in which electricity
prices play an important role. This explains why the same product can deliver local relief on one sub-
station and little or none on another.

On well-aligned substations, customer and grid incentives reinforce each other. The customer already
has an incentive to shift flexible demand away from the expensive call-hours, even without TDTR. As
a result, much of the observed call-hour relief is produced by price-driven flexibility rather than by the
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TDTR contract itself. In these cases, TDTR still has value because it formalises the reduced capacity
right during call-hours and prices conditional access, but its incremental effect on dispatch is limited.
On misaligned substations, the mechanism is weaker: the customer’s cost-minimising dispatch wants
to use more electricity in the same hours in which the DSO wants load to fall. TDTR must then work
against the market-price signal. The model shows that the customer accepts only a smaller TDTR
share, or complies with the formal contract while delivering little additional reduction in total call-hour
energy. The cost-optimal firm fraction thus becomes a practical bound on voluntary participation.

This distinction matters for how TDTR should be interpreted as a grid instrument. Its incremental grid
value cannot be read directly from the difference between a reference profile and a TDTR profile,
because part of the apparent relief may reflect price-driven flexibility that would have occurred even
without the contract. TDTR can support reinforcement deferral when it reduces realised load during
the hours that drive the local network constraint, or when it lowers the firm capacity claim that must
be guaranteed during those same hours. However, neither effect should be assumed automatically.
Whether TDTR translates into avoided or deferred investment depends on whether the reduced capac-
ity right is actually binding during the call. Only where the customer’s demand would otherwise reach
the firm level does the restriction force load down, where realised demand sits below it, the customer
keeps headroom to raise consumption up to its firm right, so call-hour load can still rise even though
the formal capacity claim is lower.

The operator implication is therefore not that TDTR should be rolled out passively wherever a customer
is willing to participate. Because voluntary participation is strongest where the customer’s private incen-
tives already align with the local congestion profile, TDTR may concentrate on the substations where
it is easiest to sell rather than where it adds incremental grid value. On well-aligned substations, cus-
tomers self-select into the product because the discount fits behaviour they would partly adopt anyway.
On misaligned substations, where the contract would need to counteract the price signal, customers re-
quire higher compensation or a stricter firm-fraction requirement to participate. Without active targeting,
TDTR therefore risks spreading fastest where it adds the least additional congestion relief.

This points to a more selective role for the DSO. Before offering TDTR, the operator should assess
whether the customer’s load profile, flexibility characteristics and price response fit the local call-hour
profile. Customers with flexible demand that can be shifted away from congested hours are more likely
to provide both a private business case and grid value. Customers whose flexibility is mainly used to
follow low electricity prices may still find TDTR financially attractive, but their contribution to local or
system-wide relief is more uncertain.

The results also qualify the role of adding more technical flexibility. More flexibility does not automati-
cally mean more useful grid relief. In the dairy case, doubling the shiftable heat-pump share from 10%
to 20% increases the saving only from 2.32% to 2.65%, while requiring twice the thermal-buffer ca-
pacity, because the underlying profile remains too flat to offer much steering potential. In the logistics
case, adding stationary batteries improves the grid indicators but reduces the customer’s saving as the
battery grows: the smallest battery still leaves a positive saving of roughly 18%, below the roughly 23%
of the battery-free logistics case, while the largest battery brings the business case close to zero or
negative. The two cases differ. For dairy the saving still rises, but only marginally, while the buffer it
needs doubles, adding capital cost and risk for little extra return. For the battery the value it earns from
price arbitrage and peak reduction shrinks as it grows while its cost keeps rising, so beyond a point the
saving drops.

In conclusion, TDTR can lower customer costs and can support local congestion relief, but only under
specific conditions. Its value is strongest when the DSO’s congestion signal, the customer’s operational
flexibility and the customer’s economic incentives point in the same direction. Where these conditions
hold, TDTR can align customer savings with local grid value. Where they do not, TDTR may still reduce
the customer’s formal firm capacity claim during call-hours or grant access within existing capacity
that an unconditional firm connection could not, but realised congestion relief cannot be assumed in
advance. The main lesson for the DSO is therefore to screen, monitor and steer: screen whether
the customer’s profile fits the local call-hours, monitor the load actually reduced rather than the TDTR
share contracted, and steer contract terms or complementary instruments toward the substations where
market incentives and grid needs diverge.
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Introduction

Across Europe, electrification of heat, mobility, and industry is progressing faster than distribution grids
can be reinforced. This increases the frequency and severity of distribution-grid congestion, creates
long connection queues, and places additional operational pressure on Distribution System Opera-
tors (DSOs) (Skok et al., 2022; Thomalen et al., 2024). In the Netherlands, recent policy and sector
publications emphasise that congestion has become structural and that accelerated investment is nec-
essary but insufficient to resolve constraints in the short term (Ministerie van Klimaat en Groene Groei,
2025; Netbeheer Nederland, 2025). Under persistent congestion, the challenge is therefore not only
to expand network capacity, but also to use scarce capacity more efficiently and allocate it more ef-
fectively across users with different load profiles and flexibility potentials (Council of European Energy
Regulators, 2023; Monterde et al., 2025; TNO, 2023).

In this context, Dutch regulators introduced the Alternative Transport Right (ATR) regime as a form
of conditional grid access. ATRs allow users to obtain additional or earlier access in exchange for re-
duced firmness during predefined congestion periods (Autoriteit Consument & Markt, 2024; Netbeheer
Nederland, 2024). Conceptually, ATRs align with a wider European move toward flexible or non-firm
connection arrangements and congestion-management instruments. The academic literature suggests
that such arrangements can increase hosting capacity and improve utilisation of existing networks,
while raising questions about predictability, fairness, enforceability, and user acceptance (Bjarghov et
al., 2024; Hennig et al., 2024; Monterde et al., 2025).

Despite growing attention, DSOs and policymakers still lack a consistent approach to assess the techni-
cal feasibility and economic attractiveness of conditional grid access for heterogeneous large electricity
consumers. Large energy consumers differ strongly in operational flexibility, process constraints, and
the economic consequences of curtailment (Golmohamadi, 2022; Leinauer et al., 2022; Santecchia
et al., 2022; Zhang et al., 2025). The practical relevance of this thesis lies in providing a structured and
transparent assessment logic that enables DSOs and large electricity consumers to evaluate how rep-
resentative sector archetypes respond to TDTR-style restrictions in a Dutch distribution-grid context,
thereby informing both participation decisions and the targeting of conditional grid-access arrange-
ments to suitable customers.

1.1. Research objective

The objective of this thesis is to develop a structured and transparent techno-economic assessment
framework for evaluating time-duration-based transport rights (TDTR) for large electricity consumers
under substation-derived TDTR call-hour patterns. More specifically, the thesis aims to analyse how
flexibility characteristics, curtailment costs, and TDTR contract conditions jointly shape the technical
feasibility and economic attractiveness of TDTR participation.
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To achieve this objective, the thesis develops an optimisation-based modelling approach from the per-
spective of a large electricity consumers. Within this approach, TDTR is not assessed only as a stan-
dalone non-firm access product, but as a conditional transport right that can be combined with a firm
transport capacity component. The analysis takes representative large-consumer sectors as its starting
point and models the characteristic flexibility asset of each at asset level. The economic attractiveness
of TDTR participation is then evaluated at the case level, where the modelled flexibility is combined
with the remaining demand, and the resulting findings are translated back to the sector archetype each
case represents. This enables a comparative evaluation of alternative firm-plus-TDTR configurations
and supports systematic reasoning about trade-offs between flexibility use, operational burden, and
economic outcomes under different contract settings.

The broader aim is not to predict the exact real-world behaviour of every individual firm, but to provide
a decision-support framework for DSOs assessing both the customer-side suitability of TDTR partici-
pation and its grid-side relevance under local congestion. The framework supports decisions on which
types of large electricity consumers are promising candidates for TDTR, under which firm-to-TDTR
ratios participation is technically feasible and financially beneficial for the customer, and whether the
resulting flexibility is delivered during the moments that matter for the grid.

1.2. Research question and sub-questions

Based on the identified knowledge gap, this thesis addresses the following main research question:

Under which conditions does conditional grid access through TDTR deliver
value, and to whom: when does a cost-optimal firm-to-TDTR ratio a large elec-
tricity consumer also relieve the local grid, and when do these two outcomes
diverge?

This main research question is operationalised through three sub-questions that follow the sequential
logic of the study.

SQ1 How have prior studies modelled the interaction between demand-side flexibility and network-
imposed restrictions, and which modelling choices follow from that body of work for a TDTR
assessment at the level of large electricity consumers?

This sub-question reviews the existing literature on demand-side flexibility under network restrictions,
distinguishing the network-side and user-side modelling streams, in order to derive the concrete mod-
elling choices on which the framework of this thesis builds.

SQ2 For each representative sector and corresponding flexibility asset, what is the cost-optimal firm-
to-TDTR ratio, and how much does participation at that ratio save the customer and relieve the
grid relative to a firm-only and a flex-only scenario?

This sub-question applies the optimisation framework to each representative case. It uses the compliance-
cost curve to identify the cost-optimal firm-to-TDTR ratio, and reports the resulting customer saving and
grid-impact indicators against both a firm-only reference and a flex-only scenario, so that the value spe-
cific to TDTR is separated from the value of operational flexibility alone.

SQ3 How do these outcomes depend on the substation call profile and on the assumed flexibility of
the assets, and under which conditions do the customer-side and grid-side outcomes align or
diverge?

This sub-question repeats the optimisation across four substation call profiles and several asset-parameter
variations. It distinguishes outcomes that remain stable from those that depend on local congestion
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timing, and identifies the conditions, the overlap between the local call-hours and the price-driven flex-
ible window, under which an attractive customer contract does or does not translate into (local) grid
relief.

1.3. Societal contribution

The societal relevance of this thesis follows directly from the congestion problem it addresses. Grid
congestion now delays the connection of new industrial load, charging infrastructure, and electrified
heat across the Netherlands, slowing the energy transition precisely where additional electricity de-
mand is most needed (Ministerie van Klimaat en Groene Groei, 2025; Netbeheer Nederland, 2025).
Because reinforcement cannot keep pace, instruments that use existing capacity more efficiently are
not a convenience but a precondition for continued electrification under congestion.

This thesis contributes to that effort in three ways. First, it gives DSOs a transparent basis for deciding
which large consumers to steer toward conditional access, so that scarce grid capacity is allocated to
the connections where flexibility can relieve local congestion, rather than on a first-come-first-served
basis. Second, it gives large electricity consumers a clearer view of whether and on what terms TDTR
participation is worthwhile, lowering the information barrier that currently keeps suitable customers from
engaging with conditional access at all. Third, by showing where a customer’s private cost savings do
and do not coincide with grid relief, it helps regulators and policymakers judge when a voluntary contract
suffices and when additional steering or compensation is needed for the instrument to serve the public
interest of a faster, more efficient energy transition. In each case the broader societal value is the same:
helping connect more electrified demand within the grid that already exists, while the slower work of
reinforcement catches up.

1.4. Scientific relevance

The scientific relevance of this thesis lies in connecting two literature streams that are often studied
separately: non-firm or conditional grid access, and demand-side flexibility of large electricity con-
sumers. Existing work on non-firm access mainly focuses on network, regulatory, or market-design
perspectives, while end-user flexibility studies often analyse technical flexibility potential without linking
it to explicit transport-right restrictions (Council of European Energy Regulators, 2023; Golmohamadi,
2022; Leinauer et al., 2022; Monterde et al., 2025; Santecchia et al., 2022; Zhang et al., 2025). As a
result, limited insight exists into how TDTR-style restrictions affect individual flexibility assets from the
customer perspective.

This thesis contributes by developing a techno-economic optimisation framework that evaluates TDTR
participation at asset level. Against a firm-only reference, the framework compares a flexibility sce-
nario without TDTR and a flexibility scenario with TDTR, while explicitly modelling shifting, buffering,
curtailment costs, electricity-cost components, and substation-based call-hour patterns. This provides
a structured way to assess under which firm-to-TDTR ratios participation is technically feasible and
economically attractive for different large-consumer archetypes.

In doing so, the thesis translates the institutional concept of conditional access into optimisation-ready
scenarios. It thereby contributes to the methodological development of customer-oriented TDTR as-
sessment using substation-derived call-hour patterns.

1.5. Link with the CoSEM master programme

This thesis is closely connected to the Complex Systems Engineering and Management (CoSEM)
master programme, as it studies a socio-technical problem in which technical infrastructure, regula-
tion, economic incentives, and operational decisions of large electricity consumers come together.
TDTR cannot be assessed from a purely technical perspective, since its feasibility as a congestion-
management instrument also depends on contractual design, customer flexibility, tariff structures, and
institutional implementation.
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The thesis therefore applies a systems perspective by combining optimisation modelling with sector-
specific operational constraints and policy-relevant contract conditions. In doing so, it reflects the
CoSEM focus on analysing complex infrastructure systems and designing decision-support tools for
problems where engineering, economics, and governance are strongly interdependent.

1.6. Research approach

The research process is summarised in Figure 1.1. The study starts from the problem of distribution-grid
congestion and first reviews two relevant literature streams: non-firm or conditional grid access, and
demand-side flexibility of large electricity consumers. This literature review is used to derive the main
modelling choices, including the representation of TDTR as a stacked firm-plus-conditional transport
right and the need to evaluate both customer-side and grid-operator-side outcomes.

The next step is the selection of representative large-electricity-consumer archetypes. Three cases are
used as an evidence base: logistics with an electric vehicle fleet, cold storage, and dairy processing
with an industrial heat pump. These cases are not intended to reproduce individual firms in full opera-
tional detail, but to represent different flexibility mechanisms: shiftable EV charging, thermal flexibility
in cooling processes, and process-constrained heat-pump flexibility.

The selected cases are then translated into input data and modelling assumptions. For each case,
a reference demand profile, flexibility envelope, cost assumptions, and TDTR call-hour signal are de-
fined. These inputs feed a techno-economic optimisation model that compares a firm-only reference, a
flexibility scenario without TDTR, and a flexibility-plus-TDTR scenario. The model is run across differ-
ent firm-to-TDTR ratios, resulting in a compliance-cost curve and an optimal firm-to-TDTR configuration
for each case.

The outputs are evaluated through two complementary lenses. First, customer-side performance is
assessed through annual cost components and the corresponding economic attractiveness of TDTR
participation. Second, grid-operator-side performance is assessed through indicators that measure
whether load is actually reduced during relevant congestion-related call-hours. Sensitivity analyses are
then used to test whether the findings are robust or depend on local congestion timing and available
flexibility. The first of these varies the substation call profile: the temporal pattern of when call-hours
occur at a given substation across the year, in terms of months and hours of the day. Because different
substations become congested at different times, this pattern differs by location and determines when
a customer’s flexibility must respond.

This approach results in a comparative assessment of TDTR suitability across customer archetypes
and local call profiles. The outcome is not a universal ranking of sectors, but a structured explanation
of which flexibility characteristics make TDTR suitable for both customers and DSOs.
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Figure 1.1: Schematic overview of the research process.

1.7. Thesis structure

The remainder of this thesis is structured as follows.

Chapter 2 — Background & Conceptual Framing Provides the conceptual and institutional background
on Dutch distribution-grid congestion and congestion management, and positions ATRs, and
TDTR in particular, as a stacked firm-plus-conditional access arrangement.

Chapter 3 — Modelling Flexibility under Network Restrictions Reviews how demand-side flexibil-
ity under network restrictions has been modelled, distinguishes the network-side and user-side
streams, and derives the modelling choices on which this thesis builds.

Chapter 4 — Methodology Presents the techno-economic optimisation framework, including the sys-
tem boundary, mathematical formalisation, TDTR call-hour signal, cost formulation, and grid-
impact indicators.

Chapter 5 — Case Construction and Modelling Assumptions Translates the selected sector archetypes
into three case models and develops their reference profiles, flexibility assumptions, cost assump-
tions, and substation call profiles.

Chapter 6 — Results Presents the optimisation results, including the compliance-cost curves, annual
costs, grid-impact indicators, and sensitivity analyses across call profiles, asset assumptions, and
the day-ahead price assumption.

Chapter 7 — Discussion Interprets what TDTR adds beyond price-driven flexibility, how it fits along-
side other congestion instruments, when it may contribute to reinforcement deferral or conditional
access, and where a network operator should steer it. It then sets out the limitations, recommen-
dations, and directions for further work.

Chapter 8 — Conclusion Answers the research questions and states when TDTR delivers customer
value, grid value, or both.

The appendices provide supporting material, including the economic framework, literature review ta-
bles, sector selection, call patterns, model verification, additional sensitivity results, and extra outputs.



Background & Conceptual Framing

This chapter provides the conceptual and institutional background for the thesis. It first explains why
congestion in Dutch distribution grids has become a structural challenge and why this puts the traditional
logic of firm transport access under pressure. It then positions Alternative Transport Rights (ATRs)
within the broader landscape of congestion management and non-firm access arrangements. The
chapter also describes the current Dutch ATR landscape and the implementation status of each variant,
and concludes by defining the analytical perspective adopted in the remainder of the thesis.

2.1. Dutch distribution-grid congestion as a structural problem

Dutch DSOs operate under a security-of-supply mandate. In a traditional firm-access regime, con-
tracted transport capacity is expected to be available whenever the user requires it. Responsibility for
managing congestion thus rests with the system rather than with the individual customer. This logic
holds as long as congestion is incidental. Once it becomes structural, DSOs face a growing tension
between secure network operation and connecting additional demand, and the assumption that every
customer can receive fully firm access at all moments becomes difficult to maintain. This is the context
in which alternative access arrangements such as ATR have become relevant in the Netherlands.

2.1.1. Structural drivers of congestion

Congestion in Dutch distribution grids increasingly results from structural developments rather than
short-lived operational problems. Three reinforcing dynamics stand out.

First, electrification raises peak demand across many end uses. Industrial electrification, electric mobil-
ity, and electrified heating add substantial loads that often coincide during already critical hours (Dami-
anakis et al., 2023), pushing local network components closer to their limits more frequently and for
longer. As Figure 2.1 illustrates, demand can approach the network limit during a few peak hours while
substantial capacity remains unused for most of the day.
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Figure 2.1: lllustrative demand profile: peak hours approach the network limit while substantial capacity remains unused for
much of the day.

Second, the rapid growth of variable renewable generation shifts both the timing and the spatial dis-
tribution of network stress, creating new local congestion patterns on both the feed-in and withdrawal
side (CE Delft & Merosch, 2024).

Third, reinforcement remains necessary but slow, delayed by lengthy planning and permitting proce-
dures, supply-chain bottlenecks, and shortages of specialised labour (Kaya et al., 2026), so physical
expansion cannot keep pace with demand growth.

Taken together, these developments make congestion a structural access problem rather than a purely
operational one: in many congested areas capacity is not unavailable at all times, but scarce during
specific hours and locations. The central issue therefore becomes how to allocate limited transport
capacity more effectively under persistent scarcity.

2.2. From congestion management to conditional access

To understand where ATR fits, it is useful to distinguish congestion management from other electricity-
system functions, and to position the various congestion-management instruments along a single con-
ceptual spectrum. This section first defines the boundaries of the congestion-management domain and
then introduces the three instrument families that organise both the international literature and Dutch
practice.

2.2.1. Congestion management as a distinct system function

Congestion management addresses a different problem, it resolves location-specific network con-
straints that arise when the physical limits of particular network components are at risk of being violated
(Trago & Kroondijk, 2024). Congestion management is therefore not primarily about energy balance,
but about the spatially specific feasibility of transport through the network.

2.2.2. Three families of congestion-management instruments

The congestion-management literature and policy practice can be understood in terms of three broad
instrument families, which differ in time horizon, certainty, and the way congestion risk is distributed
between the system and the user.

A first family consists of activation-based instruments. These instruments contract and activate flex-
ibility when congestion is expected or occurs. Examples include redispatch-type arrangements and
local flexibility mechanisms in which market parties submit bids that can be called upon to relieve a
specific bottleneck. Their strength is operational relevance: they target congestion moments directly.
At the same time, their effectiveness depends on reliable activation, sufficient liquidity, and workable
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settlement and verification arrangements (Attar et al., 2025; Michaelis et al., 2025; Repo et al., 2020).

A second family consists of incentive-based instruments. These rely on price signals, such as time-
of-use tariffs or peak-based network tariffs, to encourage users to shift demand away from system-
stressing periods. Such instruments can improve average network utilisation, but they provide less
direct control over highly localised congestion and do not guarantee a response when it is most needed
(Hennig et al., 2023; Hofmann et al., 2025; Schittekatte et al., 2022).

A third family consists of access arrangements. Here, congestion is not managed only by activating
flexibility on top of an existing firm right, but by modifying the quality of the transport right itself. Access
can become conditional, limited, or differentiated, meaning that part of the congestion risk is contrac-
tually shifted from the system to the user. This family includes bilateral curtailment agreements as well
as broader non-firm access regimes (Council of European Energy Regulators, 2023; Monterde et al.,
2025).

This three-way distinction is central to the present thesis. Activation-based and incentive-based instru-
ments contract or encourage flexibility on top of an existing firm access right, whereas ATR belongs to
the access-arrangement family and changes the nature of access itself by making transport conditional
under predefined rules.

2.3. ATR in the Dutch contractual landscape

Within the Dutch contractual landscape, two types of instruments are particularly relevant for unlock-
ing demand-side flexibility under network scarcity: congestion-management contracts and alternative
transport rights. Both instruments affect the customer’s ability to use network capacity, but they differ
in their contractual logic and in the direction of the capacity adjustment.

1. Congestion-management contracts: temporary arrangements applied to customers with an
existing firm transport right. Under these contracts, the customer accepts a reduction of its avail-
able transport capacity during specific congestion periods. The instrument is therefore linked to
the temporary management of local congestion until network reinforcement or another structural
solution becomes available.

2. Alternative transport rights: structural conditional-access arrangements that provide additional
or new transport rights when fully firm capacity is not available. Instead of reducing an existing
firm right, ATR defines a non-firm or partly firm access product from the outset. The customer
receives access under predefined conditions, for example by accepting restrictions during TDTR
call-hours.

The distinction is therefore not simply that congestion-management contracts are activation-based
whereas ATRs are access-based. Rather, congestion-management contracts can be understood as
temporary reductions of existing firm access, while ATRs are closer to access-based instruments be-
cause they define the conditions under which additional or alternative network access is granted.

2.3.1. Alternative transport rights in the Dutch context

ATRs, by contrast, represent new or additional transport rights with a structural character. Table 2.1
summarises the ATR variants that are currently relevant in the Dutch context.
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Table 2.1: Overview of Dutch ATR variants and their implementation status as of April 2026.
Variant Core logic Status
Time-duration-based trans- Transport guaranteed for at least 85% of the Operational at TenneT
port right (TDTR) hours per year. Restrictions during the remain-  (TSO) level
ing (up to) 15% of hours, communicated at least
one day ahead. Dynamic in character.
Time-block-based transport Transport access only within predefined time Operational at DSO level

right (TBTR)

Fully variable transport right

Energy-volume-based trans-
port right

windows. Provides upfront predictability and
targets off-peak capacity. Structural in charac-
ter.

No guaranteed minimum capacity, day-ahead
allocation based on residual network space.
Purely dynamic in character.

Customer contracts a daily energy volume
rather than a guaranteed number of transport
hours, available capacity may vary throughout
the day while the contracted daily volume re-
mains fixed. Dynamic in character.

since April 2025, in limited
form (still only the 00:00-
06:00 block)

Intended to be operational
at DSO level, but not yet
implemented in practice

Considered but not priori-
tised, requires a complex
translation from contracted
daily energy to time-varying
power rights, and is no

longer part of the active im-
plementation pipeline (Net-
beheer Nederland, 2024)

The time-duration-based transport right (TDTR) is dynamic in character and forms the central focus of
this thesis. For now, TDTR is only available at the TSO level but movements are made to introduce it to
the DSO level. However, extending this transport right to the DSO level is more complex, as it requires
additional research to determine whether a fixed generic availability percentage can be defined for
regional networks. According to the ACM, this depends on factors such as local load profiles, the
impact on higher network levels, and the size of the flexible installation relative to local grid capacity
(Autoriteit Consument & Markt, 2024).

Taken together, these variants share a common principle, they unlock residual grid capacity by differ-
entiating the firmness and conditions of transport access in a transparent and contractually defined
way. They differ, however, in the degree of predictability offered to the customer, in the voltage level
at which they are available, and in the complexity of practical implementation.

2.3.2. Stacking firm and ATR capacity

An important practical feature of ATR is that it does not necessarily replace firm access altogether.
Customers may instead combine a baseline of firm capacity for critical operations with an ATR-based
top-up for more flexible demand. In such a stacked arrangement, the firm portion preserves reliability
for the core process, while the ATR portion provides additional transport capacity subject to bounded
exposure to restrictions. Figure 2.2 illustrates how this stacking logic translates the customer’s con-
tracted capacity into differentiated economic value.
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Figure 2.2: Stacking logic of firm and conditional transport capacity. The flexible portion can be contracted as TDTR or TBTR
for instance, each with a different tariff treatment, while the firm portion carries the full tariff.

This logic is analytically important because it reflects how ATR may be used in practice. For many
customers, the relevant decision is not whether to choose between fully firm and fully non-firm access,
but how much of their required capacity can be placed under conditional access without creating unac-
ceptable operational or economic risks, and which ATR variant best fits the temporal structure of their
flexible demand.

2.3.3. Economic logic of TDTR participation

The stacking decision described above is ultimately an economic one, driven by how TDTR changes
the customer’s electricity and contract costs. This subsection summarises that logic at a high level, the
full derivation of cost components and tariff treatment is provided in Appendix A.

For a large electricity consumer, the total electricity bill consists of three components: energy procure-
ment costs paid to the supplier, network tariffs paid to the network operator, and government taxes.
Of these, network tariffs are the component most directly affected by the choice of transport right.
They are built from three drivers: a contracted-capacity charge (KW-contract), a realised-peak charge
(KW-max), and a volumetric charge (kWh) (if applicable under type of connection, 2MVA and lower).

TDTR changes this structure in a specific way: for the capacity placed under conditional access,
the KW-contract charge is removed, while the KW-max and kWh (if applicable) components remain
unchanged. The economic appeal of TDTR therefore stems primarily from avoiding the contracted-
capacity charge on the flexible portion of demand, while the retained KW-max charge preserves an
incentive to limit realised peaks.

The value of TDTR participation is thus determined by weighing the network-tariff savings against the
cost of adapting demand during restricted hours, which depends on the customer’s load profile, flexi-
bility options, and curtailment cost. Appendix A develops these components in full, including the day-
ahead energy-cost structure, the tariff treatment of firm, TDTR, and TBTR capacity, and the proposed
time-dependent network tariff which will be operationalised by the beginning of 2028.
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2.4. Conclusion

The discussion above defines the analytical perspective adopted in this thesis. ATR is treated not as
a generic flexibility product, but as a contract-based access arrangement designed to allocate residual
network capacity by differentiating the firmness of access. Its core function is therefore not to guarantee
fully firm transport rights for all users at all times, but to make conditional access possible for customers
that can adapt part of their demand during restricted hours.

Among the Dutch ATR variants, this thesis focuses on TDTR for two reasons. First, TDTR is the
dynamic ATR variant with a completed regulatory trajectory at the TSO level, providing a concrete
contractual structure with a guaranteed availability share and a bounded number of restriction hours.
Second, the extension of TDTR to the DSO level remains uncertain and requires further assessment,
because local load profiles, interactions with higher network levels, and the size of flexible installations
may strongly affect whether a generic availability percentage is appropriate for regional networks. This
makes TDTR particularly relevant for this thesis: by testing TDTR-style restrictions against representa-
tive customer flexibility assets and local substation call profiles, the analysis contributes to understand-
ing under which conditions TDTR could be technically feasible and economically attractive for large
electricity consumers in a distribution-grid context.



Modelling flexibility under network
restrictions

This chapter is structured around one overarching literature question that bridges the conceptual fram-
ing of Chapter 2 with the methodology developed in Chapter 4.

This part will answer SQ1:
How have prior studies modelled the interaction between demand-side flexibility and
network-imposed restrictions, and which modelling choices follow from that body of work for a TDTR
assessment at the level of large electricity consumers?

The purpose of this chapter is to position the modelling approach of this thesis within an existing body of
work and to derive from that work a small number of concrete modelling choices that carry through into
Chapter 4. Because Alternative Transport Rights as operationalised in the Netherlands, and TDTR
in particular, are still in a formal code-change trajectory for TSO at the time of writing, dedicated
peer-reviewed studies on Dutch ATR are absent. The Dutch ATR-specific evidence consulted here
therefore consists largely of regulatory documents, position papers, and sector publications (Council
of European Energy Regulators, 2023; Netbeheer Nederland, 2024). International studies on non-firm
access, capacity-limitation services, and industrial flexibility are used by analogy to derive insights that
are subsequently interpreted in the Dutch TDTR context.

The chapter is organised around the way prior studies bridge, or fail to bridge, two analytical perspec-
tives that are central to TDTR and ATRs in general. Section 3.1 introduces a network-side stream, in
which restriction regimes are designed and evaluated from the operator’s point of view, and a user-side
stream, in which flexibility is represented in terms of process constraints and operational cost. Sec-
tion 3.2 then turns to the small set of bridge studies that combine both perspectives, with Verhagen et al.
(2025) as the closest methodological neighbour, identifies the knowledge gap that remains, translates
it into the two concrete modelling choices that structure the remainder of this thesis, and states where
this thesis positions itself relative to the reviewed work.

The detailed search protocol underpinning this review, the resulting core literature set, and the synthe-
sis matrix linking each study to ATR-relevant design dimensions are reported in Appendix B. Table B.1
summarises the Scopus search strings (TITLE-ABS-KEY), the number of hits, and the selected core
studies, complemented by backward and forward citation tracking and the inclusion of relevant regula-
tory and guidance documents. The inclusion and exclusion criteria (E1—E6) applied during the full-text
eligibility assessment are listed in Figure B.1. Table B.2 presents the resulting core literature set, while
Table B.3 provides a synthesis matrix linking each study to ATR-relevant contract and modelling di-
mensions. Together, these materials ensure transparency of the review process and clarify how the
literature informs the analytical framework developed in the remainder of this thesis.
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3.1. Two modelling streams

Existing studies that combine flexibility and network restrictions can be grouped into two broad streams
that differ in where they place analytical detail. Each stream is internally coherent and well developed,
yet each leaves a complementary blind spot that this thesis seeks to address.

3.1.1. Network-side stream

The first stream takes the network operator as its analytical starting point. Studies in this stream
model congestion management through capacity-limitation services, local flexibility markets, or queue-
allocation mechanisms, and ask under which conditions these instruments deliver hosting capacity,
welfare, or efficiency gains. Heinrich et al. (2021) show that a capacity-limitation service can prevent
transformer overloads and substantially raise hosting capacity, provided the DSO can reliably enforce
the agreed limit. Chen et al. (2023) extend this by treating the implementation pattern of the limitation
as a design variable, showing that predictable but more restrictive schemes can outperform flexible but
uncertain ones in terms of practical workability. Alavijeh et al. (2024) emphasise that the resulting mar-
ket design depends critically on monitoring, baselining, and operational coordination, without which the
theoretical benefits cannot be realised in practice. De Santi et al. (2025) move the focus from a single
user to the queue-allocation problem, demonstrating that the way restrictions are distributed among
users affects both efficiency and welfare outcomes.

These studies provide detailed network-side assessments of conditional access and congestion man-
agement mechanisms. They show that non-firm or capacity-limited arrangements can increase the use
of existing network capacity, but that their effectiveness depends on enforceability, predictability, and
operational coordination. This thesis does not model the network side in comparable technical detail.
Instead, it takes substation-derived TDTR call-hours as an exogenous input and analyses how differ-
ent large electricity consumers respond to these restrictions from the customer side. The network-side
stream therefore motivates the use of conditional access, while the contribution of this thesis lies in link-
ing local TDTR call profiles to the operational and economic response of heterogeneous large energy
consumer flexibility assets. This enables a structured assessment of which firm-plus-TDTR configura-
tions are technically feasible, financially attractive for the customer, and relevant from a grid-utilisation
perspective.

At a broader conceptual level, Monterde et al. (2025) review non-firm connection types across Eu-
rope and distinguish between capacity-limited, time-limited, and dynamic access models. They iden-
tify substantial cross-country variation and, crucially for this thesis, a lack of standardised evaluation
frameworks. Regulatory guidance reinforces this point: the CEER framework on Alternative Connec-
tion Agreements stresses transparency, non-discrimination, proportionality, and consumer protection
as core requirements for flexible access schemes (Council of European Energy Regulators, 2023).
Together, these sources confirm that non-firm access is technically viable and increasingly institution-
alised, but they evaluate it primarily from a network, market-design, or regulatory perspective.

As a consequence, the representation of users in this stream is often simplified. Users typically appear
as homogeneous capacity reductions, simple price-takers, or fixed shifting profiles. This is appropriate
for the network-side questions these studies ask, but it leaves limited insight into the heterogeneity of
process constraints, buffering options, and curtailment costs across large energy consumer sectors. As
a result, this stream cannot determine at what firm-to-TDTR ratio participation becomes technically fea-
sible and economically attractive for a specific customer type. That question requires a complementary
customer-side modelling perspective.

3.1.2. User-side stream

The second stream takes the industrial user as its analytical starting point. Studies in this stream char-
acterise demand-side flexibility through process constraints, recovery requirements, and curtailment
cost. Golmohamadi (2022) provides a comprehensive sector survey showing that flexibility potential,
response speed, and recovery behaviour vary strongly across heavy industries. Zhang et al. (2025)
reach a similar conclusion in a more applied review. Santecchia et al. (2022) propose an explicit mod-
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elling abstraction in which heterogeneous processes are represented as “equivalent batteries”, enabling
quantification of flexibility cost and required compensation levels.

These three studies broadly agree that industrial flexibility is sector-specific, but they diverge in how
they translate that heterogeneity into modelling practice. Golmohamadi and Zhang et al. remain largely
descriptive, mapping flexibility potential without providing a unified constraint representation. Santec-
chia et al. propose precisely such a unified representation, but at the cost of abstracting away from
sector-specific operational logic. This thesis adopts an intermediate position: generic modelling ele-
ments (shiftable load, thermally buffered load, optional storage) are used across sectors for compara-
bility, while sector-specific operational windows and curtailment bounds preserve heterogeneity where
it materially affects feasibility.

The literature further shows that industrial flexibility should not be treated as a single aggregate quantity.
Different flexibility mechanisms vary in response speed, duration, reversibility, and recovery require-
ments, which makes their suitability highly dependent on the timing, frequency, and notice character-
istics of the restriction (Golmohamadi, 2022; Golmohamadi & Asadi, 2020; Serpe et al., 2023). These
constraints are particularly relevant for ATR assessment, because the feasibility of responding to con-
ditional transport limitations depends not only on the total flexible volume available, but also on whether
that volume can be delivered at the moments the restriction is called and sustained for the full duration
of each call.

Empirical case studies illustrate this heterogeneity and, importantly, also reveal its limits. Serpe et al.
(2023) analyse demand-side flexibility in the German steel industry and show that significant flexibil-
ity exists, but only within strict operational limits; the aggregate potential reported in review studies
may therefore systematically overestimate the flexibility actually deployable under binding restrictions.
Complementing these technical insights, Leinauer et al. (2022) show that, despite technical potential,
industrial participation in demand response is often limited by organisational risk aversion, regulatory
uncertainty, and insufficient financial incentives. This is an important counterweight to the more op-
timistic sector reviews: technical flexibility does not automatically translate into practically available
flexibility, and firms may adopt conservative operating strategies or decline to participate altogether.
This thesis does not model the participation decision itself: it assumes throughout that the customer
takes up a TDTR contract and responds to it. The adoption barriers identified by Leinauer et al. there-
fore fall outside the model and are treated as a limitation on how its results should be read, namely as
the technical and economic suitability of TDTR conditional on participation, rather than a prediction of
whether firms will participate.

Across these studies, the network restriction itself is treated as exogenous and typically simple, a fixed
price signal, a generic curtailment event, or an annual flexibility budget. The temporal structure of the
restriction, when calls occur, how often, with how much notice, and at what intensity, is rarely modelled
in a way that maps onto a contractual instrument such as TDTR. The result is the mirror image of the
network-side stream, rich on the user side, sparse on the contract side. This thesis addresses that
underdeveloped side directly: it represents the restriction as a stacked firm-plus-TDTR contract and
drives the user-side optimisation with substation-derived call-hours that fix when calls occur, how often,
and at what intensity, so that the temporal structure the user-side literature leaves generic becomes an
explicit input to the model.

3.2. Knowledge gap and resulting modelling choices

Taken together, the reviewed work supplies each building block needed to assess TDTR patrticipation at
the customer level, but no study combines them. The network-side stream models restriction regimes
in detail while representing users generically (Alavijeh et al., 2024; Chen et al., 2023; De Santi et al.,
2025; Heinrich et al., 2021; Monterde et al., 2025), the user-side stream models flexibility in detail
while representing restrictions generically (Golmohamadi, 2022; Leinauer et al., 2022; Santecchia et
al., 2022; Serpe et al., 2023; Zhang et al., 2025), and the studies that join the two consider either
a single inherently flexible asset or a binary firm/non-firm contract (Bjarghov et al., 2024; Verhagen
et al., 2025). What remains unknown is therefore not whether flexibility or non-firm access works in
isolation, but whether, and under which firm-to-TDTR ratio, a stacked firm-plus-TDTR contract can



3.2. Knowledge gap and resulting modelling choices 22

relieve substation-level congestion while remaining cost-effective for a connected customer, and how
this depends on the match between a customer’s flexibility type and the local call profile. Concretely, no
prior study combines (i) a stacked firm-plus-TDTR contract, (ii) sector-specific flexibility representations,
and (iii) substation-derived call profiles within a single comparative optimisation framework.

Two modelling choices follow directly from this gap and are carried into Chapter 4. First, because the
Dutch TDTR is offered on top of a firm contract (Chapter 2), the contract is represented as a stacked
firm-plus-TDTR arrangement: the firm share is swept as a parameter to produce a compliance-cost
curve, rather than evaluating a single fixed configuration as in Verhagen et al. (2025). Second, because
the user-side literature shows that the burden of a restriction reflects sector-specific consequences such
as lost production, restart cost, service-quality loss, or buffer cycling (Golmohamadi, 2022; Santecchia
et al., 2022; Serpe et al., 2023), curtailment cost is parameterised per sector archetype in Chapter 5
rather than as a single universal penalty.

One assumption is inherited from this body of work rather than chosen. Like the studies that bridge
both streams (Bjarghov et al., 2024; Santecchia et al., 2022; Verhagen et al., 2025), the optimisation
assumes perfect foresight over call schedules and electricity prices. This is standard practice because
it isolates the cost-minimal response to TDTR restrictions, but it makes the results a best-case bench-
mark: real customers face price and operational uncertainty and limited response time after a call
notice, so the model may overstate the value of flexibility and understate compliance cost (Leinauer et
al., 2022). The assumption is therefore retained for tractability and revisited as a limitation in Chapter 7.

Chapter 4 translates these choices into a concrete optimisation formulation. Appendix C and Chapter 5
develop the sector archetypes and case parameters. Chapter 6 applies the framework, and Chapter 7
returns to the literature to interpret the results in light of the assumptions on which they rest.



Methodology

This chapter sets out how the techno-economic optimisation framework that supports this thesis is con-
structed. The starting point is the literature-derived requirement of Chapter 3: an optimisation frame-
work that integrates a stacked firm-plus-TDTR contract, sector-specific flexibility representations, and
substation-derived call-hour profiles within a single comparative analysis. The framework developed
here is built to meet that requirement.

The framework is applied to three sector archetypes that were selected for investigation in this thesis:
cold storage (thermal cooling flexibility), distribution centres with an EV fleet (charging flexibility),
and dairy processing (thermal buffer flexibility). These three are the outcome of a sector-selection
procedure, documented in full in Appendix C, that screens thirteen candidate large-consumer sectors
on demand-profile structure and a weighted multi-criteria assessment. The detailed case parameters
follow in Chapter 5.

4.1. Modelling approach and system boundary

The research approach introduced in Chapter 1 is operationalised through a techno-economic optimi-
sation model. This section specifies the modelling approach, the system boundary, and the temporal
scope of the optimisation. The purpose is to make explicit how TDTR participation is translated into a
customer-side optimisation problem.

The framework is implemented as a linear programme (LP) in Python solved using the Gurobi solver.
Where binary variables are required, for example to model on/off behaviour of flexible cooling compo-
nents or mutually exclusive buffer charging and discharging, the formulation extends to a mixed-integer
linear programme (MILP). The EV-charging case, by contrast, represents charger availability through
fixed time windows and capacity limits rather than binary variables, so it remains a linear programme.

The system boundary is drawn around a single large energy consumer connection. Wholesale electric-
ity prices, grid tariffs, the energy tax, the substation-derived TDTR call-hour signal, and the reference
demand profile are exogenous inputs, while the internal flexibility of the connection, including load
shifting, thermal buffering, scheduled curtailment, and charging dispatch, is endogenous. Network re-
inforcement, capacity-allocation decisions by the DSO, behavioural adoption dynamics across firms,
and strategic interaction between users fall outside the boundary.

The model operates on a 15-minute time resolution over one representative calendar year, giving
35,040 time steps. This resolution matches the metering interval of large consumers in the Dutch
system and preserves the temporal structure of TDTR call-hours, peak loads, and shifting windows. A
full-year horizon is required because the kW-max tariff is determined per calendar month and because
the TDTR call-hour signal varies seasonally.
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4.2. Modelling framework

The modelling framework in Figure 4.1 translates each sector case into exogenous inputs, runs the
operational optimisation, and evaluates the resulting profiles on cost and grid impact. The exoge-
nous inputs are fixed before each run and split into sector inputs (the reference demand profile and
the asset-specific flexibility envelope) and market-and-contract inputs (day-ahead prices, network tariff
components, the energy tax, the TDTR call-hour signal, and the contract configuration). The optimi-
sation block then determines, the operational decisions that minimise total annual cost subject to the
demand balance, contract, and asset-specific flexibility constraints. Its output is an optimised load
profile, which the cost and grid-impact evaluation blocks translate into the annual cost components of
Appendix A and the grid-impact indicators of Section 4.4.

The central operation in this framework is the firm-to-TDTR sweep. Rather than optimise the contract
split, the firm share is fixed at a series of values across its full range and the optimisation is solved
independently at each one. A firm share of 100% reproduces the firm-only reference (no conditional
capacity, the TDTR cap never binds), lower firm shares enlarge the conditional portion, so the firm
cap that applies during call-hours tightens and the customer must shift, buffer, or curtail more load to
comply. Solving at each firm share traces out how the customer’s cost and grid impact change as the
contract moves from fully firm to predominantly conditional, which is what produces the compliance-
cost curve rather than a single profitability verdict. The cost-minimising firm-to-TDTR ratio is then read
off this curve. The feedback arrow in Figure 4.1 represents exactly this loop: each sweep value feeds
a new contract configuration back into the optimisation.

Sector cases (run separately)

Logistics with EV fleet ‘ ‘ Dairy factory ‘ ‘ Cold storage

Exogenous inputs

Sector inputs (per case) Market and contract inputs

Prices and tariffs Contract and calls
Day-ahead, kW, tax Firm/TDTR, call-hours

J L J J

Reference profile Flexibility envelope

15-min, full year params per asset

Operational optimisation

LP / MILP — minimise annual operational cost
subject to demand, contract, and asset constraints

decision variables: operational scheduling only

Sweep firm/TDTR
ratio

Flex profile Flex + TDTR profile

Optimised under firm access Optimised under TDTR restriction ~ - ==----------+
(flexibility applied) (one per firm/TDTR ratio)
Ve Y Ve D
Cost evaluation Grid-impact evaluation
Compliance-cost curve and optimal ratio Peak, peak-call and absolute reduction
Annual cost components, NSE and asset costs WGPR, Top 5% call and call-hour reduction

pS 4 X J

Figure 4.1: Modelling workflow for the techno-economic TDTR assessment.



4.3. Mathematical formalisation 25

4.3. Mathematical formalisation

This section develops the formal LP/MILP underlying the framework. All sets, indices, parameters, and
decision variables used below are defined in the nomenclature section at the start of the thesis and are
not reintroduced here.

4.3.1. Objective function

The optimisation minimises the total variable annual cost:

minZ = Z AepPtAt + c‘axz ptAt +  ckWh z ptAt

teT teT teT
commodity cost energy tax voMst
(4.1)
L cmax Z pheak (NSE NSE
mem non-served energy penalty

_
monthly kW-max charge

The first three terms are volumetric, all applied to total demand p!®': the commodity cost values it at
the hourly day-ahead price 4;, while the energy tax and (where applicable) the volumetric network tariff
apply the fixed rates ¢'® and "N, The fourth term applies the monthly kW-max tariff c™@* to the highest
demand pE® in each month. The fifth term penalises non-served energy ENSE.

The contracted-capacity cost is intentionally not part of the objective. For each optimization run, the
contract configuration (Pfi™, PTPTR) s fixed before the optimisation and therefore does not affect the
dispatch decision. Annual contracted-capacity costs are computed outside the optimisation as

ceontract — 19 -contractpfirm 4 12 (TDTRpTDTR , (4_2)

firm capacity charge TDTR capacity charge
(discounted tariff)

where cTPTR is the discounted contracted-capacity tariff for the TDTR portion. Total annual cost in any

scenario is then

clotal — 7 + (contract 4 Casset (4 3)
\_,_[. ._,_/ h.,_/ 4 .
operational firm + TDTR annualised buffer,
cost capacity cost EMS, etc.

with €3¢t capturing annualised asset-specific investments such as a thermal buffer or an energy man-
agement system.

Asset-specific investments are converted into equivalent annual costs so that one-off capital expen-
ditures can be compared with recurring annual cost components in (4.3). For an investment I with
technical lifetime L and discount rate r, the annualised asset cost is calculated as:

c¥' = [.CRF(r,L) + (O™ 4 (deg | (4.4)

N’ L —
annualised CAPEX  fixed annual O&M  degradation cost
where the capital recovery factor is defined as:

r(1+r)t

CRF(T', L) = m

(4.5)

4.3.2. Common constraints

The constraints below apply to all cases. Throughout, pi°* denotes the total demand at the connection

in time step t, on which the network charges, the monthly peaks, and the TDTR cap are all evaluated.
Each case defines how p!° is composed from its own fixed and flexible components, including any shift-
ing or curtailment, the case-specific power balances (Egs. (4.21), (4.30), and (4.46)) are the concrete
instances of this composition.
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Monthly peak definition. The kW-max tariff is charged on the highest demand within each calendar
month. The monthly peak variable p?neak is therefore bounded from below by the total demand at every
time step in that month:

pPeK > plot v e M, vt € T, (4.6)

Because pffak enters the objective with a positive coefficient, the optimiser drives it down to the smallest

feasible value, which is exactly the maximum demand realised in that month.

Annual peak definition. The annual peak is defined in the same way over the full horizon:
ppeak,ann > p%ot vt €T. (4_7)

The annual peak is not part of the objective, it is tracked for reporting and for calculating the contracted-
capacity cost outside the optimisation, and is used consistently across all cases.

TDTR call-hour constraint. During TDTR call-hours the total demand may not exceed the firm ca-
pacity, outside call-hours it may not exceed the full reference contract:

P%Ot < pfirm  y e :Tcall’ (4.8)
p‘got < peontract ¢ \ Tcalll (49)

Flexible demand that cannot be served under the cap is absorbed by the demand-side NSE terms in
the case-specific balances. Inflexible base load in excess of the cap is forcibly curtailed through a non-
negative curtailment term ng"'t that enters the case-specific power balance with a negative sign and
is bounded by the excess of the inflexible load pi™le* over the applicable cap PP, with P;2P = pfirm
during call-hours and PP = peontract gtherwise:

0 < nf™' < max(0, pinflex — p7=P) vt €T. (4.10)

That the hard cap is implemented correctly, and that the resulting structural minimum firm fraction f i,
matches an independently computed value, is verified in Appendix E.3.

Non-served energy. Two NSE components are tracked separately and penalised at the same rate
cNSE in the objective:

ENSE — ENSE,dem + ENSE,curt’ (411)
where
ENSE,dem — Z e%\ISE (412)
teT

is the case-specific demand-side NSE and

ENSE,curt — Z ngurt At (413)
teT

is the curtailed inflexible base load introduced in Egs. (4.8)—(4.10). Splitting the two preserves the
breakdown in the result tables while ensuring both shortfall types are priced consistently.

Non-negativity. All power and energy variables are non-negative. Case-specific upper bounds are
added per case.
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4.3.3. Cold storage flexibility optimisation

The cold-storage case represents temperature-constrained cooling demand, in which the flexible share
of the cooling load can be shifted through the thermal inertia of the refrigerated space. Flexibility is mod-
elled through an explicit thermal buffer with charge, discharge, and state-of-charge (SOC) variables:
cooling delivered ahead of time is stored as cold and used to cover later cooling demand. Demand can
therefore only be served earlier than originally required (pre-cooling), not later. The optimisation deter-
mines when the flexible cooling demand is served, subject to the installed capacity, the buffer capacity
and daily runtime bounds, ramping constraints, and TDTR call-hour restrictions. The case is formulated
as a MILP, because the compressor on/off logic and the mutually exclusive buffer charge/discharge op-
eration are represented by binary variables. The case-specific parameter values, including the flexible
share, buffer sizing, and runtime limits, are given in §5.1.

Flexible cooling-demand balance Let p®*™f denote the flexible part of the reference cold-storage

electricity demand at time step t. This demand is covered by direct cooling pdireet by discharging
previously stored cooling pgs, or recorded as non-served cooling demand:

pgiirect + p?is + p%\ISE — p?ex.ref vt € T. (4.14)

All terms are expressed in electrical-equivalent power.

Flexible cooling power The flexible compressor power at time step t equals the direct cooling plus
any cooling produced ahead of demand and charged into the buffer:

p?ex — pgirect + pgh vteT. (4.15)

Charging the buffer represents pre-cooling: the compressor runs earlier than the original demand mo-
ment and the thermal mass of the cold store retains the delivered cooling until it is needed.

Buffer state-of-charge balance The buffer SOC evolves through charging and discharging. Be-
cause the storage medium is the thermal mass of the cold store itself, no standing-loss term is included:

SOC, = SOC,—y +pf"At — p{*At  VLET. (4.16)
The first time step is linked cyclically to the final time step to avoid a free initial buffer level:

50C; = SOCir| + p$PAt — pfisAe. (4.17)

Buffer capacity limit The SOC is bounded by the buffer capacity, set to two hours of flexible cooling
capacity:
0 < 50C, < ECSPU, ECSPuf = g pmaxflex  yt e 7T (4.18)

Mutually exclusive buffer operation Because the buffer is lossless, simultaneous charging and
discharging is not automatically suboptimal and must be excluded explicitly through a binary buffer-
mode variable zPuf:

psh < MCSbufzbuf  yr e T, (4.19)
pdis < pCSbuf(q _ ;bufy VteT, (4.20)

where zPY € {0,1} and MCSbuf = pmaxflex js an ypper bound on the buffer charge and discharge
power.

Total power balance Total cold-storage demand equals the inflexible demand, net of any forced
curtailment under the hard TDTR cap (Eq. (4.10)), plus the flexible compressor power:

p‘got — p%nﬂex _ ngurt + pglex vt € T. (4.21)
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Installed-capacity limit The total electricity demand is bounded by the installed electrical capacity
of the cold-storage facility:
0<plot<pmax  vyref7. (4.22)

Flexible-capacity limit The flexible compressor power and the buffer charge and discharge power
are limited by the flexible part of the installed capacity:

0< p{_lex < Pmax,ﬂex’ 0< pgh’ p;::lis < Pmax,ﬂex vt € T. (4_23)

Flex-on logic A binary variable y; indicates whether the compressor-driven flexible cooling compo-
nent is active in a given time step. It is linked to the flexible electricity use through a big-M formulation:

pllex < pmaxflexy, — yreT, (4.24)

plex > eflexy,  yt g gleas, (4.25)

where y; € {0,1} and €*% is a small positive threshold. If y, = 0, the flexible cooling component is off
and no flexible cooling electricity is used in that time step. If y, = 1, the flexible component operates
at least at the minimum threshold.

Daily maximum flex-off duration The cold-storage compressor cannot be left idle indefinitely, be-
cause the refrigerated space must remain within its temperature band. The model therefore limits the
number of time steps per day in which the flexible component may be off:

(1—y,) < Noftmax — yq €D, (4.26)

feas
teT!

Ramping constraint To avoid abrupt changes in cooling power, a ramp-rate limit is imposed between
consecutive time steps:
plet — plot < R™X vt =2,..,|T] (4.27)

piot —pet < RMEX vt =2, .., |T| (4.28)

Non-served energy The non-served flexible cooling demand is included in the generic non-served
energy expression as:
ENSE — Z pNSE¢. (4.29)

teT

This non-served energy is penalised in the objective function using the case-specific NSE penalty.

4.3.4. Shiftable electric-vehicle charging

Electric-vehicle charging is modelled as shiftable electricity demand with bounded availability windows.
The model does not change the underlying charging requirement, but determines when charging is
scheduled within the feasible windows, allowing it to reduce electricity costs, avoid monthly peaks, and
comply with TDTR call-hour restrictions where feasible.

Two charging types are distinguished. Fast charging, represented by the charging plaza, is modelled
with explicit shift variables within a bounded time window, analogous to the shift-window formulation
used for cold storage. Depot charging is modelled differently: vehicles are connected for a longer
overnight period and must receive a required amount of energy before departure. Depot charging is
therefore represented through an energy-balance constraint over each overnight availability window,
subject to the number of simultaneously available depot chargers.
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The total connection demand combines a fixed base load, realised depot charging, realised flexible
fast charging, and any inflexible fast-charging demand outside the flexible operating window, net of
any forced curtailment of the inflexible components under the hard TDTR cap (Eq. (4.10)):

piet = pltaase + pgast,inﬂex — nurt 4 p?epot + p{ast vt e T, (4.30)

where the curtailment bound of Eq. (4.10) applies to the joint inflexible component pirflex = pbase 4

fast,inflex
t

Fast-charging flexibility

Let p{aSt'ref denote the flexible part of the reference fast-charging demand at time step t, defined over

the daytime fast-charging window 72st. Fast-charging demand outside this window remains inflexible

and is included in pfastinflex,

The flexible fast-charging demand may be shifted to another time step t within the allowed fast-charging
window Qfast:
Qfast = {teT:|t—t| <Kt 7 eqlast] vt € Tfast, (4.31)

where 75t denotes the daytime fast-charging window and Kst the permitted shift horizon.

The decision variable x{f‘ft is the fast-charging power originally required at time step t but delivered at
time step 7. The fast-charging balance is:

xfast  pfast = plastrel gy g plast (4.32)

fast
TEQ

where nf#st is non-served fast-charging demand. This variable is included to avoid infeasibility under
restrictive charging and TDTR conditions and is penalised in the objective.

The realised flexible fast-charging load at time step 7 is:
pEst= > et vrerist (4.33)
t:reqist
Fast charging is limited by the installed charging-plaza capacity:

0< pgast < Pfast,max Vvt € Tfast. (434)

The electrical non-served energy from fast charging is:

EfastNSE _ Z nfasta, (4.35)

teTfast

Depot-charging flexibility

Depot charging represents vehicles connected for a longer overnight period. In contrast to fast charg-
ing, depot charging is not modelled with explicit time-step-to-time-step shift variables. Instead, the
required depot energy is aggregated per overnight charging period and must be delivered within the
corresponding availability window.

Let a;‘ep"t denote the depot availability window for night d. Depot charging is allowed only inside the
overnight window:

pdePt _ o ypg U qdepet (4.36)
deD

Within each depot window, charging is bounded by the available depot-charging capacity:

0< p<t:lep0t < pdepotmax vVt € iniepot' vd € D. (4.37)
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The depot capacity is determined by the number of simultaneously available depot chargers:

pdepotmax _ Ndepot,chpch’ (438)

where Ndepoteh jg the number of depot chargers and P<! is the charging power per charger.

For each overnight period, the required depot energy must be delivered within the corresponding win-
dow:

p?epotAt + E:iiepot,NSE — E:iiepot,req vd € D, (439)
teﬂgepot
where EélepOt‘NSE is non-served depot energy. The required depot energy follows from the unmanaged
reference profile over the associated operational day:
E;}‘fpf’t'req = Z p?epOt'refAt vd € D. (4.40)
teTs?

Here, Td°p denotes the operational day whose depot charging demand is assigned to night d.

To avoid unrealistically concentrating all depot charging in a short peak, the model also links depot
charging power to the number of active depot chargers:

péiepot < PCha?CPOt Vvt € Qgepot’ vd € D, (4.41)

where a*P°" is the number of active depot chargers at time step t. This number cannot exceed the

number of trucks that require charging in the corresponding night:

0 < qfPot < yiruckred g g gdePt yg e, (4.42)

The number of trucks requiring charging in night d follows from the required depot energy and the
energy of one full charging session, capped at the size of the electrified fleet:

Edepot,req
Ngueered = min< e |/ NEV> vd €D, (4.43)

where Echaree js the energy per full charging session and NV the number of electric vehicles. This
number bounds the active depot chargers through Eq. (4.42).

4.3.5. Dairy heat-pump optimisation

The dairy case represents process-constrained electrified heat, in which only a limited share of the
heat-pump demand can be shifted through a thermal buffer. The underlying dairy-process electricity
demand is fixed, while a predefined fraction of the heat-pump demand is treated as flexible. Because
the COP is assumed constant, heat flows are converted to electrical-equivalent values before entering
the electricity-based cost formulation. The optimisation therefore determines when the flexible heat
demand is produced, subject to the heat-pump capacity, buffer dynamics, ramping constraints, and
TDTR call-hour restrictions.

Analogous to the cold-storage case, flexibility is represented through an explicit thermal buffer with
charge, discharge, and state-of-charge (SOC) variables. Flexible heat can be produced ahead of its
original demand time and stored in the buffer until it is needed, demand at each time step is covered
by direct production or by discharging previously stored heat. Unlike the cold-storage buffer, the dairy
buffer carries a thermal standing loss: stored heat that is lost must be compensated by additional
heat-pump production, so standing losses translate into additional electricity consumption and cost. A
binary buffer-mode variable prevents simultaneous charging and discharging, which makes the dairy
heat-pump formulation a MILP. The buffer capacity is sized exogenously rather than optimised, the
case-specific sizing rule and parameter values are given in §5.3.
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Flexible heat balance Let ¢™**™ denote the flexible part of the heat-pump heat demand at time step
t, and qi{P'ﬂeX the flexible heat produced by the heat pump. For every time step, production plus buffer
discharge plus non-served heat must equal the flexible heat demand plus buffer charge:

q?P‘ﬂex + qdis + nHP = q?ex'ref + qch vt e T. (4.44)

Here, ¢f* and qd® are the buffer charge and discharge flows, and nH'P is non-served flexible heat

demand. All heat-flow variables are expressed as thermal power.

Flexible heat-pump output The corresponding electrical heat-pump power follows from the constant
COP:

a qHP,ﬂex
HP/flex _ "t
et~ I veer. (4.45)

Total electrical power balance The total connection demand equals the fixed dairy-process de-
mand and the inflexible heat-pump demand, net of any forced curtailment under the hard TDTR cap
(Eqg. (4.10)), plus the optimised flexible heat-pump demand:

pit = ppat 4 ppibinflex _ peurt 4 pHPIexyp e 7, (4.46)

where the curtailment bound of Eq. (4.10) applies to the joint inflexible component pinflex = pdainy 4
HP,inflex
H )

Heat-pump capacity limit The flexible heat-pump power is limited by the remaining heat-pump ca-
pacity after the inflexible heat-pump demand has been supplied:

?P,ﬂex < pHPmax _ i—IP,inﬂex VtEeT. (4.47)

p p

Ramping constraint To avoid unrealistically abrupt changes in heat-pump operation, the flexible
heat-pump power is subject to a ramp-rate limit:

ppflex — piBflex < RHP yt =2, ., |7, (4.48)
pibflex _ pHPflex < pHP yt =2, ., |T|, (4.49)

Buffer state-of-charge balance The thermal-buffer state of charge evolves through charging, dis-
charging, and thermal standing losses:
S0C, = SOC,_1 (1 — ) + qfhAt — qd'sAt vt eT. (4.50)

Here, £ denotes the fractional standing-loss rate per time step.

The first time step is linked cyclically to the final time step to avoid a free initial buffer level:

50C, = S0Cr (1 - €) + q$PAt — gisat. (4.51)
Over a full cycle, total charged heat therefore equals total discharged heat plus the accumulated stand-
ing losses, this closed-cycle energy balance is verified in Appendix E.1.
Buffer capacity limit The buffer state of charge is bounded by the installed thermal-buffer capacity:

0<S0C, < EPUffer  yreT. (4.52)
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Mutually exclusive buffer operation To prevent simultaneous charging and discharging of the buffer,
a binary buffer-mode variable z, is introduced:

qfh < MPfferz,  veerT, (4.53)
qglis < Mbuffer(l _ Zt) VtET, (4_54)

where z, € {0,1} and MPUer is an upper bound on the buffer charge and discharge power, set to the
maximum of the buffer energy-to-power ratio EPUr /At and the maximum available flexible heat flow.

Non-served energy Non-served flexible heat demand is converted into an electrical-equivalent short-
fall before entering the generic NSE expression:

HP

NSE _ &
=LAt vteT. 4.
e TOP t teT (4.55)

4.3.6. Construction of the TDTR call-hour signal

The TDTR call-hour signal used in this thesis is derived from internal substation load data provided by
Liander. These data consist of hourly net load measurements at the 110 kV and 150 kV substations
operated by Liander, and are not publicly available. A substation operates as a bidirectional node in
the electricity network. During periods of high demand, electricity flows from the higher-voltage level
to the lower-voltage level to supply downstream consumers. Conversely, when local generation, such
as solar PV, exceeds local demand, electricity flows upward from the lower-voltage level to the higher-
voltage level. As a result, the hourly substation profile contains both positive values, representing net
downstream consumption, and negative values, representing net feed-in to the upstream grid.

In the Dutch context, congestion at the substation level predominantly occurs during periods of high
downstream demand, especially in winter, when power must be transported from the higher-voltage
level to the lower-voltage level. Since TDTR restrictions are intended to manage this type of network
loading, only the positive load values are used to derive ATR call hours. Negative values are excluded
from the analysis, as they represent hours with net feed-in rather than downstream transport conges-
tion, and therefore do not lead to TDTR call events.

Defining call hours: top 15% of positive-load hours The positive hourly substation load values
are sorted in descending order to form a load duration curve. The highest 15% of these hours, cor-
responding to 1314 hours per year, are identified as ATR call hours during which the full conditional
capacity is called.
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Figure 4.2: TDTR call-hour derivation for the Oudehaske 110 kV substation: the top 15% of positive-load hours (top) are called,
resulting in the call blocks shown in a representative winter week (bottom). Monthly and hourly call-hour distributions across all
four substation profiles are reported in Appendix D.

4.4. Evaluation indicators

The assessment rests on two families of key performance indicators (KPIs), reflecting the two perspec-
tives this thesis keeps separate. Customer-cost KPIs capture the business case for the connected
customer, and grid-impact KPIs capture whether TDTR participation actually relieves the network.

The customer-cost KPIs are the annual cost components of the electricity bill: commodity cost, energy
tax, volumetric network cost, the monthly kW-max charge, the contracted-capacity cost, non-served
energy cost, and any annualised asset-specific cost. Each is computed from the optimised load profile
and the contract configuration exactly as defined in the economic framework of Appendix A, where the
bill structure and tariff drivers are developed in full.

The grid-impact KPIs are the focus of the remainder of this section. Because the framework abstracts
away from network simulation, grid impact is evaluated directly on the optimised load profile. The
evaluation starts from two absolute load levels, the overall peak and the peak during call-hours, and
from these derives four indicators: the absolute peak reduction, the weighted grid-pressure reduction,
the share of high-load moments falling in call-hours, and the call-hour load reduction. The two peak
levels describe how heavily the customer loads the grid in absolute terms, while the four indicators
express, in relative terms, how far the optimised profile reduces that loading and how well it aligns with
the congested hours. Of these, the call-hour load reduction is the primary measure, since it captures
load reduction in exactly the hours the network is congested. Each is described below.
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4.4.1. Peak load and peak load during call-hours

The evaluation reports two absolute peak load levels, both read directly from the optimised profile. The
first is the overall peak load, the highest load reached at any time step:

peak
N

= max pi. (4.56)
The second is the peak load during the call-hours, the highest load reached within the local call-window:

pPeR el — max pg, (4.57)

tegeall

where 7! is the set of call-hours. The overall peak determines the customer’s monthly kW-max
charge, while the call-hour peak indicates how heavily the customer loads the network during exactly
the hours it is congested. A flexibility response that lowers the overall peak does not necessarily lower
the call-hour peak, the gap between the two shows whether the customer’s highest demand has been
moved out of the congested window or merely rescheduled within it.

4.4.2. Absolute peak reduction

The absolute peak reduction compares the highest peak in the optimised scenario with the highest
peak in the reference scenario, irrespective of timing:

max; p;
bs _ t Pt
Preds =100 (1 " max pref)'
¢ Pt

(4.58)

A higher value means that the customer’s maximum peak demand is lower. The indicator measures
peak reduction at the customer level, but does not account for the timing of the peak or its coincidence
with congested hours.

Reference profile: max, pff Optimised profile: max, pf

max, p° = 100 T T \ \ \ ‘ ‘ ref. peak
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Figure 4.3: lllustrative effect of peak shaving on the absolute peak reduction. The indicator compares the highest load in each
profile, irrespective of timing. For this example max, p{ef = 100 and max, p; = 75, giving an absolute peak reduction of

PEES = 25%.

4.4.3. Weighted grid-pressure reduction

The weighted grid-pressure reduction measures how much of the customer’s demand falls in hours the
proposed time-dependent network tariff treats as critical. Each time step carries a weight w, reflecting
expected network loading, high for peak periods (up to 1.0), low otherwise. These are not set here but
taken from the published weighting factors of the proposed tariff reform, which vary by month, hour,
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and day type (Appendix A.2). A higher reduction means more demand shifted out of high-weight hours.
Because the weights are set at system level rather than per substation, this indicator captures alignment
with the system-wide tariff signal rather than local congestion relief, which the call-hour-based indicators
capture instead.

The weighted grid-pressure score of scenario s is defined as:

T
GY = Z piwAt, (4.59)
t=1
and the reduction relative to the reference profile as:
Gs'
Glys=100-(1——-). (4.60)
' Gref

A positive value means demand has been shifted toward lower-weight hours, a negative value means
the opposite. Figure 4.4 illustrates this for a representative working day in January, using the actual
proposed tariff weights (see Appendix A.2). Both profiles serve the same total daily energy, but the

optimised profile shifts demand away from the w = 1.00 peak hours, lowering GJ' relative to G ;.

Reference profile: Gy Optimised profile: G¥
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Figure 4.4: lllustrative effect of load shifting on the weighted grid-pressure score for a representative working day. For this
example G%: ~ 1,067 and G¥ ~ 868, giving a weighted grid-pressure reduction of G}“éd’s ~ 19%.

ref
4.4.4. Share of high-load moments in call-hours

This indicator checks whether the customer’s highest-load moments fall inside or outside the call-hours.
Even when total energy use during call-hours is low, a few remaining peaks at the wrong moment can
still stress the grid.

The top 5% of loads in scenario s are taken as the high-load moments:
Hs = {t : b} 2 Qos({P{}i=1)}- (4.61)
The share of these moments falling in call-hours is:
|Hs n Tcalll
|Hs|

A low value means peaks occur outside call-hours (desired), a high value means peaks coincide with
the moments the network operator considers critical. This is the only indicator that directly links the
load profile to the timing of network constraints.

sl =100 - (4.62)
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Reference profile: 5! Optimised profile: 55"
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Figure 4.5: lllustrative effect of load shifting on the share of high-load moments (top 5%, above Qq;s) falling in call-hours. In the
reference profile all peaks fall inside the call-hours (S¢@' = 100%); the optimised profile shifts most to midday, leaving one in the

ref
evening call-hour, giving S&@!" ~ 33%.

4.4.5. Call-hour load reduction

The call-hour load reduction quantifies to what extent the optimisation lowers demand specifically during
the contractually constrained periods. Whereas the previous indicator looks at where the highest-load
moments fall, this indicator looks at how much load is actually drawn during the call-hours themselves.
Together, the two indicators capture both the redistribution and the absolute reduction of load in the
constrained periods.

Let 7°8 denote the set of timesteps that fall within the call-hours. The total energy drawn during call-
hours in scenario s is:
B = ) piae, (4.63)
tegeall

and the call-hour load reduction relative to the reference profile:

E =100- (1 — s—) (4.64)

red,s

A positive value indicates that energy demand during call-hours is reduced because flexibility is shifted
from call-hours to non-call-hours. A negative value indicates the opposite. Figure 4.6 illustrates this for
a representative winter day, with the shaded bands marking the TDTR call-hours. The reference profile
delivers substantial energy during call-hours (high Eftj‘f“), while the optimised profile shifts this demand
to non-call-hours (lower ES2').
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Figure 4.6: lllustrative effect of load shifting on the call-hour energy demand for a representative working day.For this example

E&E' ~ 704 and ES" ~ 318, giving a call-hour load reduction of EZ); ~ 55%.

4.5. Conclusion

This chapter has translated the literature-derived requirements of Chapter 3 into a concrete techno-
economic optimisation framework. The correctness of this framework’s implementation, together with
checks that the buffer and battery dynamics behave as physically expected, is documented in Ap-
pendix E. Four methodological choices structure the remainder of the thesis.

First, the framework is formulated as an LP/MILP that takes the customer perspective on a single large
energy consumer connection, with wholesale prices, network tariffs, the TDTR call-hour signal, and the
reference demand profile as exogenous inputs, and operational flexibility as the endogenous decision
space. This scope places the analysis on the user side of the bridge identified in Chapter 3 and ensures
that the network restriction enters the model as a contractual condition rather than as a physical network
simulation.

Second, the contract representation is reformulated as a stacked firm-plus-TDTR arrangement in which
the firm-to-TDTR ratio is swept as an exogenous parameter rather than optimised. This produces a
compliance-cost curve over the contract space rather than a single profitability verdict, which is the
principal extension relative to Verhagen et al. (2025).

Third, the TDTR call-hour signal is derived from internal Liander substation load data, using the Oude-
haske 110 kV profile as the default specification and three additional substations (Hemweg, Eerbeek,
Zaltbommel) for sensitivity analysis. This grounds the analysis in empirically observed congestion pat-
terns rather than a generic restriction regime.

Fourth, customer cost and grid impact are evaluated as complementary dimensions through five indi-
cators. Annual cost components capture the customer business case, while peak reduction, weighted
grid-pressure, share of high-load moments in call-hours, and call-hour load reduction together capture
the network-side effects. The separation between the system-wide tariff signal (weighted grid-pressure)
and the local congestion signal (call-hour-based indicators) makes explicit that alignment with one does
not imply alignment with the other.

Together, these choices form a general framework that is parameterised separately for each sector
archetype.



Case construction and modelling
assumptions

The case construction specifies which flexible assets are modelled and how their reference demand is
composed. For each sector case, a baseline electricity profile is combined with the flexibility available
in that sector, whether from a separate electrified asset or from flexibility intrinsic to the core process
itself.

Each case is built up in three modelling layers: a baseline electricity demand from an empirical or
normalised sector profile, the sector’s flexibility, and operational constraints that determine how that
flexibility can respond to TDTR call-hours. For each case, the reference profile, taken without any
optimisation and under a fully firm contract, serves as the baseline against which the flexibility and
TDTR scenarios are compared in Chapter 6. For each case, the contract reference capacity peontract
is derived from the annual peak of the reference profile and adds a 10% contracting margin to the case.

5.1. Case 1: Cold storage

The cold-storage case represents a refrigerated warehouse in which electricity demand is mainly driven
by the cooling installation. No separate add-on asset is added to the baseline profile, the cold-storage
load itself is the flexibility asset. Flexibility is embedded in the refrigeration system, because the thermal
inertia of the refrigerated space, stored goods, and cooling system allows compressor operation to be
shifted within operational temperature limits. Stored products thereby act as passive thermal mass that
delays temperature changes during compressor curtailment or load shifting (Akerma et al., 2020).

5.1.1. Reference profile construction

The construction of the cold-storage reference profile, including its baseline profile, scaling basis, and
connection category, is summarised in Table 5.1.
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Table 5.1: Construction of the cold-storage case

Element Implementation in this study Source / basis
Baseline profile Normalised cold-storage electricity profile SBI 52102
Scaling basis Representative peak demand of 290 kW EAN analysis and

case Kahmann and
Kleiburg (2023)

Connection category MS / AC5/ <2 MVA Based on the tariff
classification in Ta-
ble A.3

The resulting reference profile is shown in Figure 5.1. It displays a continuous cooling demand pattern
with recurring short-term fluctuations around the inflexible base load, and an annual peak of approxi-
mately 290 kW.

Annual and weekly overview of Scenario 1 - Reference | Oudehaske 110 kV
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Figure 5.1: Annual and weekly overview of the cold-storage reference profile (Scenario 1).

5.1.2. Cooling and flexibility assumptions

The flexibility mechanism is based on pre-cooling: the refrigeration system can cool ahead of demand,
storing “cold” in the thermal mass of the refrigerated space and the stored goods, and drawing on
that stored cold later. Flexibility acts in one direction only: cooling can be brought forward and stored,
but the cooling demand itself must be served at its original moment, either directly, from the buffer,
or, against a penalty, as non-served energy. In addition, the flexible part of the cooling system may
be switched off for at most four hours per day, representing the maximum temperature drift permitted
within operational limits. The optimisation follows the thermal-buffer formulation introduced in §4.3.3,
with the case-specific parameter values listed in Table 5.2.
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Table 5.2: Scaling and flexibility assumptions for the cold-storage case

Parameter Value Source / basis

Maximum electrical demand 290 kW Kahmann and Kleiburg (2023)

Pmax

Flexible capacity pmaxflex 145 kW (50%) CE Delft (2025)

Inflexible load share 50% CE Delft (2025)

Pre-cooling horizon ¢shift 2 hours CE Delft (2025)

Buffer capacity ECSbuf 290 kWh, (= pma=flex x  Derived sizing rule, identical to the
¢shift) dairy case

Maximum  flex-off  duration 16 time steps (4 h/day) CE Delft (2025)
Noff,max

Ramp limit R™&* 10 kW per 15 min Technical modelling assumption
Minimum flex-on threshold €l 0.5 kW Technical modelling assumption

Because the buffer represents the thermal mass of the refrigerated space itself rather than a separate
storage asset, no buffer CAPEX is added, the cost of activating the flexibility is captured by the EMS
cost (Table 5.3).

5.1.3. Cost assumptions

Table 5.3 summarises the cost assumptions used for the cold-storage case. These EMS cost assump-
tions are also used in the Logistics and Dairy cases.

Table 5.3: Cost assumptions for the cold-storage case

Cost component Value / method Source / basis

EMS CAPEX 5,000 € Cost assumption

EMS lifetime 10 years Cost assumption

EMS fixed OPEX 500 €/year Cost assumption

Discount rate 5% Cost assumption

Capital recovery factor (CRF) 0.1295 Computed with r = 0.05, n = 10
NSE penalty 10 €/kWh, Anchored to sectoral value of lost

load (de Nooij et al., 2007; Prak-
tiknjo, 2016)

The NSE penalty represents the cost of cooling demand that cannot be served. Temporal shifting
of the cooling load is already captured endogenously by the scheduling decision, so the NSE variable
represents only the residual energy that cannot be shifted at all, that is, shed energy. lts cost is therefore
not the compensation for shifting consumption (0.11-0.50 €/kWh, (Common Futures et al., 2026)),
which would understate it by an order of magnitude, but the value of lost load. A value of 10 €/kWh,
is used, at the lower end of the Dutch sectoral VOLL range (de Nooij et al., 2007; Praktiknjo, 2016).
It acts as a feasibility safeguard: curtailment draws first on the thermal mass of the stored product,
which tolerates several hours without immediate consequence (Ndraha et al., 2018), so residual NSE
appears only under physical infeasibility.

No asset-parameter sensitivity is run for cold storage. lIts flexibility is intrinsic to the cooling process
and is already represented through the shifting constraints, installed cooling capacity, ramping limits,
and maximum flex-off duration. Adding a separate flexibility asset would change the nature of the case
rather than test the robustness of the existing mechanism.
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5.2. Case 2: Logistics with EV fleet

The second case represents a large distribution-centre operator with an electrified vehicle fleet. The
case combines the existing electricity demand of a logistics site with additional electricity demand from
electric vehicle charging. The existing site demand represents non-EV activities such as warehouse
operation and office use. The EV charging demand represents the electrification of part of the vehicle
fleet and consists of two charging types: overnight depot charging and daytime fast charging.

This case is selected because it captures a key electrification pathway in the logistics sector. Unlike
cold storage, where flexibility is embedded in the existing cooling load, the flexibility in this case is intro-
duced through a new electrified asset. The relevant operational question is therefore whether charging
demand can be shifted within vehicle-availability windows without violating the charging requirements
of the fleet.

5.2.1. Reference profile construction

The construction of the logistics reference profile for this case is summarised in Table 5.4.

Table 5.4: Construction of the distribution-centre EV case

Element Implementation in this study Source / basis

Baseline profile Normalised land-transport electricity profile SBI 52109
representing non-EV site demand

Scaling basis Building electricity demand of a large logis- CE Delft (2025)
tics site

Depot charging Overnight charging profile for vehicles re- ElaadNL (2026)
turning to the site

Daytime fast charging High-power opportunity charging during op- ElaadNL (2026)
erational windows

Connection category AC6 / >2 MVA Tariff  classification,

see Table A.3

The electrified fleet consists of 71 vehicles: 4 vans, 41 rigid trucks and 26 tractor-trailer combinations.
This represents partial electrification of a larger logistics fleet. Depot charging is used for the full elec-
trified fleet, while daytime fast charging represents additional high-power charging during operational
activity.

Table 5.5: Assumed vehicle fleet and electrification in the distribution-centre EV case

Vehicle type Total fleet Electric vehicles Electric share Role in charging profile
Vans 10 4 40% Depot and daytime charging
Rigid trucks 150 41 27% Mainly depot charging
Tractor-trailers 150 26 17% Depot and fast charging
Total 310 71 23% Combined EV charging demand

The resulting reference profile is shown in Figure 5.2.
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Figure 5.2: Annual and weekly overview of the logistics reference profile (Scenario 1).

5.2.2. Flexibility and cost assumptions

Flexibility is applied only to the EV charging components. The non-EV logistics baseload remains
fixed. Depot charging and daytime fast charging are treated as separate flexible components because
they have different operational constraints. Depot charging can be shifted within the overnight vehicle-
availability window. Daytime fast charging is treated as flexible only within the operational window from
06:00 to 18:00, where it can be shifted within a short window around the original charging moment.
Fast-charging demand outside this operational window is treated as inflexible and is added to the fixed
load, consistent with the formulation in Section 4.3.4.
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Table 5.6: Flexibility and cost assumptions for the distribution-centre EV case

Parameter Value Source / basis

Daytime fast-charging shift +1 hour CE Delft (2025)

window

Fast-charging points 10 Operational assumption

Fast-charger power 350 kW Operational assumption

Maximum fast-charging 3.50 MW 10 x 350 kW

power

Flexible fast-charging win- 06:00-18:00 Operational daytime window as-

dow sumption

Depot-charging window 22:00-06:00 CE Delft (2025)

Depot chargers / electric ve- 71 CE Delft (2025)

hicles

Depot charger power 70 kW Operational assumption

Maximum depot-charging 4.97 MW 71 x 70 KW

power

Battery capacity per truck 400 kWh Fleet-average assumption, truck-
dominated fleet

Required charging session 10% to 100% SOC Modelling assumption

Energy per full charging ses- 360 kWh (1.00 — 0.10) x 400 kWh

sion

NSE penalty 5 €/kWh, Anchored to transport-sector value of

lost load (de Nooij et al., 2007; Prak-
tiknjo, 2016)

The NSE penalty prevents infeasibility when charging cannot be fully scheduled within the available
windows or under TDTR restrictions. As shifting charging to off-peak hours is captured endogenously,
the NSE variable represents only non-shiftable, shed energy: a charging session that cannot be com-
pleted and a missed or curtailed trip. It is therefore anchored to the value of lost load rather than to
shifting compensation (de Nooij et al., 2007; Praktiknjo, 2016). A value of 5 €/kWh,, is used, below the
cold-storage and dairy values because a partially served charging session is an operational disruption
rather than the loss of a continuous, interruption-sensitive process.

The number of trucks requiring charging per night is bounded through Eq. (4.43), using Echarge =
360 kWh per full charging session ((1.00 — 0.10) x 400 kWh) and NV = 71 electric vehicles.

5.2.3. Battery sensitivity

The logistics case already contains substantial flexibility through smart charging, but that flexibility is tied
to vehicle availability: charging can only be shifted within the windows in which vehicles are connected.
During a call-hour in which few or no vehicles are plugged in, smart charging cannot respond. A
stationary battery is tested here precisely because it breaks this dependency: it can discharge during
call-hours regardless of vehicle presence, providing compliance capability that charging flexibility alone
cannot. This is why the battery is examined for logistics specifically and not as a generic add-on,
it relieves the binding constraint of this case (the availability windows), whereas the dairy and cold-
storage cases are limited by process-bound flexibility rather than by availability timing.

To avoid basing the conclusion on a single arbitrary size, three batteries are tested that share the same
power rating but differ in storage duration: Battery X (two-hour), Battery Y (four-hour), and Battery Z
(eight-hour). Spanning these durations tests whether TDTR performance is constrained more by short-
duration peak shaving or by longer-duration energy shifting during extended call blocks. The cost and
performance assumptions are listed in Table 5.7 and the operational formulation in Eq. (5.1), the results
across the three durations are reported in Chapter 6.
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5.2.4. Battery cost assumptions

Table 5.7 lists the cost and performance assumptions for the battery energy storage system (BESS).
Three configurations are evaluated, sharing the same power rating but differing in storage duration:
Battery X (two-hour), Battery Y (four-hour), and Battery Z (eight-hour).

Table 5.7: Battery (BESS) cost and performance assumptions

Parameter Value Source / basis
Investment (CAPEX) 400 €/kWh nominal Assumption
Economic lifetime 10 years Assumption
Discount rate 5.0% Assumption
Annuity factor (CRF) 0.1295 Derived from rate and lifetime
Fixed O&M 25 €/kWh nominal/year Assumption
Degradation cost 0.05 €/kWh throughput Assumption
Charge/discharge efficiency 0.922 (each) Assumption
Round-trip efficiency 0.850 Derived (n¢n * Nais)
Battery scenarios (same power, increasing duration)

Battery X 1,000 kWh / 500 kW Two-hour system
Battery Y 2,000 kWh / 500 kW Four-hour system
Battery Z 4,000 kwh / 500 kW Eight-hour system

Operational battery formulation The battery operates under a standard storage formulation. The

state of charge evolves with the charge and discharge power and the one-way efficiency n = 0.922

applied on both sides:

ps
" At VteT. (5.1)

soc; = S0ce_q + 1 pSPAL —

Charge and discharge power are bounded by the rated power of the selected configuration, and the
state of charge by its energy capacity. The initial state of charge is set to 50% of the energy capacity,
and a cyclic end condition socjy| = socip;; rules out end-of-horizon depletion. No binary mode variable
is used: simultaneous charging and discharging is rendered economically unattractive by the round-trip
loss, and its absence in the optimised schedules is verified ex post in Appendix E.2.

5.3. Case 3: Dairy processing with industrial heat pump

The dairy case represents a large food-processing customer that electrifies part of its process heat
demand with an industrial heat pump. The case combines a fixed dairy-process electricity profile with
an additional heat-pump load. The fixed profile captures existing process electricity demand, while the
heat-pump add-on captures the extra electricity demand caused by process-heat electrification.

5.3.1. Reference profile construction

The construction of the dairy reference profile, including its non-flexible dairy-process demand, the
heat-pump add-on and its sizing, and the connection category, is summarised in Table 5.8.
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Table 5.8: Construction of the dairy heat-pump case

Element

Implementation in this study

Source / basis

Baseline profile
Scaling basis

Add-on asset
Add-on sizing

Connection category

Normalised dairy-sector electricity profile
Representative dairy producer connected to
the regional grid

Industrial heat pump

Based on process electricity, process heat,
and electrified heat demand
AC6 / >2 MVA

SBI 105
Liander case data

Liander dairy heat-
pump profile
CE Delft (2025)

Based on the tariff
classification in Ta-

ble A.3

The resulting reference profile is shown in Figure 5.3. It combines the inflexible dairy-process demand
with the reference heat-pump demand, producing a relatively stable profile, as the dairy process re-
quires a continuous supply of heat and only part of the heat-pump demand can vary over time.
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Figure 5.3: Annual and weekly overview of the dairy heat-pump reference profile (Scenario 1).

5.3.2. Heat-pump and flexibility assumptions

The useful process heat demand is converted into electricity demand using a COP of 4.02, based
on the dairy heat-pump application analysed by Cox et al. (2022). This value is consistent with the
temperature levels reported in the RVO industrial heat-pump case for dairy production (Rijksdienst voor
Ondernemend Nederland, 2024). The resulting heat-pump electricity profile is used as the add-on load
in the optimisation.
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Table 5.9: Scaling and flexibility assumptions for the dairy heat-pump case

Parameter

Value

Source / basis

Dairy-process electricity
Heat-pump electricity

Combined annual demand
COP

Heat-pump capacity pHPmax

Flexible heat demand
Flexibility horizon ¢shift

Buffer capacity EPuffer
Ramp limit RHP

Buffer loss

5,850 MWh/year
11,260 MWh/year

17,110 MWh/year
4.02
1,725 kW,

10%

2 hours (pre-production,
buffer sizing basis)

1,387 kWhy, (= 0.10 x
1,725 x 4.02 X 2)

34.5 kW, per 15 min

2.5%/hour

Liander case data

Model calculation using COP =
4.02

Model calculation

Cox et al. (2022)

Peak of the reference heat-pump
profile

CE Delft (2025)

CE Delft (2025)

Exogenous sizing rule, see §5.3.3
20% of flexible HP capacity per

time step (0.20 x 0.10 x pHPmax)
CE Delft (2025)

5.3.3. Cost assumptions

Table 5.10: Cost assumptions for the dairy heat-pump case

Cost component

Value / method

Source / basis

Flexible heat share
Thermal-buffer capacity
Buffer CAPEX

Buffer lifetime

Discount rate
Fixed O&M

Annualised buffer cost factor

NSE penalty

10% of heat-pump de-
mand
fﬂex X PeI,_Inl:;ax X COP X tshift

50 €/kWhy,

15 years

5%

1.5% of CAPEX/year
11.13% of CAPEX/year
15 €/kWh,

CE Delft (2025)

Exogenous sizing rule (see be-
low)

Conservative upper-bound esti-
mate based on TTES literature
(Energy Innovation NL, n.d.)
Cost assumption

Cost assumption

Cost assumption

CREF plus fixed O&M

Upper end of sectoral value of lost
load, reflecting continuous food-
process demand (de Nooij et al.,
2007; Praktiknjo, 2016)

The thermal buffer is sized exogenously from the flexible heat share rather than optimised, with a
capacity holding two hours of flexible heat production. Flexibility acts in one direction only: flexible heat
can be produced ahead of demand and stored until needed, production cannot be deferred, because
the process-heat demand must be served continuously.

The NSE penalty represents shed process heat, the residual demand that buffering cannot cover, and
is anchored to the value of lost load (de Nooij et al., 2007; Praktiknjo, 2016). A value of 15 €/kWh, is
used, at the upper end of the sectoral VOLL range and above the other two cases because dairy is a
continuous food process: hygiene constraints and low interruption tolerance raise the consequence of
non-served energy.
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5.3.4. Flexible-share sensitivity

The binding limitation in the dairy case is the small share of heat-pump demand that can be shifted
through the thermal buffer. The base case assumes 10% of the heat-pump load is flexible, in line with
the share that CE Delft reports as achievable for a continuous industrial process (CE Delft, 2025). To
test whether the weak TDTR performance of this archetype is caused mainly by limited flexibility volume
rather than by the timing of the calls, the flexible share is raised from 10% to 20%, a more favourable
assumption for a continuous process. The buffer capacity scales accordingly through the sizing rule of
§5.3.3, the result is reported in Chapter 6.

5.4. The four substation call profiles

Four substation profiles were selected for this thesis, each representing a distinct temporal congestion
pattern. The Oudehaske 110 kV substation is used as the default case for the main specification,
because it represents the most recognisable and recurring demand-driven congestion pattern, with
call-hours concentrated in the winter months and around the morning and evening peak. This makes it
a relevant reference profile for the asset-level analysis. The other three profiles are applied identically
to every case as a shared robustness dimension: each case is solved under all four profiles, varying
the call-hour timing while holding everything else fixed, so that the comparison isolates the effect of the
local congestion shape. The case-by-case results across the four profiles are reported in Chapter 6.

Although all four profiles contain 1,314 call-hours, corresponding to 15% of the year, their temporal
distribution differs substantially. The full call-hour distributions by month, hour of day, and day of week
are given in Appendix D.1-D.3, the four can be characterised as follows:

» Type A — Oudehaske 110 kV: seasonal morning/evening congestion. A clear winter-oriented
pattern, with call-hours concentrated mainly in January—March and October—December and, within
the day, around the morning and evening peak. This is the most recognisable and recurring
demand-driven pattern, and is used as the default specification.

» Type B — Hemweg 150 kV: concentrated industrial call blocks. The lowest number of call-
days, but with call-hours concentrated within those days. The pattern is strongest in winter and
mostly falls on working-day daytime and evening hours, representing a dense industrial load area
where congestion appears in intense blocks rather than spread across the year.

» Type C — Eerbeek 150 kV: strongly seasonal autumn/winter congestion. The strongest sea-
sonal concentration, with many call-hours in autumn and early winter, especially around October
and November, mainly in daytime and evening (some night) hours. Compared with Type A, it is
less evenly spread across winter and more concentrated in a narrower part of the year.

» Type D — Zaltbommel 150 kV: dispersed year-round exposure. The highest number of call-
days and the most dispersed pattern, with call-hours in winter but also in summer and autumn.
In contrast to the other patterns, a lot of call-hours are in the night hours and during cheaper
electricity moments (12:00-14:00).

These differences matter because the operational burden of TDTR is not determined only by the total
number of annual call-hours. A profile with fewer but longer call blocks may be manageable for assets
with sufficient short-term storage or shifting capacity, while a profile with many dispersed call-days may
interfere more often with normal operation. Solving every case under all four profiles therefore tests
whether the economic and technical attractiveness of TDTR is robust across congestion shapes, or
whether it depends on the specific timing of the local profile.



Results

This chapter presents the optimisation results for each sector and its corresponding flexibility asset.
The analysis compares three scenarios, which together isolate the effect of operational flexibility and
of TDTR participation:

Firm-only (reference). The asset meets its demand under a conventional firm contracted-capacity
connection, sized to cover its peak load, without exploiting temporal flexibility.

Flex. The asset’s operation is cost-optimised: its flexible load is scheduled over time to minimise total
annual cost, subject to the asset’s physical and operational limits, but without any TDTR restric-
tions.

Flex+tTDTR. ldentical to Flex, but the schedule must additionally respect the TDTR call-hour restric-
tions at the optimal case-specific firm-to-TDTR ratio determined with the compliance-cost curve.

All case results in this chapter use the Oudehaske (Type A) call profile as the default and the sensitivity
analysis (§6.4) repeats the optimisation across the other three substation profiles.

For each case, four outputs are reported for the default Oudehaske (Type A) profile:

1. Compliance-cost curve showing how the total annual cost changes across different firm-to-
TDTR ratios. This curve is used to identify the cost-minimising contract structure for each case.

2. Scenario dispatch overviews for the two optimised scenarios (Flex and Flex+ TDTR), illustrating
how the asset schedules its load with and without TDTR call-hour restrictions. The Firm-only
reference is not shown here, as it involves no scheduling decision.

3. Annual cost summary comparing all three scenarios, decomposed into commodity cost, en-
ergy tax, contracted-capacity cost, monthly kW-max charge, non-served energy (where relevant),
montly kWh charge (only relevant at cold storage), and any annualised asset-specific costs such
as buffer or EMS costs.

4. Grid-impact indicators reporting the six metrics defined in §4.4.
This part answers SQ2:
For each representative sector and corresponding flexibility asset, what is the cost-optimal

firm-to-TDTR ratio, and how much does participation at that ratio save the customer and relieve the
grid relative to a firm-only and a flex-only scenario?
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6.1. Case 1: Cold storage

Key findings. The cold-storage customer reduces annual electricity costs from €214,203 to €202,548
with Flex + 45% TDTR, a 5.4% reduction relative to the firm-only reference (Table 6.1). Flexibility
without TDTR reduces annual costs by 4.4%, the operational cooling flexibility accounts for the larger
share of the reduction (€9,366 of the €11,655 total). The 45% TDTR contract adds the remaining saving
by lowering the kW-contract on the TDTR share.

Why this works. Cold storage has intrinsic short-term flexibility because cooling demand can be shifted
within the thermal inertia of the refrigerated space. This allows the optimiser to reduce compressor use
during TDTR call-hours without a separate thermal-buffer investment: the cooling service requirement
is fixed, while the timing of electricity use is adjustable.

Where the savings come from. The Flex scenario reduces costs through lower energy cost and
a lower monthly kW-max charge. The 45% TDTR contract reduces the kW-contract from €8,766 to
€4,821, a saving of €3,945. This is partly offset by the NSE penalty of €1,326 and a €98 increase in
the kW-max charge, giving a net additional saving of €2,290 relative to Flex. The total improvement is
5.4%, against 4.4% for Flex alone.

Residual non-served energy. With an NSE penalty of 10 €/kWh, the NSE cost of €1,326 in the
Flex + 45% TDTR scenario corresponds to 0.13 MWh of non-served cooling energy per year, or 0.009%
of the total annual demand of 1,422 MWh. This is cooling that the optimiser chooses not to serve during
the most constrained call-hours, after the shiftable flexibility within the thermal inertia has already been
exhausted. At 0.009% of annual demand it is confined to a small number of call-hour intervals, so the
result is a cost-optimal trade-off under the chosen penalty value rather than a systematic shortfall in
the cooling service.

Grid impact. The annual peak decreases from 290.00 kW in the reference to 255.45 kW under
Flex + TDTR, an absolute reduction of 11.91% (Table 6.2). The peak during call-hours falls from
268.38 kW to 175.45 kW. The Top 5% call indicator decreases from 6.22% to 0.00%. The TDTR
constraint relocates the highest-load moments out of constrained hours rather than further reducing
the annual peak.

6.1.1. Compliance cost curve

The compliance-cost curve identifies the contract split that minimises total annual cost under the TDTR
restriction (Figure 6.1). The minimum is reached at a firm fraction of 55%, corresponding to a 45%
TDTR contract.

At lower firm fractions the customer receives a larger contract discount, but the available firm capacity
becomes too restrictive during call-hours. This raises compliance costs and, at the lowest firm fractions,
non-served-energy costs. At higher firm fractions compliance is easier, but the TDTR discount is smaller
and the kW-contract cost increases. The optimum lies between these two effects: enough firm capacity
to avoid operational disruption, but enough TDTR capacity to reduce annual contract costs. Its position
is consistent with the asset’s physical flexibility: 50% of the cold-storage load is shiftable, and the
compressor ramping constraints limit how quickly that share can be moved out of the call-hours. The
firm fraction therefore cannot fall much further before the non-shiftable load and the ramping limits force
non-served energy, which is why the cost-minimising point settles at a 55% firm share rather than at a
lower one.



6.1. Case 1: Cold storage 50

Compliance-cost curve - Firm fraction sweep [Cold storage AC5 + ATR]

€206,000 4

— —

— - kW-contract cost | £€5,000

e o —
- —
\ —
p—
o —
\ —
e ——
- —

€205,000 4

F€4,000
€204,000 4

F€3,000

€203,0001

Total cost [EUR/year]

F€2,000

NSE and kw-contract cost [EUR/year]

€202,000
F€1,000

€201L,000 NG —— @ ——— | <0

T T T T T T
0.52 0.54 0.56 0.58 0.60 0.62
Firm fraction (higher = more firm, less TDTR)

Figure 6.1: Compliance-cost curve for the cold-storage case (firm-fraction sweep).

6.1.2. Scenario-specific overviews

In the Flex scenario the flexible cooling load is redistributed within the operational constraints of the cold
store, concentrating consumption in lower-price periods and lowering the annual peak to 255.89 kW
(Figure 6.2, top plot). In the Flex + TDTR scenario (middle plot) the shaded bands mark the active
TDTR call-hours, the optimiser shifts flexible cooling out of these hours and holds the load below the
175 kW firm limit where feasible. The day-ahead price (bottom plot) shows that, without TDTR, the
flexible load already tracks low-price hours, under TDTR the schedule additionally avoids call-hours,
including call-hours that coincide with low prices. As a result, the call-hour peak falls further than the
annual peak.
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Figure 6.2: Weekly dispatch overview of Scenario 2 (Flex) and Scenario 3 (Flex + 45% TDTR) for the Oudehaske (Type A)
profile, with the day-ahead electricity price (bottom plot).

6.1.3. Annual costs

In the Flex scenario, total annual cost falls from €214,203 to €204,838, a 4.4% reduction relative to the
reference (Table 6.1). This is driven by lower energy cost and a lower monthly kW-max charge, while
the kW-contract is unchanged because the contract basis is still fully firm.

The 45% TDTR contract reduces total annual cost to €202,548, 5.4% below the reference. The addi-
tional saving comes from the lower kW-contract, which falls from €8,766 to €4,821 because the TDTR
share receives a discount on the contracted-capacity component. This €3,945 reduction is partly off-
set by the NSE penalty of €1,326 and a €98 increase in the kW-max charge, leaving a net additional
saving of €2,290 over Flex. The operational cooling flexibility accounts for the larger share of the total
reduction, TDTR contributes the remaining 1.0 percentage point.

Table 6.1: Annual cost summary of the cold-storage case with a 45% TDTR contract.

Metric Reference Flex Flex +45% TDTR
Energy cost [€] 109,403.51 100,117.59 100,357.09
Energy tax [€] 53,117.00 53,117.00 53,112.05
kWh transport [€] 32,140.41 32,140.41 32,137.41
kW-contract [€] 8,766.12 8,766.12 4,821.37
kW-max [€] 10,776.21 9,548.93 9,646.58
NSE cost [€] 0.00 0.00 1,326.00
EMS cost [€] 0.00 1,147.52 1,147.52
Total annual cost [€] 214,203.24 204,837.57 202,548.02

Cost improvement vs. reference [%] - 4.4% 5.4%
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6.1.4. Grid-impact indicators

The annual peak decreases from 290.00 kW in the reference to 255.89 kW under Flex and 255.45 kW
under Flex + TDTR, absolute reductions of 11.76% and 11.91% respectively (Table 6.2). The difference
between the two flexible scenarios in annual-peak reduction is 0.15 percentage points; the general
peak-shaving is achieved by the operational flexibility of the cooling load.

The peak during call-hours falls from 268.38 kW in the reference to 255.89 kW under Flex and to
175.45 kW under Flex + TDTR. The TDTR-constrained optimisation shifts cooling demand out of locally
constrained hours.

The Top 5% call indicator decreases from 6.22% in the reference to 1.94% under Flex and 0.00% under
Flex + TDTR: in the TDTR case the highest-load moments fall entirely outside the call-hour set. The
call-hour load reduction increases from 16.11% under Flex to 18.09% under Flex + TDTR.

The weighted grid-pressure reduction is 4.86% under Flex and 4.60% under Flex + TDTR. The lower
WGPR in the TDTR case indicates that the TDTR constraint reduces load most during call hours, while
relocating part of the load to moments of congestion or stress elsewhere in the electricity system (local
versus system-wide).

Table 6.2: Grid-impact indicators for the cold-storage scenarios with a 45% TDTR contract.

Scenario Peak Peakcall Abs.red. Top 5% call WGPR Call-hour red.

[kW] [kW] [%] [%] [%] [%]
Reference 290.00 268.38 0.00 6.22 0.00 0.00
Flex 255.89 255.89 11.76 1.94 4.86 16.11
Flex + TDTR 255.45 175.45 11.91 0.00 4.60 18.09

6.2. Case 2: Logistics with EV fleet

Key findings. Smart charging combined with a 74% TDTR contract reduces the annual electricity bill
of the logistics customer by 23.4% relative to the firm-only reference, from €1,395.7k to €1,069.9k per
year (Table 6.3). Smart charging without TDTR reduces annual costs by 13.2%, through lower energy
costs and lower monthly kW-max charges. The 74% TDTR contract adds a further saving by reducing
the kW-contract cost on the TDTR share.

Why this works. Most electricity demand in the logistics case relates to EV charging, which can be
shifted within operational charging windows. Smart charging reduces the annual peak from 4,573.15 kW
to 3,937.89 kW. Adding TDTR shifts charging demand out of call-hours: the peak during call-hours falls
from 4,573.15 kW in the reference to 1,307.92 kW under smart charging + TDTR (Table 6.4), held just
below the 1,308 kW firm limit. The Top 5% call indicator decreases from 33.05% in the reference to
0.00% under smart charging + TDTR, so the highest-load moments fall outside the call-hour set.

Where the savings come from. The 23.4% reduction in the smart charging + 74% TDTR scenario
is driven by three components. Energy cost decreases from €822.7k to €670.9k because charging is
shifted to lower-price hours. The kW-max charge decreases from €302.8k to €258.9k because smart
charging reduces the monthly peak. The kW-contract cost decreases from €240.9k to €62.6k because
74% of the contract is assigned to TDTR. These reductions outweigh the NSE cost of €47.0k and the
EMS cost of €1.1k.

Residual non-served energy. With an NSE penalty of 5 €/kWh, the NSE costs of €14.0k (smart charg-
ing) and €47.0k (smart + 74% TDTR) correspond to 2.8 MWh and 9.4 MWh of non-served charging
energy per year. Relative to the annual electricity demand of 9,479 MWh, this is 0.03% and 0.10% of
total demand respectively.

In production terms, the non-served energy is charging that the optimiser chooses not to deliver be-
cause fully serving it would require additional firm capacity or a higher monthly peak. At an energy
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of 360 kWh per full charging session, 9.4 MWh corresponds to about 26 full-charge equivalents per
year, distributed as partial shortfalls across multiple nights rather than as complete missed charges.
In operational terms this means a number of vehicles leave with a lower state of charge or require a
rescheduled top-up. The result is a cost-optimal trade-off under the chosen penalty value, not evidence
that unserved charging is acceptable in practice.

6.2.1. Compliance cost curve

The compliance-cost curve reaches its minimum at a firm fraction of 26%, corresponding to a 74%
TDTR contract (Figure 6.3). The logistics case operates with a large TDTR share because EV charg-
ing can shift peaks away from call-hours, and a large part of the charging demand occurs at night,
when TDTR restrictions are typically not active. The customer can therefore reduce firm contracted
capacity while keeping compliance costs limited. At lower firm fractions the contract discount is larger,
but firm capacity becomes too restrictive during call-hours, raising NSE costs, at higher firm fractions
compliance is easier but the TDTR discount is smaller.
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Figure 6.3: Compliance-cost curve for the logistics case (firm-fraction sweep).

6.2.2. Scenario-specific overviews

In the Flex (smart-charging) scenario, charging demand is shifted within the available charging win-
dows, reducing the high and irregular peaks of the reference (Figure 6.4, top plot). In the Flex + 74%
TDTR scenario (middle plot) the shaded bands mark the active call-hours; the optimiser shifts depot
and fast-charging load out of these hours and holds the total load below the 1,308 kW firm limit where
feasible. The day-ahead price (bottom plot) shows that smart charging already concentrates depot
charging in low-price periods, under TDTR the schedule additionally avoids call-hours, including call-
hours that coincide with low prices.
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Figure 6.4: Weekly dispatch overview of Scenario 2 (Flex / smart charging) and Scenario 3 (Flex + 74% TDTR) for the Oudehaske
(Type A) profile, with the day-ahead electricity price (bottom plot).

6.2.3. Annual costs

In the smart-charging scenario, total annual cost falls from €1,395.7k to €1,210.9k per year, a 13.2%
reduction relative to the reference (Table 6.3), through lower energy costs and lower monthly kW-max
charges. The 74% TDTR contract reduces total annual cost to €1,069.9k, 23.4% below the reference.
This is the lowest-cost configuration in the logistics case. The driver is the reduction in kW-contract
cost, from €240.9k to €62.6k, because the TDTR share receives a discount on the contracted-capacity
component.

Table 6.3: Annual cost summary of the logistics smart-charging case for the Oudehaske 110 kV substation (Type A call profile).

Metric Reference Smart charging Smart + 74% TDTR
Energy cost [k€] 822.7 670.6 670.9
Energy tax [k€] 294 29.3 29.3
kW-contract [k€] 240.9 240.9 62.6
kW-max [k€] 302.8 255.0 258.9
NSE cost [k€] 0.0 14.0 47.0
EMS cost [k€] 0.0 1.1 1.1
Total annual cost [k€] 1,395.7 1,210.9 1,069.9

Cost improvement vs. reference [%] - 13.2 234
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6.2.4. Grid-impact indicators

The annual peak decreases from 4,573.15 kW in the reference to 3,937.89 kW under smart charg-
ing, an absolute reduction of 13.89% (Table 6.4). Under smart charging + TDTR the annual peak is
4,019.19 kW, an absolute reduction of 12.11%, so the TDTR-constrained solution does not reduce the
annual peak as far as smart charging alone.

The peak during call-hours decreases from 4,573.15 kW in the reference to 3,937.89 kW under smart
charging and to 1,307.92 kW under smart charging + TDTR. The call-hour load reduction increases
from 52.00% under smart charging to 56.08% under smart charging + TDTR. The Top 5% call indicator
decreases from 33.05% in the reference to 5.82% under smart charging and to 0.00% under smart
charging + TDTR, so the TDTR-constrained optimisation removes the highest-load moments from the
call-hour set.

The weighted grid-pressure reduction is 6.93% under smart charging and 6.83% under smart charg-
ing + TDTR. The lower WGPR in the TDTR case indicates that the TDTR constraint reduces load most
during call hours, while relocating part of the load to moments of congestion or stress elsewhere in the
electricity system (local versus system-wide).

Table 6.4: Grid-impact indicators for the logistics scenarios with a 74% TDTR contract.

Scenario Peak Peakcall Abs.red. Top 5% call WGPR Call-hour red.

[kW] [kW] [%] [%] [%] [%]
Reference 4,573.15 4,573.15 0.00 33.05 0.00 0.00
Smart charging 3,937.89  3,937.89 13.89 5.82 6.93 52.00
Smart charging + TDTR  4,019.19  1,307.92 12.11 0.00 6.83 56.08

6.3. Case 3: Dairy with industrial heat pump

Key findings. A 19% TDTR contract combined with 10% process-heat flexibility reduces the annual
electricity bill of the dairy customer by 2.28% relative to the firm-only reference, from €1,673,267 to
€1,635,110 per year (Table 6.5). Flexibility without TDTR reduces annual costs by 0.70%, the stan-
dalone value of thermal-buffer flexibility is limited. The TDTR contract adds value mainly by reducing
the kW-contract cost on the TDTR share. The TDTR constraint shifts all Top 5% load moments out of
call-hours, from 17.35% in the reference to 0.00% under Flex + TDTR + buffer (Table 6.6).

Why the cost effect is constrained. Only 10% of the heat-pump load is shiftable through the thermal
buffer, while the underlying dairy-process electricity demand is fixed. The annual peak reduction is
therefore 4.77%, and most of the TDTR value comes from the reduction in kW-contract cost rather
than from operational peak reduction.

Where the savings come from. The Flex + 19% TDTR + buffer scenario reduces energy cost from
€1,313,908 to €1,301,141 and kW-contract cost from €131,670 to €106,653. The monthly kW-max
charge decreases from €174,649 to €165,724. These reductions outweigh the annual buffer cost of
€7,720 and the NSE cost of €751, giving a total annual saving of €38,157.

Residual non-served energy. With an NSE penalty of 15 €/kWh, the NSE cost of €751 in the Flex + 19%
TDTR + buffer scenario corresponds to 0.05 MWh of non-served process-heat energy per year, or
0.0003% of the total annual demand of 17,110 MWh. In production terms, this is heat-pump electricity
that the optimiser does not deliver during the most constrained call-hours, met from the thermal buffer
rather than served at the moment of demand. At this magnitude the non-served energy affects only
a few call-hour intervals and does not require the dairy process itself to be reduced. The result is a
cost-optimal trade-off under the chosen penalty value.

Grid impact. The annual peak decreases from 2,500.00 kW in the reference to 2,380.73 kW under
Flex + TDTR + buffer. The peak during call-hours falls from 2,386.01 kW to 2,227.50 kW. The weighted
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grid-pressure reduction is 0.41% and the call-hour load reduction is 1.92%. The dairy case responds
to TDTR restrictions, but the grid benefit is bounded by the small flexible share and the continuous
process load.

6.3.1. Compliance cost curve

The compliance-cost curve reaches its minimum at a firm fraction of 81%, corresponding to a 19%
TDTR contract (Figure 6.5). The dairy case requires a higher firm share than the cold-storage and
logistics cases. At lower firm fractions the TDTR discount is larger, but the firm capacity becomes
too restrictive for heat-pump operation, raising NSE costs, because the 10% thermal-buffer flexibility
cannot shift enough process-heat demand away from call-hours.
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Figure 6.5: Compliance-cost curve for the dairy case with 10% flexibility (firm-fraction sweep).

6.3.2. Scenario-specific overviews

In the Flex scenario the flexible heat-pump demand is shifted within the thermal-buffer constraints,
reducing the annual peak from 2,500 kW to 2,380.73 kW and smoothing short-term peaks in the heat-
pump component, while the dairy-process load is fixed (Figure 6.6, top plot). In the Flex + TDTR
scenario (middle plot) the shaded bands mark the active call-hours; the optimiser reduces heat-pump
operation in these hours and uses the buffer to hold the load below the 2,200 kW firm limit. The change
in the total profile is small, because only a small share of the heat demand is shiftable while most of
the electricity demand is tied to continuous production. The day-ahead price (bottom plot) shows that
the limited flexible share is dispatched towards lower-price hours, with the TDTR schedule additionally
avoiding call-hours.
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Figure 6.6: Weekly dispatch overview of Scenario 2 (Flex) and Scenario 3 (Flex + 19% TDTR + buffer) for the Oudehaske
(Type A) profile, with the day-ahead electricity price (bottom plot).

6.3.3. Annual costs

The Flex + buffer scenario reduces annual costs from €1,673,267 to €1,661,557, a 0.70% improvement
relative to the reference (Table 6.5), driven by lower energy cost and a lower monthly kW-max charge,
partly offset by the annual buffer cost. The 19% TDTR contract reduces total annual cost to €1,635,110,
a 2.28% improvement. The additional saving is driven by the kW-contract cost, which decreases from
€131,670 to €106,653 because the TDTR share receives a discount on the contracted-capacity com-
ponent, outweighing the buffer cost of €7,720 and the NSE cost of €751.

Relative to the logistics and cold-storage cases, the total cost improvement is bounded by the limited
flexibility: 10% of the heat-pump load is shiftable through the thermal buffer, while most of the process
electricity demand is fixed.
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Table 6.5: Annual cost summary of the heat-pump case with 10% flexibility and a 19% TDTR contract for the Oudehaske 110 kV
substation.

Metric Reference Flex + buffer Flex + 19% TDTR + buffer
Annual peak [kW] 2,500.00 2,381.00 2,381.00
Total annual demand [MWh] 17,109.90 17,137.40 17,137.30
HP annual demand [MWh] 11,260.30 11,287.70 11,287.70
Energy cost [€] 1,313,907.86  1,302,190.29 1,301,140.91
Energy tax [€] 53,040.70 53,125.81 53,121.11
kW-contract [€] 131,670.00 131,670.00 106,652.70
kW-max [€] 174,648.90 165,703.83 165,724.49
NSE cost [€] 0.00 0.00 751.17
Buffer cost [€] 0.00 7,720.01 7,720.01
Total annual cost [€] 1,673,267.46 1,661,557.46 1,635,110.39
Cost improvement vs. reference [%] - 0.70% 2.28%

6.3.4. Grid-impact indicators

The annual peak decreases from 2,500.00 kW in the reference to 2,380.73 kW under both Flex + buffer
and Flex + TDTR + buffer, an absolute reduction of 4.77% (Table 6.6). The annual peak reduction
is achieved by the thermal-buffer flexibility; adding the TDTR constraint does not reduce the annual
peak further but shifts the highest-load moments out of call-hours, visible in the Top 5% call indi-
cator, which falls from 17.35% in the reference to 9.49% under Flex + buffer and to 0.00% under
Flex + TDTR + buffer.

The peak during call-hours falls from 2,386.01 kW in the reference to 2,303.81 kW under Flex + buffer
and to 2,227.50 kW under Flex + TDTR + buffer. The weighted grid-pressure reduction is 0.40% under
Flex + buffer and 0.41% under Flex + TDTR + buffer, the call-hour load reduction is 1.80% and 1.92%
respectively. The dairy case responds to TDTR call-hours, but the effect is bounded by the shiftable
share of the heat-pump load and the continuous nature of the dairy process.

Table 6.6: Grid-impact indicators for the heat-pump scenarios with 10% flexibility and a 19% TDTR contract for the Oudehaske
110 kV substation.

Scenario Peak Peakcall Abs.red. Top 5% call WGPR Call-hour red.

[kW] [kW] [%] [%] [%] [%]
Reference 2,500.00 2,386.01 0.00 17.35 0.00 0.00
Flex + buffer 2,380.73  2,303.81 4.77 9.49 0.40 1.80
Flex + TDTR + buffer 2,380.73  2,227.50 4.77 0.00 0.41 1.92

This part will answer SQ3:
How do these outcomes depend on the substation call profile and on the assumed flexibility of the
assets, and under which conditions do the customer-side and grid-side outcomes align or diverge?

6.4. Sensitivity analysis

The case results presented for cold storage, logistics, and dairy processing in Sections 6.1-6.3 are
based on two main sets of assumptions: the temporal call-hour profile of the substation to which the
customer is connected, and the flexibility characteristics of the modelled asset. The different substation
call-hour profiles used in this analysis are defined in Section 4.3.6. In short, these profiles represent four
distinct local congestion patterns: seasonal morning and evening congestion (Type A), concentrated
industrial call-blocks (Type B), strongly seasonal autumn and winter congestion with some night calls
(Type C), and dispersed, year-round exposure whose call-hours fall largely in cheap-price and night
hours (Type D).
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This section tests how robust the TDTR outcomes are to these assumptions. It first evaluates how the
results change when the same customer archetype is connected to different local call-hour profiles.
It then assesses selected asset-parameter sensitivities, such as changes in the available flexibility
capacity or operational constraints. Finally, the combined results are interpreted from both the customer
and network-operator perspectives, because a positive customer business case does not necessarily
imply meaningful grid relief.

6.4.1. Customer-side and grid-operator-side outcomes per call profile

This section reads the scenario outcomes profile by profile. The four profiles are four distinct substation
call patterns, Type A (Oudehaske), Type B (Hemweg), Type C (Eerbeek), and Type D (Zaltbommel),
that differ in when the call hours fall and, decisively, in how those hours overlap with the low day-
ahead-price hours and with each asset’s flexible window, as seen more in detail in . For each profile
the analysis follows the same two-step logic: first what flexibility alone achieves relative to the firm-only
reference, and then what the TDTR constraint adds on top of that flexible scenario.

Because the NSE penalty is anchored to the value of lost load (5, 10, and 15 €/kWh for logistics, cold
storage, and dairy respectively), non-served energy is expensive, so the optimiser will only accept a
large TDTR share where compliance can be met by shifting load within the asset’s flexible window,
not by shedding demand. The cost-optimal firm fraction is therefore itself an alignment indicator: a
low firm fraction (large TDTR share) signals that the call hours overlap the flexible, low-price window,
while a high firm fraction (small TDTR share) signals that compliance would require shedding, which
the optimiser avoids.

Table 6.7: Scenario outcomes for call profile Type A — Oudehaske (flex and flex + TDTR, relative to the firm-only reference).

Case Scenario Firm ratio Annual saving Peak reduction Weighted Call-hour load
(+) grid-pressure reduction
reduction

[%] [KEUR/year, %] [%] [%] [%]

Cold storage  Flex 100 +9.4 (4.4%) 11.76 4.86 16.11
Cold storage ~ Flex + TDTR 55 +11.7 (5.4%) 11.91 4.60 18.09
Logistics Smart charging 100 +184.8 (13.2%) 13.89 6.93 52.00
Logistics Smart charging + TDTR 26 +325.9 (23.4%) 12.11 6.83 56.08
Dairy Flex + buffer 100 +11.7 (0.7%) 4.77 0.40 1.80
Dairy Flex + TDTR + buffer 81 +38.2 (2.3%) 4.77 0.41 1.92

Under the Oudehaske profile (Table 6.7), flexibility alone moves all three loads in the right direction:
every flex case posts a positive saving and a positive call-hour reduction, so price-driven scheduling
and the local call pattern are aligned. The cost-optimal TDTR share confirms this: logistics retains a
74% TDTR share (firm 26), which lifts its saving to 23.4% and its call-hour reduction from 52.00% to
56.08%. Cold storage takes a 45% TDTR share (call-hour reduction 16.11% to 18.09%) and dairy a
19% share. The weighted grid-pressure reduction is essentially unchanged across all three (logistics
6.93% to 6.83%), so on this profile TDTR works by sharpening behaviour during the call hours rather
than by reshaping the load across the rest of the year.

Table 6.8: Scenario outcomes for call profile Type B — Hemweg (flex and flex + TDTR, relative to the firm-only reference).

Case Scenario Firm ratio Annual saving Peak reduction Weighted Call-hour load
(+) grid-pressure reduction
reduction

[%] [KEUR/year, %] [%] [%] [%]

Cold storage  Flex 100 +9.4 (4.4%) 11.76 4.86 10.08
Cold storage  Flex + TDTR 57 +11.6 (5.4%) 9.66 4.42 11.79
Logistics Smart charging 100 +184.8 (13.2%) 13.89 6.93 44.19
Logistics Smart charging + TDTR 46 +293.1 (21.0%) 13.89 7.02 45.65
Dairy Flex + buffer 100 +11.7 (0.7%) 4.77 0.40 0.95

)

Dairy Flex + TDTR + buffer 85 +31.4 (1.9% 4.26 0.40 0.96
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The Hemweg profile (Table 6.8) differs from Oudehaske in that its call hours overlap the logistics flexible
window less. The cost-optimal logistics TDTR share drops accordingly, from 74% to 54% (firm 46), and
the call-hour reduction TDTR adds falls from +4.1 to +1.5 points (44.19% to 45.65%). The customer
saving is still largely set by load type and connection size (21.0%, close to Type A), but the lower TDTR
share is the quantitative readout of weaker alignment: the optimiser holds more firm capacity because
more of the call hours fall outside the window where charging can be shifted without shedding. Cold
storage (43% share) and dairy (15% share) show the same direction. Across A and B, the call-hours
still overlap the flexible window and the high-price hours enough that compliance is met by shifting.
Across A and B, the call-hours still overlap the flexible window and the high-price hours enough that
compliance is met by shifting.

Table 6.9: Scenario outcomes for call profile Type C — Eerbeek (flex and flex + TDTR, relative to the firm-only reference).

Case Scenario Firm ratio Annual saving Peak reduction Weighted Call-hour load
(+) grid-pressure reduction
reduction

[%] [KEUR/year, %] [%] [%] [%]

Cold storage  Flex 100 +9.4 (4.4%) 11.76 4.86 11.90
Cold storage ~ Flex + TDTR 61 +8.8 (4.1%) 5.43 4.69 13.14
Logistics Smart charging 100 +184.8 (13.2%) 13.89 6.93 37.66
Logistics Smart charging + TDTR 70 +251.6 (18.0%) 18.37 6.92 37.80
Dairy Flex + buffer 100 +11.7 (0.7%) 4.77 0.40 1.28
Dairy Flex + TDTR + buffer 81 +34.2 (2.0%) 4.77 0.41 1.34

Table 6.9 reports the Eerbeek (Type C) outcomes, the profile on which the realistic NSE penalty changes
the conclusion most. The logistics TDTR share collapses to 30% (firm 70), and the call-hour reduction
TDTR adds is +0.14 points (37.66% to 37.80%) with the weighted grid-pressure reduction essentially
unchanged (6.93% to 6.92%). The customer saving still rises to 18.0%, because the 30% TDTR share
carries a kW-contract discount, but the load profile is essentially unchanged: the customer collects
the discount while delivering no additional grid relief. Cold storage makes the point even sharper:
the best available TDTR split yields a 4.1% saving, below the 4.4% of flexibility alone, so a cost-
minimising cold-storage customer would decline TDTR on this profile entirely. Under the earlier, low
NSE penalty this profile appeared to be where TDTR did the most structural work (a 78% share driving
call-hour reduction to 57%). That outcome was the model shedding energy to satisfy the constraint,
once shedding is priced realistically, the optimiser declines, the TDTR share retreats, and the apparent
structural correction disappears.

Table 6.10: Scenario outcomes for call profile Type D — Zaltbommel (flex and flex + TDTR, relative to the firm-only reference).

Case Scenario Firm ratio Annual saving Peak reduction Weighted Call-hour load
(+) grid-pressure reduction
reduction

[%] [KEUR/year, %] [%] [%] [%]

Cold storage  Flex 100 +9.4 (4.4%) 11.76 4.86 —4.68
Cold storage  Flex + TDTR 61 +12.4 (5.8%) 11.59 4.48 -0.96
Logistics Smart charging 100 +184.8 (13.2%) 13.89 6.93 —41.85
Logistics Smart charging + TDTR 70 +253.0 (18.1%) 16.40 6.90 —41.50
Dairy Flex + buffer 100 +11.7 (0.7%) 4.77 0.40 —0.68
Dairy Flex + TDTR + buffer 83 +33.7 (2.0%) 4.77 0.40 —0.68

Zaltbommel (Table 6.10) is the adverse profile and must be read through the flex scenario. Here flexi-
bility alone is not neutral but raises load during the call hours: the call-hour reduction is negative under
flex for all three loads, reaching —41.85% for logistics, —4.68% for cold storage and —0.68% for dairy.
The cost-minimising schedule, driven by day-ahead prices, concentrates load into the low-price hours
that on this profile coincide with the substation’s call hours, low price signals and network needs point
in opposite directions.

The two flexible assets then diverge, and the divergence is the central evidence for the mechanism.
Cold storage corrects most of the misalignment (—4.68% to —0.96%) because it complies through real
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thermal-buffer shifting at a 39% TDTR share. Logistics does not: its TDTR share is held at 30% (firm
70), the call-hour reduction moves from —41.85% to —41.50%, and the weighted grid-pressure reduc-
tion is essentially unchanged (6.93% to 6.90%). The logistics customer still records a positive saving
(18.1%) from the contract discount, but the load during the call hours is unchanged. The difference
is that compliance by cold storage is met by shifting, whereas compliance by logistics on this profile
would require shedding charging sessions, which the NSE penalty makes uneconomic.

Synthesis across profiles

The four profiles together make the central point of the chapter. TDTR value is not an intrinsic property
of a sector but emerges from the interaction between the customer load profile and the local call pattern.
Under a realistic shedding cost this interaction is read directly from the cost-optimal TDTR share, which
tracks alignment: a high share (logistics Type A, 74%) signals that compliance is met by shifting and
is accompanied by real call-hour relief, while a low share (logistics Types C and D, 30%) signals that
compliance would require shedding and is accompanied by near-zero added relief. Grid benefit follows
the share. The exception that proves the rule is cold storage on Type D, where thermal-buffer flexibility
lets a small TDTR share correct an adverse profile that logistics cannot.

This creates a mismatch between where TDTR is most attractive for the customer and where it is most
valuable for the grid. On Types A-B, flexibility is already aligned with the call hours, so TDTR mainly
fine-tunes an already favourable load response. On Types C-D the grid needs stronger correction,
but the customer chooses only a small TDTR share because deeper compliance would require costly
load shedding. TDTR therefore adds the least grid relief where it is most needed: a positive customer
business case can coexist with no grid benefit at all, the logistics customer on Types C and D saving
18% while leaving the call-hour load unchanged.

For the network operator, the implication is not that this thesis determines how TDTR should be differ-
entiated across substations. That would require a separate assessment of tariff design, regulatory con-
straints, and equal-treatment requirements. What the results do show is that a uniform roll-out cannot
be interpreted as uniform grid value. Because cost-optimisation self-selects high TDTR shares onto
well-aligned substations, where flexibility already delivers relief, the operator should actively screen
where the product is likely to add incremental grid value and where additional steering is needed. On
substations where congestion and market signals diverge, real relief requires a response beyond the
customer’s voluntary cost optimum, either through stricter firm-fraction requirements, payments tied to
delivered call-hour reduction, or compensation for the non-served- energy cost. The firm fraction is
therefore a possible operational lever, but using it shifts part of the misalignment cost from the grid to
the customer. The limited relief on these profiles is thus not a technical impossibility, but a cost that the
voluntary, discount-based contract does not by itself price.

6.4.2. Asset-parameter sensitivity

The final sensitivity dimension concerns the assumed characteristics of the flexibility assets themselves.

Dairy: flexibility share. The dairy sensitivity tests whether increasing the shiftable share of the heat-
pump load changes the TDTR outcome. The annual-cost and grid-impact results for the 20% flexibility
case are reported in Tables 6.11 and 6.12; the corresponding compliance-cost curve and weekly dis-
patch profile are shown in Appendix Figures F.1 and F.2.

Increasing the flexible share from 10% to 20% raises the cost-optimal TDTR share from 19% to 20%
and the cost improvement relative to the firm-only reference from 2.28% to 2.46%. In absolute terms,
the annual saving increases from €38,157 to €41,214. Additional thermal flexibility creates value, but
the marginal improvement is bounded.

The grid-impact indicators follow the same pattern. The annual peak reduction increases from 4.77%
to 5.92%, and the peak during call-hours decreases from 2,227 kW in the 10% case to 2,200 kW in the
20% case. The Top 5% of customer load moments are removed from call-hours in both TDTR cases.
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The weighted grid-pressure reduction increases from 0.41% to 0.74%, and the call-hour load reduction
from 1.92% to 3.55%.

The additional flexibility requires a larger thermal buffer: buffer capacity doubles from 1,386.7 t0 2,773.4
kWhy,, raising the annual buffer cost from €7,720 to €15,440. The 20% case records no NSE cost. The
sensitivity confirms that more thermal flexibility improves TDTR performance with diminishing returns.
For process-constrained sectors such as dairy, the TDTR business case is bounded by the available
flexibility of the heat-pump system, rather than by the contract structure alone.

Table 6.11: Annual cost summary of the heat-pump case with 20% flexibility and a 20% TDTR contract.

Metric Reference Flex + buffer Flex + 20% TDTR + buffer
Annual peak [kW] 2,500.00 2,352.00 2,352.00
Total annual demand [MWHh] 17,109.90 17,163.86 17,164.62
HP annual demand [MWh] 11,260.25 11,314.20 11,314.96
Energy cost [€] 1,313,907.86  1,292,190.42 1,291,997 .44
Energy tax [€] 53,040.70 53,207.96 53,210.32
kW-contract [€] 131,670.00 131,670.00 105,336.00
kW-max [€] 174,648.90 164,105.44 164,921.92
NSE cost [€] 0.00 0.00 0.00
Buffer cost [€] 0.00 15,440.02 15,440.02
EMS cost [€] 0.00 1,147.52 1,147.52
Total annual cost [€] 1,673,267.46 1,657,761.36 1,632,053.21
Cost improvement vs. reference [%] - 0.93% 2.46%

Table 6.12: Grid-impact indicators for the heat-pump scenarios with 20% flexibility and a 20% TDTR contract.

Scenario Peak Peakcall Abs.red. Top 5% call WGPR Call-hour red.

[kW] [kW] [%] [%] [%] [%]
Reference 2,500.00 2,386.01 0.00 17.35 0.00 0.00
Flex + buffer 2,351.89 2,351.89 5.92 5.31 0.72 3.26
Flex + TDTR + buffer 2,351.89  2,200.00 5.92 0.00 0.74 3.55

Logistics: battery addition. The battery sensitivity tests whether stationary storage changes the
conclusion of the logistics smart-charging + TDTR case. Three BESS configurations of increasing
size are compared, from the smallest (X) to the largest (Z). The results are summarised in Table 6.13.
Across every profile, adding a battery lowers the customer’s annual saving relative to the no-battery
smart-charging + TDTR case. For Type A the saving falls from 23.4% (no battery) to 18.0% with Bat-
tery X, 12.4% with Battery Y, and 0.89% with Battery Z; the energy-oriented battery drives the business
case to near zero or negative on all four profiles (0.89% to —6.28%). The annualised CAPEX, fixed
O&M and degradation costs exceed the additional bill reduction the battery enables, so no battery con-
figuration is part of the cost-optimal customer strategy. That strategy remains smart charging + TDTR
without stationary storage. The reason to report the battery is therefore not the customer business case
but the grid outcome, which the battery does improve, and the distinction between the two is the point.
On the well-aligned profiles the battery raises the call-hour load reduction (Type A from 56.08% without
a battery to 63.24-68.19%) and the weighted grid-pressure reduction (to 8.22-10.63%). At the same
time the cost-optimal TDTR share falls (Type A from 74% to 78-80% TDTR), because the battery can
cover the firm limit during call hours, so the customer no longer needs a large TDTR share to comply.

The battery thus substitutes for the TDTR contract as the compliance mechanism, delivering grid relief
while reducing the contractual TDTR exposure. Type D again behaves differently and confirms the
alignment mechanism. The call-hour load reduction is negative for all three battery sizes (—44.64%
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to —40.25%), more negative than the no-battery case (—41.50%), because the battery is dispatched
on price rather than on the local call signal: it charges in the low-price hours that coincide with the
call hours, reinforcing rather than relieving the local peak. The weighted grid-pressure reduction stays
positive (8.37-10.63%), so the battery still flattens the overall annual profile, but it cannot turn the
call-hour effect positive on a profile where price and network needs oppose each other. In summary,
the battery is a grid-side enhancement, not a customer-side strategy. Under the assumed costs it
always weakens the private business case, so a cost-minimising logistics customer would not install it
voluntarily. Its relevance is for the network operator: on well-aligned profiles (Types A-C) it deepens
call-hour relief and can take over the compliance role from the TDTR share, while on a misaligned
profile (Type D) it neither relieves the call hours nor pays for itself. If the operator values the additional
relief, the implication is that it would have to be procured or compensated separately, because the
TDTR contract alone does not make storage privately worthwhile.

Table 6.13: Key economic and grid-impact indicators for the logistics battery sensitivity analysis.

Type  Substation Battery case @ Firm Saving WGPR  Call-hour red.

[%] [%] [%] [%]
A Oudehaske 110 kV Battery X 22 18.04 8.22 63.24
A Oudehaske 110 kV Battery Y 20 12.39 9.37 66.86
A Oudehaske 110 kV Battery Z 20 0.89 10.63 68.19
B Hemweg 150 kV Battery X 40 15.44 8.50 49.93
B Hemweg 150 kV Battery Y 38 10.05 9.71 51.44
B Hemweg 150 kV Battery Z 36 —-1.22 10.93 52.15
C Eerbeek 150 kV Battery X 70 11.70 8.39 42.49
C Eerbeek 150 kV Battery Y 68 6.30 9.55 44.60
C Eerbeek 150 kV Battery Z 62 —4.62 10.65 4477
D Zaltbommel 150 kV  Battery X 68 11.72 8.37 —44.64
D Zaltbommel 150 kV ~ Battery Y 66 6.36 9.52 —43.96
D Zaltbommel 150 kV  Battery Z 62 —4.55 10.63 —40.25

6.4.3. Robustness to the day-ahead price assumption

The optimisation uses the 2024 Dutch day-ahead series. This section asks, without re-running the
model, whether the alignment ordering of the profiles is a property of the chosen year or of the model
mechanism. Two descriptive comparisons are used: the price level and intraday shape across 2023—
2025 (Table 6.14), and the overlap between each profile’s call-hours and the year’s low- and negative-
price hours (Table 6.15). On price level, 2024 is the middle of the three years (mean 77.3 against 95.8
in 2023 and 87.2 in 2025), and the intraday shape is stable, with the evening average above the midday
average in every year (120.1 against 66.0 EUR/MWh in 2025). The only monotone trend is the number
of negative-price hours, rising from 314 in 2023 to 458 in 2024 and 584 in 2025 (3.6% to 6.7% of all
hours). The 2024 series is therefore not an extreme year, so the relevant test is whether the ordering
of the profiles, rather than the price level of any single year, survives across 2023-2025.

Table 6.14: Dutch day-ahead price sensitivity for 2023-2025. Prices are in EUR/MWh; the 2025 quarter-hourly data are averaged
to hourly values for comparability. Midday is defined as 10:00—16:59 and evening as 17:00-21:59.

Year Mean  Median P20 P80  Negative hours  Negative share ~ Midday avg  Evening avg

[h] [%]
2023 95.8 99.2 691 129.2 314 3.6 76.7 1241
2024 77.3 80.0 475 107.0 458 5.2 55.1 106.7
2025 87.2 90.8 60.0 119.0 584 6.7 66.0 1201

The overlap comparison carries the structural result. The average call-hour price exceeds the average
non-call-hour price in every profile and year, the only exception being Zaltbommel in 2023, where
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the two are effectively level (95.6 against 95.9 EUR/MWh). Cost-minimisation therefore avoids the
call-hours on price grounds alone, independently of the year, the condition under which voluntary,
price-driven behaviour relieves the call hours rather than working against them. The endpoints of the
alignment ordering are preserved throughout: the gap between the average call-hour and non-call-
hour price is widest for Oudehaske (Type A; 121.4 against 81.2 EUR/MWh in 2025) and narrowest for
Zaltbommel (Type D), with Hemweg and Eerbeek (Types B and C) close together in between, matching
the scenario results. The ordering is thus a property of the price—call overlap, not of the single year
used to generate it.

Table 6.15: Overlap between TDTR call-hours and low or negative day-ahead prices for 2023-2025. Low-price overlap is defined
relative to the lowest 20% of prices within each year.

Call profile Year Avg call price Avg non-call price Low-price overlap Negative-price overlap
[EUR/MWh] [EUR/MWHh] [%] [%]

Type A — Oudehaske 2023 118.6 91.8 11.4 0.9
2024 116.5 70.4 1.9 0.0

2025 121.4 81.2 34 0.9

Type B — Hemweg 2023 110.8 93.2 17.9 3.4
2024 111.6 71.3 3.8 0.3

2025 107.0 83.7 12.9 43

Type C — Eerbeek 2023 112.8 92.8 13.7 0.8
2024 110.7 71.4 7.3 0.9

2025 112.6 82.7 5.9 1.1

Type D — Zaltbommel 2023 95.6 95.9 23.3 3.2
2024 96.0 74.0 5.9 0.4

2025 98.7 85.2 9.5 0.7

6.5. Conclusion

The three cases differ clearly in how well they suit TDTR. Logistics is the best fit, cold storage is
moderate, and dairy is the weakest. What matters is not the sector itself, but how much of the load
can be shifted and how well that demand lines up with the local call-hours, all under the current cost
assumptions for non-served energy, contracts, and flexibility assets.

Logistics is the strongest case. Smart charging plus a 74% TDTR contract cuts annual costs by 23.4%
on the default Oudehaske profile. Most of its demand is EV charging, which can be moved to other
hours. Smart charging already lowers the yearly peak, and TDTR moves the highest-load moments
out of the call-hours. Across all four call profiles the customer keeps saving (roughly 18-23%).

Cold storage is a moderate fit. Flex plus a 45% TDTR contract cuts costs by 5.4%. Cooling can be
shifted within the cold room’s thermal inertia, so no separate buffer is needed.

Dairy is the weakest case. A 19% TDTR contract with 10% flexibility cuts costs by 2.28%. The process
runs almost continuously and only a small share of the heat-pump load can be shifted, so the grid benefit
stays small.

The sensitivity analysis adds four points, all conditional on the current cost assumptions:

1. The customer’s savings are stable across call profiles. They depend mainly on the load type
and connection size, not on the local call timing.

2. The grid benefit depends on whether market signals and local congestion align, and the
cost-optimal TDTR share is the readout of that alignment. What drives the load schedule is
the response to day-ahead electricity-market signals, not flexibility as such: the optimiser shifts
load toward low-price hours. Where those low-price hours coincide with the call hours (Types A—
B), alarge TDTR share is taken and TDTR adds real call-hour relief, where they do not (Types C—
D), the TDTR share retreats to a small level and TDTR adds almost nothing (on Eerbeek, Type C,
the logistics call-hour reduction moves only from 37.66% to 37.80%, a negligible 0.14 percentage-
point change). The weighted grid-pressure reduction shows that price-driven scheduling does
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flatten the overall profile and so eases system-wide congestion, even on profiles where it fails to
relieve the specific local call hours, local and system-wide relief are not the same thing.

3. Market-driven scheduling can harm the local grid. Under the Zaltbommel profile (Type D),
the cheapest hours fall exactly in the call hours, so cost-minimising charging concentrates load
there and the call-hour effect turns negative (down to —41.9% for logistics under flex alone).
A realistic non-served-energy penalty means TDTR cannot force this back to zero voluntarily,
because compliance would require shedding charging sessions the customer will not pay for, the
firm fraction is a lever the operator can pull, but only by transferring the misalignment cost onto
the customer. A good deal for the customer therefore does not guarantee relief for the grid, and
can run against it.

4. Extra flexibility gives diminishing returns under current costs. Doubling dairy flexibility
barely improves the result, and adding a battery to the logistics case improves the grid indi-
cators but is too expensive: customer savings shrink to near zero or turn negative as the battery
grows. Under the assumed asset costs, smart charging plus TDTR, without a battery, remains
the cost-optimal customer strategy.

5. The alignment reading does not hinge on the price year. Across 2023-2025, the profile
ordering is preserved: Oudehaske remains the most clearly aligned profile and Zaltbommel the
weakest, with Hemweg and Eerbeek in between. The rising number of negative-price hours
sharpens this mechanism, because it increases the pull toward cheap hours.

In short, TDTR works best for large, market-responsive loads like EV charging, less well for shiftable
but smaller or continuous loads like cold storage, and least well for process-bound cases like dairy. But
the grid benefit always depends on whether the price-driven schedule lines up with the local call-hours,
a question of the customer—substation pairing rather than the sector.



Discussion

The results show that TDTR can lower customer costs, but that a positive business case does not by it-
self produce local grid relief: whether load actually falls during the call-hours depends on the fit between
the customer’s flexibility, the local call-hour profile, and the electricity-price signal. This chapter inter-
prets that finding, asking first what the contract adds on top of price-driven flexibility, then positioning
TDTR within the operator’s wider instrument portfolio and against its potential to defer reinforcement,
considering where voluntary participation tends to concentrate, setting out the limitations that bound
these results, and finally translating the analysis into recommendations for the network operator and
directions for further work.

7.1. What the contract adds on top of price-driven flexibility

A central finding is that a positive customer business case does not guarantee a lower load during
the call hours. TDTR is a contract: it lowers the customer’s firm capacity right during predefined local
congestion hours, but it does not by itself determine how the customer dispatches its flexible demand.
That dispatch is still driven by the customer’s cost minimisation, in which electricity prices play an
important role.

This distinction explains why the same product has different grid effects across the substation profiles.
When call-hours coincide with high electricity prices, the customer’s private incentive and the DSO’s
congestion objective point in the same direction. The customer already has an incentive to shift flexible
demand away from these hours, even without TDTR. In such cases, much of the observed call-hour
relief comes from price-driven flexibility rather than from the contract itself. TDTR then mainly for-
malises and prices a response that the customer would partly have provided anyway. Its added value
is therefore less a marginal change in dispatch and more the creation of an explicit conditional capacity
right.

When call-hours coincide with low electricity prices, the mechanism changes. The customer’s cost-
minimising dispatch wants to use more electricity in the same hours in which the DSO wants load to
fall. TDTR then has to work against the price signal. The optimiser will only accept a lower firm fraction
as long as the discount outweighs the cost of changing operation. Beyond that point, additional call-
hour reduction may be technically possible but is no longer privately cost-optimal. This explains why
the cost-optimal firm fraction forms a practical bound on voluntary participation.

The implication is that TDTR’s incremental grid value cannot be read directly from the difference be-
tween a reference profile and a TDTR profile. If the reference profile is price-inelastic, part of the relief
may simply be the effect of price-driven flexibility that would occur even without the contract. A cleaner
interpretation is therefore to separate the two effects. The restriction imposed by TDTR is most valuable
where the customer’s natural price response does not already relieve the local grid.
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7.2. TDTR among the operator’s other instruments

TDTR also has to be positioned alongside the operator’s other congestion management instruments.
Congestion-management (CM) contracts are typically temporary, on-call measures linked to an existing
firm right. TDTR differs because it defines an ex-ante conditional capacity right: the customer accepts
a bounded restriction during predefined call-hours in exchange for a lower tariff.

The two instruments are therefore complementary, but their value is not additive. CM, TDTR, wholesale-
market optimisation and balancing-market participation can all draw on the same flexible capacity.
Flexibility used for price arbitrage or imbalance response cannot automatically be counted again as
congestion relief. This matters for how TDTR is credited: the DSO should avoid treating all observed
call-hour reduction as a contract effect when part of that response may already be driven or rewarded
elsewhere.

For the operator, the relevant question is therefore not only whether TDTR works in isolation, but how
it fits within the broader portfolio of flexibility instruments. TDTR is most useful where ex-ante certainty
about reduced capacity rights during local congestion is more valuable than relying solely on short-term
activation through CM.

7.3. TDTR and avoided reinforcement

The results show that TDTR should not be interpreted as an automatic substitute for grid reinforcement.
Its contribution to avoided reinforcement depends on whether the selected call-hours correspond to
the moments that drive the local network constraint, and whether the customer’s load can actually be
reduced in those hours.

In this thesis, call-hours are defined as the 15% busiest hours of the substation. They therefore rep-
resent moments of local grid pressure. However, a lower firm right during these hours only creates
physical grid relief if the customer’s realised demand is also lower when the constraint is binding. This
is most likely when the customer’s flexibility, operational limits and price response fit the local conges-
tion profile.

TDTR can affect reinforcement in two related but distinct ways. First, it can reduce realised load dur-
ing call-hours. This is the strongest case for avoided reinforcement: if the call-hour peak falls at the
constrained component, less capacity is needed at the moments that matter most for the local grid.
Second, TDTR reduces the customer’s firm capacity claim during those same hours. Under a firm-only
contract the customer retains a firm right up to the original contracted capacity, whereas under TDTR
this right is reduced to the firm level during call-hours. This gives the DSO more certainty about the
maximum capacity that must be guaranteed locally.

The second effect is important, but it should not be overstated. A lower firm right does not automat-
ically prove that reinforcement can be deferred. That depends on the actual binding constraint, the
simultaneity of other users and the realised behaviour of the customer. If the customer profile does not
fit the call-hour profile, TDTR may limit the formal capacity claim without producing a large reduction in
total call-hour energy. In that case, the reinforcement value is more uncertain and has to be assessed
case by case.

Therefore, TDTR can support reinforcement deferral when the product is targeted at customers whose
flexibility can reduce demand during the hours in which the local grid is actually constrained. Where that
fit is absent, TDTR may still be useful as a conditional access product, but its contribution to physical
grid relief cannot be assumed in advance.

7.4. Recognising where TDTR concentrates

Because voluntary participation is strongest where the customer’s private incentives already align with
the local congestion profile, TDTR may concentrate on the substations where it is easiest to sell rather
than where it adds most incremental grid value. This creates a steering problem for the DSO. On well-
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aligned substations, customers self-select into the product because the discount fits behaviour they
would partly adopt anyway. On misaligned substations, where the contract would need to counter-
act the price signal, customers require a higher compensation or a lower firm-fraction requirement to
participate.

This does not mean that the TDTR contract should simply be differentiated by location. Any differen-
tiation in discounts, call percentages or eligibility has to respect the ACM equal-treatment principles:
similar cases must be treated similarly, and only materially different cases can justify different treatment.
A first requirement is therefore to express those differences in objective terms, for example through the
local congestion profile, the timing of call-hours and the expected fit with customer flexibility. How
durable such criteria can be is itself debatable, because the alignment between local congestion and
electricity prices shifts over time as renewable generation, market behaviour and connected assets
evolve: a classification that is objective today may no longer hold a few years later. Low or negative
prices are increasingly linked to weather-driven renewable output, and customers that optimise against
those prices may shift demand into the same hours that already stress parts of the grid. Type D illus-
trates this: local call-hours coincide with low-price periods, so customer optimisation and network relief
move in opposite directions. As market conditions and asset portfolios change, similar misalignment
may deepen on some substations and ease on others.

The implication is that TDTR requires active targeting rather than passive roll-out. The DSO should
screen not only where congestion occurs, but also which customers are likely to reduce demand during
those specific hours. Without such screening, TDTR risks spreading fastest where it adds the least
incremental relief, while remaining less attractive where the network need is strongest.

7.5. Methodological limitations

Several limitations qualify the results, and most point in the same direction: the model is a clean,
optimistic benchmark by design, rather than a prediction of practice.

Representativeness. The cases are archetypes, not full sector populations. Firms within a sector
differ in process design, electrification level, connection size, and risk tolerance, so the results give
structured insight into the underlying mechanisms rather than sector-wide classifications.

Sector selection. Some high-potential sectors are excluded because they combine multiple interacting
flexibility sources behind one connection. Greenhouse horticulture is the clearest example, where light-
ing control, CHP, heat buffering, and electric heat production jointly determine the net profile, modelling
it would require a multi-asset framework beyond the three transparent archetypes compared here.

Perfect foresight. Day-ahead prices, demand, call-hours, and flexibility availability are treated as
known in advance, which makes the results an upper bound. The assumption is not evenly spread: the
energy cost saving rests on predictable price-following against day-ahead prices known the evening
before, so it stays close to reality, while the call-hour relief is more exposed, since a real customer
facing limited notice or a forecast error cannot schedule as perfectly around the call-hours. This error
is asymmetric, it overstates the relief on the aligned profiles, where the model already delivers the
maximum, but barely moves the misaligned profiles, where relief is near zero regardless.

Single-customer optimisation. Each case optimises one customer against one call signal in isola-
tion. This cannot capture the composition effect, where many customers shift toward the same cheap,
uncall hours and TDTR simply moves the system peak to a new common hour rather than removing it.
Realised, system-level relief could therefore be smaller than the single-customer results suggest, and
this multi-customer rebound is arguably the most important open question for the DSO.

Rational-customer assumption. The model assumes a perfectly cost-minimising customer. Real
customers deviate in two directions, both weakening the grid outcome: taking the discount without re-
sponding to the call signal beyond what cost-minimisation already implies, or declining a TDTR contract
altogether out of risk aversion even where the expected saving is positive. Modelled participation and
relief are thus an optimistic bound.
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NSE penalty. Non-served energy enters as a single, sector-level VOLL-anchored penalty, a device
that lets the optimiser trade restriction against curtailment rather than a statement that unmet demand
is acceptable. Because this value drives the trade-off, the results are sensitive to it, and because it does
not represent each firm’s own margin per MWh, the model overstates the retreat to a small share for
high-margin or interruption-tolerant customers and overstates uptake where the true NSE cost exceeds
the anchor.

Implementation costs. The model captures EMS and thermal-buffer costs but not the full implementa-
tion burden, organisational change, monitoring, contract management, and coordination, which weigh
especially on smaller customers and make the model optimistic about TDTR’s practical attractiveness.

Grid-side indicators. The weighted grid-pressure reduction and the call-hour load reduction are not
fully independent: both measure a time-weighted load reduction and differ only in the time axis of
the weighting, so they do not give orthogonal evidence of grid value. Their divergence on Type D
is informative, but its cause is the customer’s price response, not a system-wide congestion signal.
A more robust indicator set would pair the call-hour measure with a different dimension, such as the
reliability of the delivered reduction.

Unidirectional charging. The logistics case models unidirectional charging only. Bidirectional charg-
ing, V2G, and V2B are excluded to keep the case focused on compliance through demand shifting,
including them would require further assumptions on availability, degradation, discharge limits, and
market participation, and is better treated as a separate extension.

Offtake-driven congestion only. The model addresses substations whose congestion arises from
demand drawing on the grid. Feed-in-driven congestion, where local generation injects into the grid,
reverses the alignment logic and is outside the scope of the instrument modelled here.

Call-hour clustering. The model constrains TDTR through an annual share of call hours (15%), not
through their sequencing, so it does not capture the consecutive-call episodes that real contracts bound
with maximum-duration or maximum-succession terms. A prolonged run of call hours, two weeks back
to back, cannot in practice be met from within the process. The modelled participation is therefore
optimistic, and the extra non-served-energy risk this imposes could scare customers.

7.6. Recommendations for the network operator

Taken together, the results support offering TDTR, but not as a passive or generic congestion solution.
The contract reduces the customer’s firm capacity right during predefined call-hours, but it does not by
itself steer the dispatch of flexible demand. Whether TDTR produces local grid relief therefore depends
on the fit between the customer’s load profile, its flexibility characteristics, its price response, and the
local call-hour profile. The operator should therefore treat TDTR as a targeted access and congestion-
management product: useful where it aligns customer savings with local grid value, but uncertain where
the customer’s cost-minimising behaviour works against the local congestion signal.

The recommendation is therefore not a blanket yes or no. TDTR is most defensible where the selected
call-hours represent the actual hours that drive the local network constraint and where the customer has
flexibility that can reduce demand in those hours. In such cases, the product can lower customer costs
while also reducing the capacity used or guaranteed during local congestion. Where this fit is absent,
TDTR may still grant access within existing capacity or reduce the formal firm capacity claim during call-
hours, but its realised congestion relief cannot be assumed in advance. For existing firm customers,
in particular, the operator should avoid offering TDTR purely because the customer is willing to accept
a discount, the relevant question is whether the contract is likely to reduce load at the constrained
component when it matters.

Because each customer sits at a fixed connection, the operator’'s main lever is not where to place
participants, but which customers to steer toward TDTR, under what terms, and with what monitoring.
The recommendations below set out where TDTR is the right instrument, what it reliably delivers, how
to make customer suitability visible and steer it toward the substations that need relief, and how to
avoid crediting TDTR for relief that price-driven flexibility or other instruments already provide.
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Value TDTR for the access it enables, not only for call-hour relief. On a congested substation,
TDTR lets demand be served within existing capacity that an unconditional firm connection could not
be granted, and this holds regardless of whether the call-hour peak falls. Where price and call-hours
align, the price-driven dispatch additionally relieves the call-hours, where they do not, that relief is small
or absent. The operator should treat access as the reliable benefit of the product and call-hour relief
as a profile-dependent bonus, rather than judging every connection on realised reduction alone.

Make the benefits of TDTR visible to customers. A customer rarely sees on its own how its load
profile lines up with the local call pattern, and so underestimates what participation could yield. The
operator could close this gap by building a decision support dashboard by extending the optimisation
framework used here: a customer enters its size, profile, and flexible assets, selects its substation, and
is shown an approximate firm fraction and the associated saving. The same tool serves the operator in
reverse, flagging which connections are well or poorly aligned. This keeps participation voluntary while
surfacing the value and bringing well-aligned customers to the table.

Actively target the substations that need relief, rather than waiting for uptake. Because volun-
tary participation is strongest where the customer’s incentives already align with the local congestion
profile, TDTR tends to spread fastest where it adds the least, and a suitability dashboard, by bringing
well-aligned customers forward, can reinforce this. The operator should therefore use the same as-
sessment in reverse: identify the substations where relief is needed but uptake will not come on its
own, and concentrate steering and stronger terms there. Because alignment itself shifts over time as
renewable output and connected assets evolve, this screening should be repeated periodically rather
than fixed once, since a connection that is misaligned today may not be in a few years.

Where price alignment is absent, add a positive reason to reduce load. On these substations the
operator should look beyond the access-only contract for an instrument that makes call-hour reduction
privately worthwhile: a payment tied to the delivered reduction, compensation for the resulting non-
served energy, or a targeted congestion-management measure that bridges the gap between TDTR
roll-out and short-term CM activation.

Let customers optionally declare demand-side flexibility. Storage and on-site generation must al-
ready be reported, but the demand-side mechanisms that determine TDTR suitability, shiftable charging
and thermal buffering, do not. A voluntary declaration route lets a customer that documents its flexible
share credibly receive a firm fraction matched to that share, instead of a generic profile. This rewards
transparency without penalising its absence and keeps the initiative with the customer.

Monitor the realised reduction in the call-hours, not the contracted share. A customer can keep
to its contracted firm-to-TDTR ratio on paper while the load it actually draws during the call-hours barely
changes. Two things make the contracted share an unreliable proxy for relief. First, a lower capacity
right only relieves the grid where it actually binds: if the customer’s demand would otherwise have
reached the firm level, the restriction forces load down, but where realised demand already sits below
it, the customer keeps headroom up to its firm right and call-hour load need not fall at all. Second,
part of any observed reduction may be flexibility that price signals, congestion-management contracts,
or balancing participation already drive or reward, and that cannot be credited to TDTR again. The
operator should therefore track the delivered reduction against a baseline that reflects what the cus-
tomer would have scheduled on price alone, net of flexibility rewarded through other instruments. As
a customer applies its own flexibility, this baseline drifts from the registered reference profile, which
should be updated accordingly.
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7.7. Directions for further work

The reflections above point to two kinds of further research: directions that deepen the model itself,
and directions that move beyond the single-customer frame to the system and the operator.

Deepening the model

A first direction is to relax the perfect-foresight assumption and test how robust the results are
under forecast errors, limited notice times, and imperfect operational response. Re-solving under a
rolling horizon (for example 24—36 hours) with day-ahead call notice and stochastic demand and avail-
ability would turn the optimistic benchmark into a realistic operating range, and would show how far the
aligned-profile relief retreats once perfect scheduling is no longer possible, while the central decoupling
result is expected to hold.

A second is to measure the realised flexible share empirically, rather than assuming a given tech-
nical potential, since what a firm is willing and able to offer depends on organisational and operational
factors and is usually smaller than its theoretical potential.

A third is to estimate firm-specific NSE costs empirically, in consultation with sector associations
and individual large consumers, replacing the sector-level anchor whose sensitivity is noted among the
limitations and sharpening the restriction-versus-curtailment trade-off.

A fourth is to extend the modelling scope: relax the unidirectional-charging assumption in the logistics
case to include V2G or V2B operation, which the present model leaves out.

A fifth avenue is to model the symmetric instrument for feed-in-driven congestion, and to test how
each archetype’s suitability changes when the binding congestion direction reverses. Extending the
model with behind-the-meter PV, battery storage, and local renewable generation such as wind parks
would make it possible to assess substations exposed to congestion in both directions.

From the connection to the system

A first system-level direction is to weigh the system cost of offering TDTR against the operator’s
revenue and deferral benefit. This thesis shows that the operator earns connection revenue and may
defer reinforcement even where delivered relief is small, while the administration and monitoring the
product requires are real costs. Whether TDTR is net positive for the operator, and for the system, is a
portfolio-level cost-benefit question the single-customer optimisation here cannot answer.

A second is to quantify the multi-customer composition effect, where many customers shift into the
same cheap, uncall hours and TDTR moves the system peak rather than removing it. A multi-customer
or market model would estimate realised system-wide relief against the sum of the individual contracts.

A third is to trace the distributional effects of the discount. The saving a non-responding customer
collects on a misaligned substation is recovered elsewhere, through the tariffs other network users pay
or through the operator, so the question is whether TDTR creates net social value or mainly redistributes
it toward self-selecting customers on the substations where it delivers least.

A fourth is to test the interaction with the congestion-management and balancing markets at
scale, since capacity locked into TDTR is no longer available for arbitrage or imbalance, and wide
deployment could thin those markets and shift their price formation.

Afith is to optimise the contract terms themselves, the discount and the call-percentage, rather than
taking them as given. These are the operator’s own levers, yet a flat discount overpays for relief on
aligned substations and underbuys it on misaligned ones, setting the terms against the relief actually
delivered would turn a flat price for access into a targeted one.

Taken together, these directions suggest a layered research agenda in which the case-specific optimi-
sation developed here is one part of a broader approach: rapid archetype-based screening at the top,
detailed optimisation for the promising cases, and an ex-post, system-level check of the realised grid
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impact to close the loop back to the DSO'’s planning process. Two issues are especially important. The
first is information: how well the framework works depends in the end on flexibility data that is not yet
collected in a systematic way. The second is level of analysis: the value of TDTR to a single customer
is well captured by the model developed here, but its value to the grid and to the operator only becomes
visible once many connections, the wider sector portfolio, and the cost of the product itself are brought
into view.



Conclusion

This thesis investigated under which conditions conditional grid access through time-duration-based
transport rights (TDTR) delivers value, and to whom. The central research question was:

Under which conditions does conditional grid access through TDTR deliver value, and to
whom: when does a cost-optimal firm-to-TDTR ratio for a large electricity consumer also
relieve the local grid, and when do these two outcomes diverge?

To answer this, a customer-level techno-economic optimisation model was developed and applied to
three flexibility archetypes across four substation call profiles. This conclusion synthesises the findings
through the three sub-questions before returning to the main research question.

The literature review (SQ1, Chapter 3) showed that existing work divides into two streams that rarely
meet. A network-side stream models restriction regimes, capacity limitation, and queue allocation in
detail, but represents users generically as homogeneous capacity reductions or simple price-takers.
A user-side stream models industrial flexibility in detail through process constraints, recovery needs,
and curtailment cost, but treats the network restriction itself as exogenous and simple. The small
set of bridge studies, with Verhagen et al. (2025) as the closest neighbour, shows that the two can be
combined, but each covers only part of the problem: one asset class under a binary contract, or hetero-
geneous users without a stacked TDTR-type structure. Two modelling choices followed and structured
the rest of the thesis: a stacked firm-plus-TDTR contract representation rather than a binary firm/non-
firm choice, and curtailment cost parameterised as a sector-specific, value-of-lost-load-anchored input
rather than a single universal penalty. Together these define the gap addressed here: the absence
of any prior study combining a stacked contract, sector-specific flexibility, and substation-derived call
profiles in one comparative framework.

The case results (SQ2) show that every case can technically comply with TDTR call-hour restrictions,
but the cost-optimal firm-to-TDTR ratio, and the value it delivers, differs by case. Both the customer
saving and the grid-impact indicators are measured against the firm-only reference, but reported sep-
arately for the flex and the flex+TDTR scenario. Comparing the two columns is what isolates the value
specific to TDTR from the value of operational flexibility alone: flexibility’s own contribution is already
visible in the flex scenario, and the step to flex+tTDTR shows what the call-hour restriction adds on top
of it. On the default Oudehaske profile, logistics reaches its optimum at a 74% TDTR contract (a 26%
firm share) and reduces annual costs by 23.4% relative to the firm-only reference, because most of its
demand is EV charging that can be shifted within operational charging windows. Cold storage is opti-
mal at a 45% TDTR contract and saves 5.4%, with most of the reduction already coming from flexible
cooling operation and TDTR adding a lower contracted-capacity cost. Dairy is optimal at a 19% TDTR
contract and saves 2.3%, because continuous process demand and a small shiftable heat-pump share
leave little firm capacity to give up. Attractiveness therefore scales with the share of demand that can
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be moved away from call-hours at low cost: a larger TDTR share only pays off when the customer can
release firm capacity without incurring substantial non-served energy, which is why the cost-minimising
firm fraction settles at 26% for logistics, 55% for cold storage, and 81% for dairy.

The sensitivity analysis (SQ3) reveals a clear split: the customer-side economics are robust, but the
grid value is not, and the two can diverge sharply. Across the four call profiles the cost-optimal ratios
and annual savings vary only modestly: dairy stays near 2%, cold storage near 5%, and logistics within
roughly an 18-24% band. The realised grid value behaves differently. Because non-served energy is
expensive, the optimiser accepts a large TDTR share only where compliance can be met by shifting
load rather than by shedding it. The cost-optimal firm fraction therefore indicates how much load the
customer can move at low cost, not whether moving it relieves the local grid, that depends on a separate
property, the alignment between the customer’s price-driven schedule and the local call-hours. Where
call-hours coincide with high electricity prices (Types A-B), the customer’s price response and the
DSO’s congestion signal point in the same direction: the customer already has an incentive to shift
demand away from the called hours, and TDTR can reinforce this. Where call-hours coincide with
low electricity prices (Types C-D), TDTR adds little realised reduction, but for two different reasons.
On Eerbeek (Type C), price-driven scheduling already reduces call-hour load substantially in the flex
baseline, so little is left for TDTR to correct: the reduction moves only from 37.7% to 37.8%, and the
customer simply collects the contracted-capacity discount while the realised load profile is essentially
unchanged. Under the adverse Zaltbommel profile (Type D), the price signal instead pulls load into
the call-hours (—41.9% before TDTR); because forcing deeper compliance would require uneconomic
shedding, the cost-optimal TDTR contract leaves this largely uncorrected (—41.5%). The exception
that proves the mechanism is cold storage on Type D, where thermal-buffer shifting corrects most of
the adverse effect (—4.7% to —1.0%): TDTR relieves the call hours only where the asset can respond
by shifting rather than by shedding. The asset-parameter analysis confirms diminishing returns under
the current cost assumptions: doubling dairy heat-pump flexibility improves the result only modestly
while requiring a much larger thermal buffer, and adding a battery to the logistics case improves the
grid indicators but erodes the customer saving as battery size grows, falling from roughly 18% for the
smallest battery, below the roughly 23% of the battery-free logistics case, to near zero or negative for
the largest, without reversing the Type D effect, because the battery too is dispatched on the customer’s
cost drivers (mainly the day-ahead price and the monthly peak charge), not on the local call signal.

Returning to the main research question, TDTR can be both technically feasible and economically at-
tractive, but only delivers local grid value under additional conditions. Three conditions govern the
outcome. The first is a large, controllable flexible load share: the decisive factor is how much demand
can be moved without disrupting the underlying service, which is why logistics scores highest and
dairy lowest, and why connection size matters less than controllability. The second is a cost-optimal
firm-to-TDTR ratio at which the contracted-capacity discount outweighs the cost of compliance while
substantial non-served energy is avoided, for TDTR to add value over firm capacity alone, this opti-
mum must fall at a meaningful TDTR share rather than a marginal one. The third condition separates
customer value from grid value and is a property of the customer—substation pair rather than of the
sector: alignment between the customer’s price-driven flexible schedule and the local call-hours. Un-
der the assumed shedding cost, voluntary participation does not correct such misalignment on its own,
and it can self-select the largest TDTR shares onto substations where price-driven flexibility already
helps the grid. This sharpens the need for active deployment: the DSO should screen whether the
customer profile fits the local call-hours, monitor the realised load reduction in the call hours rather
than the contracted share, and add steering or compensation where market incentives and grid needs
diverge.

The resultis an archetype-based assessment showing that customer value and grid value do not always
move together. Suitability is not a sector property but a property of the flexibility behind the connection
and its overlap with the local call pattern. TDTR is most valuable where contractual cost savings,
operational flexibility, and local congestion relief point in the same direction. Where they do not, TDTR
may still reduce the customer’s formal firm capacity claim during call-hours or help structure conditional
access, but its congestion-relieving value must be judged on realised call-hour load reduction rather
than assumed from the contracted TDTR share.
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Economic Framework of TDTR

Chapter 2 positioned TDTR as a contract-based form of conditional access alongside firm transport
capacity. This chapter translates that institutional concept into the economic inputs required for the
optimisation model: how TDTR affects electricity costs, and when restrictions apply during the year.

Section A.1 describes the three main electricity-bill components for large electricity consumers: energy
procurement costs, network tariffs, and taxes. The focus is on how TDTR changes the network-tariff
structure by reducing the KW-contract charge for the conditional capacity component. Section A.2
introduces the proposed time-dependent network tariff reform, which adds a timing-related network-
cost incentive relevant for flexible operation.

A.1. Structure of the electricity bill

For the purposes of this study, the total electricity bill of a LEC is divided into three components: electric-
ity procurement costs paid to the supplier, network tariffs paid to the network operator, and government
taxes (Figure A.1). Together they form the financial basis for assessing whether flexibility and alter-
native transport contracts can create a positive business case. Each component is developed in turn
below.
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Total electricity bill
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Figure A.1: Main components of the total electricity bill.

A.1.1. Energy costs

Electricity procurement costs are represented using hourly day-ahead prices, which reflect the whole-
sale market value of electricity for next-day delivery. As a result, the timing of electricity consumption
directly affects total procurement costs. A flexible asset such as a heat pump, e-boiler, or EV charger
that shifts consumption from expensive to cheaper hours can reduce procurement costs even when
total electricity consumption remains unchanged.

In the model, procurement cost is calculated as the product of hourly demand and the corresponding
day-ahead price:

Cenergy :ZPt 'Ht ‘At
teT

where P; is the electricity demand in time step t, w; is the day-ahead electricity price in EUR/kWh
(ENTSO-E, 2026), and At is the duration of the time step in hours. Day-ahead prices therefore serve
two purposes in the business-case assessment: they determine the direct cost of consumption, and
they create an additional source of flexibility value because load shifting may reduce exposure to high-
price hours.

A.1.2. Network tariffs

Three tariff drivers are used in the network-tariff structure. The KW-contract component is the con-
tracted transport capacity reserved for the customer and charged in EUR/kW/month. The KW-max
component is based on the realised monthly peak demand and is also charged in EUR/kW/month. The
kWh component is a volumetric transport charge based on total electricity consumption and charged
in EUR/KWh.

Network tariffs are the cost component most directly affected by flexibility and conditional transport
rights, because they depend not only on total consumption but also on contracted capacity and re-
alised peak demand. They therefore drive the financial value of peak shaving, load shifting, and TDTR
participation.

Large-consumer connections from 3x80 A onward (Liander, 2026b) are grouped by grid level and tariff
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structure in Table A.1. Smaller and medium-sized large consumers face a tariff structure that includes
KW-contract, kWh, and KW-max; larger high-capacity consumers face a more capacity-driven structure
with KW-contract and KW-max only.

Table A.1: Grouping of large consumers and tariff structure used in this study.

Group Grid level AC-category Indicative Tariff split
connection size
Smaller large LV / lower MV AC4a—AC4b >3%x80 Ato 160 25%
consumers kVA KW-contract,
50% kWh, 25%
KW-max
Medium large MV AC5a-AC5b— >160 kVA to 2 25%
consumers AC5 MVA KW-contract,
50% kWh, 25%
KW-max
Larger HV AC6a-AC6b >2 MVA 50%
high-capacity KW-contract,
consumers 50% KW-max

The contract form determines how the tariff drivers are charged. Under firm transport, all tariff compo-
nents apply. Under TDTR, the KW-contract component is removed for the conditional capacity, while
KW-max remains unchanged. This preserves an incentive to reduce realised peak demand.

Table A.2: Financial effect of firm transport

Contract form AC5 and below ACG6 and above

Firm transport 25% KW-contract, 50% kWh, 25% 50% KW-contract, 50% KW-max
KW-max

TDTR 0% KW-contract, 50% kWh, 25% 0% KW-contract, 50% KW-max
KW-max

The tariff values used in this study are taken from Liander’s 2026 tariff sheet for large-consumption
electricity connections (Liander, 2026a) and are listed in Table A.3. The applicable values depend on
the connection category of the case under consideration.

Table A.3: Relevant Liander 2026 transport tariff components used in this study.

Connection category kWh tariff KW-contract KW-max

MS > 136 to 2,000 kW 0.0226 EUR/kWh  2.29 3.57 EUR/kW/month
EUR/kW/month

TS/MS of HS/MS > 2,000 kW - 3.9900 6.24 EUR/kW/month
EUR/kW/month

TS > 2,000 kW - 3.9900 5.39 EUR/kW/month

EUR/kW/month
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A.1.3. Energy tax

Energy tax is a government levy on electricity consumption and is treated as a separate cost compo-
nent, distinct from network tariffs. The applicable rate depends on the annual consumption bracket of
the case, for business consumers in the Netherlands, the brackets relevant for this study are 50,001 kWh
to 10 million kWh and more than 10 million kWh (Table A.4). Energy tax is calculated as

tax _ t
X =F .=

where E is annual electricity consumption in kWh and 72 is the applicable rate. Unlike the network-tariff
drivers, energy tax depends only on total electricity volume, not on its temporal distribution: load shifting
without a change in total consumption does not reduce energy tax payments, whereas a reduction in
total electricity use would.

Table A.4: Dutch electricity tax rates for business users in 2026 (Belastingdienst, 2026).

Year 50,001 kWh to 10 million kWh  More than 10 million kWh (business)
2026 € 0.03735 € 0.00310

A.2. Proposed time-dependent network tariffs for large consumers

In addition to the current tariff drivers, a proposal has been submitted to introduce time-dependent trans-
port tariffs for large consumers connected to distribution networks (Netbeheer Nederland, 2026). The
core idea is that network charges should depend not only on contracted capacity, peak demand, and
volumetric use, but also on when the grid is used, creating a time-based incentive to shift consumption
away from periods of high expected system loading.

Under the proposal, the KW-max driver is replaced by a weighted variant in which each quarter-hourly
demand value is multiplied by a predefined weighting factor, and the highest weighted value in the
month determines the chargeable peak. For MS, Trafo MS/LS, and LS categories the kWh driver is
weighted in the same way. The KW-contract component remains unchanged. The weighting factors
reflect expected relative network loading rather than wholesale prices and differ by month, hour, and
day type. High-load periods receive a higher relative weight (up to 1.0), low-load periods a lower one.
Figures A.2 and A.3 show the proposed schemes for working days and non-working days.
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Figure A.2: Proposed scheme of weighting factors for working days in the time-dependent network tariff proposal for large
consumers.
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Figure A.3: Proposed scheme of weighting factors for non-working days in the time-dependent network tariff proposal for large

consumers.

The weighting factors are not a direct discount on current tariffs. Since the allowed revenues of the
network operator must still be recovered, the tariff per weighted unit is set in the annual tariff decision:
the weighting factors therefore redistribute network charges across time periods and users rather than

reducing them in aggregate.

For this thesis, the proposal is relevant as a forward-looking extension of the current tariff logic. It adds
a timing-related network-tariff incentive on top of the existing flexibility value from lower procurement
costs, lower peak demand, and lower contracted capacity. Flexible assets can reduce their weighted
network-tariff exposure by shifting operation from high-weight to low-weight periods, and the model’s
sensitivity to this proposal is examined in the weighted-tariff specification used in Chapter 6.



Literature Review Tables

Table B.1: Initial literature review: search terms and results

Search terms (Scopus, TITLE-ABS-KEY) Hits Selected

Search string A (capacity-based congestion and access)

("capacity limitation” OR “capacity-limiting” OR ”capacity
constraint*”)

AND (”distribution network*” OR ”“distribution grid*")

AND (flexibilit* OR ”“non-firm connection*” OR “flexible con- 17 [1], [3], [5], [10]
nection*”)

Search string B (non-firm and flexible grid connections)

("non-firm connection*” OR ”“flexible connection*” OR ”“condi-
tional access”)

AND (”distribution network*” OR ”“distribution grid*” OR DSO¥*) 18 [71, [8]

Search string C (industrial demand-side flexibility)

(”"industrial flexibilit*” OR ”industrial load flexibilit*” OR
”industrial demand response” OR

("demand-side flexibilit*” AND industrial))
AND (electricity OR electric* OR power) 125 [2], [4], [6], [11]

Snowballing (backward/forward citation tracking and regulatory documents) - [91, [12], [13], [14]

Numbers in brackets refer to the corresponding studies listed in Table 2.
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Screening Identification

Eligibility

Included

Records identified through Scopus (n=160)
Search A: 17; Search B: 18; Search C: 125

Records after duplicates removed (n=142)

Records screened (title & abstract) (n=62)

Records excluded (n=80)

— No non-firm/flexible access relevance
— No curtailment/congestion mechanism
— No industry relevance / not transferable

Full-text articles assessed for eligibility (n=30)

Full-text articles excluded (n=20)
— Excluded by eligibility criteria (E1-E6)
— Insufficient operational/economic link to curtailment

Studies meeting eligibility criteria (n=10)

Additional records identified via snow-
balling (n=4)
(backward/forward citation tracing)

Studies included in review (n=14)

Figure B.1: PRISMA-style screening flowchart of the systematic literature search. Records were identified via Scopus (Search
A-C) and supplemented through backward/forward citation snowballing, yielding 14 studies included in the review
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Table B.2: Overview of core literature on non-firm grid access and industrial flexibility informing the analysis of Alternative Trans-
port Rights (ATR).

No. Authors Year Title Cites DOI
1 Heinrich et al. 2021 A local flexibility market mechanism with capacity limi- 51 10.1016/j.enpol.2021.112335
tation services
2  Golmohamadi 2022 Demand-Side Flexibility in Power Systems: A Survey 47  10.3390/su14137916
of Residential, Industrial, Commercial, and Agricultural
Sectors
3 Chenetal. 2023 Modeling and characterization of the impact of capacity 6 10.1016/j.segan.2023.101081
limitation services on distribution networks
4  Santecchia et al. 2022 Industrial flexibility as demand side response for elec- 23  10.3389/fenrg.2022.831462
trical grid stability
5 Mirzaei Alavijeh et 2024 Capacity-limitation based local flexibility market forcon- 23 10.1016/j.ijepes.2023.109742
al. gestion management in distribution networks: Design
and challenges
6 Serpeetal. 2023 Demand-side flexibility of the German steel industry: A 5 10.1109/EEM58374.2023.10161699
case study
7 De Santietal. 2025 Managing connection queues in distribution networks 3 10.1016/j.apenergy.2025.126260
with flexible connection agreements
8 Bjarghov et al. 2024 Enhancing grid hosting capacity with coordinated non- 0 10.2139/ssrn.4713408
firm connections in industrial energy communities
9 Leinauer et al. 2022 Obstacles to demand response: Why industrial compa- 50  10.1016/j.enpol.2022.112876
nies do not adapt their power consumption to volatile
power generation
10 Hennig et al. 2024 Risk vs. restriction—An investigation of capacity- 18  10.1016/j.enpol.2023.113976
limitation based congestion management mechanisms
11 Zhangetal. 2025 A Review of Industrial Load Flexibility Enhancement for 5 10.3390/su17114938
Demand-Response Interaction
12 Monterde et al. 2025 Non-firm grid connections: A review of access types, 1 10.1007/s40518-025-
mechanisms, and regulatory frameworks 00268-7
13 Verhagen, Hu & 2025 Evaluating non-firm grid connections for battery energy 0 10.1016/j.enpol.2025.114903
Harmsen storage systems: A co-optimization case study of the
Netherlands
14 CEER 2023 Paper on Alternative Connection Agreements - -

Table B.3: Synthesis matrix of core literature mapped to ATR-relevant contract and modelling dimensions

Study Non-firm access Curtailment design Sector / process explicit Cost / flexibility quantified Method

1 v Opt.

2 v v Review

3 v v Opt./Design
4 v v Opt.

5 v v Design

6 v v v Case/Opt.
7 v v Opt.

8 v v v Opt.

9 v Empirical
10 v v Risk/Opt.
1 v v Quant/Emp.
12 v v Review
13 v v v Opt.

14 v v Guidance




Sector Selection

C.1. Purpose and approach

This appendix documents the sector-selection procedure used to identify the sector archetypes that
are carried forward into the case construction in Chapter 5. The purpose is not to model the sectors
in detail here, but to justify why the selected cases are relevant, comparable, and suitable fora TDTR
assessment.

The selection starts from thirteen candidate large-electricity-consumer sectors. These sectors were
included because they are relevant within the large-consumer segment, can be linked to available KO
standard profiles, and are discussed in relation to electrification, flexibility, or distribution-grid conges-
tion. For each candidate sector, a sector-specific SBI profile is used where available. Where no suitable
SBI profile is available, the closest KO profile is used as a proxy.

The assessment consists of two parts. First, the available sector profiles are screened to characterise
the temporal structure of demand. This provides a quantitative basis for judging whether a sector is
likely to be relevant under conditional access. Second, the candidate sectors are evaluated through a
multi-criteria scoring matrix that combines the screening results with information on annual electricity
use, operational similarity, flexibility potential, ATR product fit, and data availability.

The translation of the selected archetypes into optimisation-ready model inputs, including flexible as-
sets, operational constraints, curtailment costs, and TDTR parameters, is developed in Chapter 5.

C.2. Candidate sectors

Table C.1 lists the thirteen candidate sectors considered in the sector-selection procedure. Each sec-
tor is linked to the KO standard profile that provides the closest generic load-profile representation. In
addition, the table reports the SBI profile used for the sector-specific screening. For offices and super-
markets, no suitable SBI profile was available within the dataset, so the corresponding KO profile is
used as a proxy. For data centres, the dedicated KO data-centre profile is used.

The set of candidate sectors is not intended as a complete classification of Dutch economic activity.
Instead, it is a pragmatic selection of large-electricity-consumer sectors that are relevant for assessing
TDTR participation.
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Table C.1: Candidate sectors considered in the sector-selection procedure.

Sector KO profile SBI profile

Cut flowers under glass KO_GLASTUINBOUW 01192

Annual crops KO_AGRARIER 01

Dairy products KO_INDUSTRIE 105

Bread, pastry and pasta KO_INDUSTRIE 107

Paper and cardboard KO_INDUSTRIE 17

Cold stores KO_LOGISTIEK 52102
Distribution and storage KO_LOGISTIEK 52109

Land transport KO_LOGISTIEK 49

Hospitals and inpatient care KO_KANTOOR_ONDERWIJS 8610

Offices KO_KANTOOR_ONDERWIJS KO profile proxy
Data centres KO_DATACENTERS KO profile
Supermarkets KO_LOGISTIEK KO profile proxy
Education KO_KANTOOR_ONDERWIJS 8542

C.3. Load-profile screening

A load-profile screening is applied to the sector profiles listed in Table C.1. The purpose of this screening
is not to select sectors mechanically, but to provide a quantitative indication of how relevant each sector
may be for TDTR assessment. Sectors with peaky, concentrated, or variable demand profiles are more
likely to benefit from conditional access arrangements than sectors with flat and continuous demand,
because their demand can in principle be shifted, reduced, or managed during a limited number of

constrained hours.

Four indicators are used: overall peakiness, rarity of peak events, temporal compactness of peak
events, and year-round variability. These indicators are summarised in Tables C.2—C.3.

Table C.2: Indicator formulas

and interpretation.

Indicator Formula Description Interpretation of a
high score
Peak-to-Average 1- rr Relative distance A highly peaky profile
Ratio e between the average with substantial peak-
load and the maximum  shaving potential.
quarter-hour load.
Peak Infrequency 1 - %Zle 1(r; How rarely the profile Peaks occur only oc-
0.8 Tax) operates above 80% of casionally, suggesting

Time Concentra-
tion
Variability

min(l, P90(T);P10(T) )

its maximum value.

How concentrated
peak events are in
time, based on the
average duration of
consecutive peak
intervals.

Spread of the nor-
malised load profile
over the year.

they may be easier to
shift or curtail.

Peak events occur in
short, compact blocks
rather than long sus-
tained periods.

Greater variability, im-
plying more potential
value of flexible con-
trol.
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Table C.3: Notation used for the screening indicators.

Symbol / term Definition

T, Normalised quarter-hour load at time step ¢.

T Total number of quarter-hour time steps in the full-year profile.

T'max Maximum load: r,,, = max, ;.

7 Mean load: 7 = %ZLl Tt

Py (1), Pyo(1) 10th and 90th percentile of the normalised load profile.

1(9) Indicator function, equal to 1 if the condition holds and 0 otherwise.

Zpeak Average duration in hours of consecutive peak episodes with 1, = 0.8 7,,-

C.3.1. Screening results

Table C.4 reports the screening results for the thirteen candidate sectors. The results show substantial
differences in temporal demand structure. Cut flowers under glass, annual crops, cold stores, and
distribution and storage all combine high Peak Infrequency with high Time Concentration, indicating
that high-load moments occur in relatively concentrated periods. Distribution and storage also has the
highest Peak-to-Average Ratio and the highest Variability score, suggesting a strongly non-flat profile.
Data centres score low on most indicators, reflecting their flat and continuous demand pattern. Dairy
products also score relatively low on peakiness, but remain relevant as an industrial electrification case
because their flexibility is linked to process heat rather than to profile shape alone.

The screening results are used as input for the multi-criteria assessment, especially for the congestion-
relevance criterion. They do not determine the final selection by themselves, because TDTR suitability
also depends on operational flexibility, process constraints, data availability, and whether the sector
adds a distinct flexibility mechanism to the comparative case set.

Table C.4: Sector screening results based on four load-profile indicators.

Sector Peak-to-Avg. Peak Infreq. Time Conc. Variability
Cut flowers under glass 0.589 0.982 0.961 0.153
Annual crops 0.516 0.977 0.943 0.168
Dairy products 0.242 0.648 0.877 0.108
Bread, pastry and pasta 0.379 0.830 0.861 0.231
Paper and cardboard 0.450 0.859 0.877 0.241
Cold stores 0.367 0.945 0.958 0.133
Distribution and storage 0.618 0.958 0.960 0.279
Land transport 0.454 0.898 0.872 0.275
Hospitals and inpatient care 0.417 0.907 0.910 0.185
Offices 0.379 0.800 0.806 0.224
Data centres 0.156 0.138 0.882 0.051
Supermarkets 0.425 0.873 0.849 0.235
Education 0.458 0.870 0.839 0.237

C.4. Multi-criteria assessment

The thirteen candidate sectors are evaluated against six criteria, defined in Table C.5. The criteria
combine quantitative and qualitative evidence. Annual electricity use is informed by EAN-level analy-
sis. Congestion relevance is informed by the load-profile screening. Similarity of business operations,
estimated flexibility potential, and ATR product fit are assessed using sector literature, flexibility studies,
and sector-lead interviews. Data availability is based on the availability and quality of sector profiles
and additional modelling inputs.
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The scores are therefore informed ordinal judgements rather than measured optimisation outcomes.
They are used to select a set of representative archetypes. The detailed quantitative parameterisation
of the selected cases follows in Chapter 5.

Table C.5: Evaluation criteria for sector archetype selection.

Criterion

Low (10)

Medium (55)

High (100)

(1) Annual electricity use
(EAN analysis)

(2) Congestion relevance
(profile screening)

(3) Similarity of business operations
(literature + interviews)

(4) Estimated flexibility potential
(literature + interviews)

(5) ATR product fit

(screening + operational assess-
ment)

(6) Data availability for modelling
(data availability check)

< 1 GWhlyr, limited contri-
bution to regional conges-
tion.

Flat load, weak coincidence
with congestion hours.

Highly heterogeneous oper-
ations and load profiles.

Little controllable load, flex-
ibility requires major invest-
ments.

Long notice times and lim-
ited activation tolerance.

Fragmented data, no repre-
sentative profiles.

1-3 GWhlyr, relevant for lo-
cal transformer and feeder
constraints.

Moderate peakiness, partial
overlap with local conges-
tion periods.

Moderately comparable,
dominant processes similar
with site-level variation.

Moderate flexibility through
one dominant mechanism.

Conditional  compatibility,
binding constraints on dura-
tion or frequency.

Profiles available with gaps
or limited representative-
ness.

> 3 GWhlyr, structurally rel-
evant for regional grid con-
gestion.

Strong, temporally concen-
trated peaks coinciding with
congestion moments.

Largely homogeneous pro-
cesses and load profiles.

High flexibility through mul-
tiple controllable assets with
bounded constraints.

Short notice acceptable, re-
peated activations feasible.

High-quality, representative
data suitable for quantitative
modelling.

Table C.6: Sector-by-sector scoring on criteria (1-6), with weighted final score.

Sector description (1) (2) (3) (4) (5) (6) Final
Cut flowers and ornamental shrubs under glass 100 100 55 100 100 55 84
Cultivation of annual crops 10 100 10 55 55 100 55
Manufacture of dairy products 100 10 100 55 55 100 71
Manufacture of bread, pastry goods, and pasta 55 55 55 55 55 100 64
products

Manufacture of paper, cardboard, and paper/- 100 100 55 55 55 100 75
cardboard products

Storage in cold stores 55 100 100 100 100 100 93
Storage in distribution centres and other storage 55 100 55 100 100 100 87
facilities with EV fleet

Land transport 55 55 55 55 55 100 64
Hospitals and inpatient mental health/addiction 100 55 55 55 10 100 62
care

Offices 55 55 55 55 55 10 46
Data centres 100 10 100 55 10 100 64
Supermarkets 10 55 55 100 100 10 57
Education 10 55 100 55 55 100 64

Wt.

15%

10%

15%

20%

20%

20%
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C.5. Selected archetypes

Based on the multi-criteria assessment, three archetypes are carried forward into the comparative
TDTR assessment. The final selection is not based on the ranking alone, but also on the need to
construct a set of cases that is analytically distinct, practically modelable, and representative of different
flexibility mechanisms.

1. Cold storage receives the highest final score and is selected as the cooling-flexibility case. The
sector combines a strong ATR fit with a relatively homogeneous operational logic: electricity
demand is closely linked to maintaining temperature within acceptable bounds. This makes the
flexibility mechanism technically bounded and suitable for optimisation, because demand can be
shifted within thermal constraints without directly changing the core service provided.

2. Distribution centres with EV fleet are selected as the logistics case. This archetype cap-
tures electrification-driven demand growth through depot or workplace EV charging. The flex-
ibility mechanism is operationally intuitive: charging can be shifted within vehicle-availability and
energy-demand constraints. This makes the case directly relevant for future distribution-grid con-
gestion, where transport electrification is expected to increase local peak demand.

3. Dairy processing is selected as the industrial heat case. Although it does not receive the highest
overall score, it adds an important industrial archetype that is not covered by the two logistics-
related cases. Its flexibility is represented through an industrial heat pump and thermal buffering,
making it suitable for analysing how electrified process heat can respond to TDTR restrictions.
Dairy is preferred over paper manufacturing because its heat-pump electrification pathway can
be represented more transparently within the modelling framework.

Several high-scoring candidates are not selected. Cut flowers and ornamental shrubs under glass score
highly because of their peaky load profile and apparent flexibility potential, but greenhouse horticulture
combines several interacting flexibility mechanisms, such as lighting, CHP operation, heat buffering,
and electric heat production. Modelling this would require a more complex multi-asset framework than
used in this thesis. Paper and cardboard manufacturing is also not selected because the final case
set already includes an industrial process-heat archetype through dairy processing. Hospitals, data
centres, and supermarkets are considered relevant but less suitable for the core case set because of
service-continuity constraints or weaker data availability.



Call patterns for different substations

Call intensity by hour of day and month
(fraction of days in that month during which the hour was called)
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20
a0
1800
1500
1400

12:00 -

Hour of day

10:00 -

fe00 .
06:00

02:00

Fraction of days called

02:00 -

00:00 -

1,314 call hours |
) (23 b o year
S R N

FEREFT @ VPR TS T FP Y TR PP T @YY FsF ¢

Month Month Month Month

Figure D.1: Call intensity by hour of day and month for the analysed substation profiles.
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Call intensity by hour of day and day of week
(fraction of weeks during which the hour + weekday was called)
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Figure D.2: Call intensity by hour of day and day of week for the analysed substation profiles.
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Figure D.3: Monthly call hours per substation profile.



Verification and validation of the model

Following Sargent (2010), this chapter distinguishes verification, whether the conceptual MILP formu-
lation is implemented correctly in code, from validation, whether the model’s behaviour is a plausible
representation of the intended system. The bound, mutual-exclusivity and cyclic-closure checks (Sec-
tions E.1 and E.2), together with the analytical cross-check of the structural minimum firm fraction f i,
(Section E.3), constitute the verification evidence: they confirm that the intended constraints are active
and that the model output matches independently derived values. Each section additionally reports val-
idation evidence through face validity, by showing that the buffer use, battery cycling and compliance-
cost curve shapes respond to the call profile and differ across assets in the way the intended flexibility
mechanisms predict.

E.1. Dairy thermal-buffer dynamics

The thermal-buffer dynamics in the dairy heat-pump model were checked for the Flex + TDTR scenario
across all four call-hour profiles (Figures E.1-E.4). Each figure shows the buffer state of charge (SOC)
in the upper panel and the charge and discharge power in the lower panel. Green shading indicates
charging periods and orange shading indicates discharging periods.

The plots verify three implementation properties. First, the SOC remains within its capacity bounds:
it never drops below zero and does not exceed the installed buffer capacity. Second, charging and
discharging are separated in time, confirming that the binary buffer-mode logic introduced in the MILP
formulation is active. Third, the SOC evolves consistently with the buffer recursion: it increases when
the buffer is charged, decreases when it is discharged, and remains close to zero when the buffer is
not used.

For face validity, the buffer-use pattern differs across call profiles, as expected when the optimisation
responds to the timing of local TDTR calls. Types A, B and D show a relatively regular daily cycle, while
Type C produces a less regular SOC trajectory because its call-hour pattern is more concentrated during
the selected period. Together, these checks confirm that the binary logic prevents artificial simultaneous
charging and discharging and that the buffer responds to the call profile in a physically plausible way.
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Buffer dynamics verification - Flex + TDTR [Type A | Oudehaske 110 kV]
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Figure E.1: Dairy thermal-buffer dynamics under call profile Type A (Oudehaske 110 kV), Flex + TDTR scenario.

Buffer dynamics verification - Flex + TDTR [Type B | Hemweg 150 kV]
2024-10-16 - 2024-10-19

1,400.0 4 —— S0C [kWhth]

[ Charging period
1,200.0 Discharging period
1,000.0

800.0 1

600.0 1

Buffer SOC [kWhth]

400.0 4

200.0 4

0.0

---- S0C(t=0) = 0.0 kWhth (closed-cycle ref)

800.0

= Charge [kwith]

—Discharge [kWth]
600.0 |
£
5 4000
v
2 200.0
£
1 11
? o0
2
2 20004
2
5
4000
600.0 4
16-10 16-10 16-10 16-10 17-10 17-10 17-10 17-10 1810 1810 1810 1810 19-10
00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00

Figure E.2: Dairy thermal-buffer dynamics under call profile Type B (Hemweg 150 kV), Flex + TDTR scenario.



E.2. Battery charging 93

Buffer dynamics verification - Flex + TDTR [Type C | Eerbeek 150 kV]
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Figure E.3: Dairy thermal-buffer dynamics under call profile Type C (Eerbeek 150 kV), Flex + TDTR scenario.

Buffer dynamics verification - Flex + TDTR [Type D | Zaltbommel 150 kv]
2024-10-16 - 2024-10-19

1,400.0 — s0c lkwhth]

---- S0C(t=0) = 0.0 kWhth (closed-cycle ref)
Charging perio

1,200.0

1,000.0 1

£
§ 800.0
9
3
T 600.0
£
&
400.0
2000
0.0
800.0 B Charge [kWth]
ﬂT ﬂ ﬂ1 ~Discharge [kwth]
o j‘JL # H
g il I} &
e ,Wﬁurﬁ 1 |
o
2 2000 rA i\” JJ H‘uﬂ A j H LLLa H jl A j\ i
Q@ o0
&
§ 20007
5
-400.0
-600.0 7 T T T T T T T T T T T T T
16-10 16-10 16-10 16-10 17-10 17-10 17-10 17-10 18-10 18-10 18-10 18-10 19-10
00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00

Figure E.4: Dairy thermal-buffer dynamics under call profile Type D (Zaltbommel 150 kV), Flex + TDTR scenario.

E.2. Battery charging

The battery SOC dynamics were checked for the Oudehaske case (Type A, scenario Smart charging +
TDTR + Battery) across all three battery sizes (Figures E.5—-E.7). Each figure shows the SOC trajectory

(top) and the charge/discharge power (bottom) over a representative period, with the ATR call-hours
shaded.

Three properties verify that the SOC dynamics are implemented correctly. First, the SOC stays within
its bounds at all times: it never exceeds 100% nor drops below 0%, so the energy-capacity constraint
is respected. Second, the charge and discharge power never exceed the rated power of each bat-
tery (£1000 kW for battery A, £2000 kW for battery B, £4000 kW for battery C), and charging and
discharging never occur simultaneously, confirming the power limits and the charge/discharge separa-
tion. Third, the SOC closes over the cycle: it returns to (or above) the start level marked by the dashed
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line, which confirms the cyclic end constraint soc[T — 1] = soc;,;; and rules out artificial end-of-horizon
depletion. Together with the closed-cycle energy balance (charge into SOC equals discharge from
SOC plus the small end-of-cycle surplus, within numerical tolerance), this confirms the implementation
is correct.

The behaviour is also physically consistent with the intended use of the battery under TDTR, which
provides face validity. Discharging (orange) is concentrated within the shaded ATR call-hours while
charging (blue) takes place outside them: the battery is emptied to keep the total load under the firm limit
during a call and recharged once the call ends. This pattern is visible across all three sizes and becomes
more pronounced as the battery grows. Battery A (Fig. E.5) cycles fully and frequently because its
limited energy content forces rapid swings, whereas battery C (Fig. E.7) shows deeper, smoother cycles
and sustains discharge over longer call windows thanks to its larger capacity and higher power rating.
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Figure E.5: Battery dynamics for battery A (Oudehaske, Type A, Smart charging + TDTR + Battery). Top: SOC trajectory closing
over the cycle; bottom: charge (positive) and discharge (negative).
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Figure E.6: Battery dynamics for battery B (Oudehaske, Type A, Smart charging + TDTR + Battery). Top: SOC trajectory closing

over the cycle; bottom: charge (positive) and discharge (negative).
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Figure E.7: Battery dynamics for battery C (Oudehaske, Type A, Smart charging + TDTR + Battery). Top: SOC trajectory closing

over the cycle; bottom: charge (positive) and discharge (negative).

E.3. Analytical cross-check using a high NSE penalty

To verify that the energy-balance and TDTR-cap constraints are implemented correctly, the NSE penalty
was set to €10,000/kWh, so that feasibility dominates cost entirely. The optimiser then accepts no
avoidable non-served energy; under the hard cap the only remaining NSE is the structurally unavoid-
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able curtailment of inflexible load (Eq. (4.10)), which vanishes exactly from the structural minimum firm
fraction onward. In the compliance-cost curves (Figures E.9—E.8) this is the point where the total-cost
and NSE curves kink to zero while the kW-contract cost stays flat. Verification succeeds if this f.in
matches the value computed independently from the load profile, namely the maximum unavoidable
load during call hours divided by the contract reference capacity.

The three curve shapes differ per asset, which is itself consistent with the intended flexibility repre-
sentations (face validity): logistics (Fig. E.9) is convex with a kink at f,,;, = 0.80, reflecting exploited
EV-charging flexibility; dairy (Fig. E.10) is linear with a kink at f,,;;, = 0.85, reflecting an almost fully
inflexible continuous process (a convex curve here would signal a modelling error); and cold storage
(Fig. E.8) is convex with the lowest kink at f,;, = 0.54, reflecting thermal-mass buffering.
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Figure E.8: Compliance-cost curve for the cold storage case (firm fraction sweep, AC5 + ATR) under an extremely high NSE

penalty (Ansg = ). The curve kinks to zero at f,;, = 0.54.
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Compliance-cost curve - Firm fraction sweep [Flex + ATR]

£€25,000,000,000 - == Total cost t €25,000,000,000
— = NSE cost

— - kW-contract cost

£20,000,000,000 1 L €20,000,000,000

€15,000,000,000 -|

L €15,000,000,000

€10,000,000,000 + r €10,000,000,000

Total cost [EUR/year]
NSE and kw-contract cost [EUR/year]

€5,000,000,000 r €5,000,000,000

Optimum: 0.85
€1,639,285/yr

€0 4 — —— — — ——— — — — — — — {— {— {— {— {— L €0

0.0 0.2 0.4 0.6 0.8 1.0
Firm fraction (higher = more firm, less TDTR)

Figure E.10: Compliance-cost curve for the dairy case (firm fraction sweep, flex + ATR) under an extremely high NSE penalty
(ANse = ). The linear decline kinks to zero at f,,;; = 0.85.



Sensitivity analysis

F.1. Asset parameters sensitivity
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Figure F.1: Compliance-cost curve for the dairy case with 20% flexibility (firm-fraction sweep).
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Figure F.2: Weekly dispatch overview of Scenario 2 (Flex) and Scenario 3 (Flex + 20% TDTR) for the dairy case with 20%
flexibility.



Extra outputs

Table G.1: Top 5% in call-hours for customer load profiles and local call profiles.

Call profile Reference: top 5% in call-hours Flex: top 5% in call-hours Flex + TDTR: top 5% in call-hours
Cold storage  Logistics Dairy  Cold storage  Logistics Dairy  Cold storage  Logistics  Dairy

[%] [%] [%] [%] [%] [%] [%] [%] [%]

Type A 6.22 33.05 17.35 1.94 5.82 5.31 0.00 0.00 0.00
Type B 10.33 20.21 17.69 5.93 4.14 13.58 0.00 0.00 0.00
Type C 2414 33.39 6.62 15.69 19.63 1.48 0.00 0.00 0.00
Type D 8.11 7.31 7.36 15.06 30.13 2.36 0.00 0.00 0.00

Table G.2: Grid-impact indicators for the cold-storage scenarios across local call profiles.

Call profile Scenario Peak Peak call Peak non-call Abs. red. Rel. red. Adj. LF Top 5% call WGPR Call-hour red.

[kw] [kwW] [kw] [%] [%] [%] [%] [%] [%]
Type A Reference 290.00 268.38 290.00 0.00 0.00 74.56 6.22 0.00 0.00
Type A Flex 255.89 255.89 255.89 11.76 11.76 69.92 1.94 4.86 16.11
Type A Flex + TDTR  255.45 175.45 255.45 11.91 11.91 68.55 0.00 4.60 18.09
Type B Reference 290.00 269.24 290.00 0.00 0.00 74.56 10.33 0.00 0.00
Type B Flex 255.89 242.18 255.89 11.76 11.76 69.92 5.93 4.86 10.08
Type B Flex + TDTR  261.98 181.83 261.98 9.66 11.76 68.82 0.00 4.42 11.79
Type C Reference 290.00 278.94 290.00 0.00 0.00 74.56 24.14 0.00 0.00
Type C Flex 255.89 255.89 255.89 11.76 11.76 69.92 15.69 4.86 11.90
Type C Flex + TDTR  274.25 194.59 274.25 5.43 22.56 70.82 0.00 4.69 13.14
Type D Reference 290.00 266.86 290.00 0.00 0.00 74.56 8.1 0.00 0.00
Type D Flex 255.89 255.89 255.89 11.76 11.76 69.92 15.06 4.86 -4.68
Type D Flex + TDTR  256.39 194.59 256.39 11.59 11.59 70.91 0.00 4.48 -0.96

Table G.3: Grid-impact indicators for the logistics scenarios across local call profiles.

Call profile  Scenario Peak Peakcall Peaknon-call Abs.red. Rel.red. Adj.LF Top5%call WGPR Call-hour red.

[kw] [kw] [kwW] [%] [%] [%] [%] [%] [%]
Type A Reference 4573.15 4573.15 4403.20 0.00 0.00 39.68 33.05 0.00 0.00
Type A Smart charging 3937.89 3937.89 3937.89 13.89 68.38 31.04 5.82 6.93 52.00
Type A Smart charging + TDTR ~ 4019.19 1307.92 4019.19 12.11 71.40 31.02 0.00 6.83 56.08
Type B Reference 4573.15 4363.69 4573.15 0.00 0.00 39.68 20.21 0.00 0.00
Type B Smart charging 3937.89 3911.29 3937.89 13.89 68.38 31.04 4.14 6.93 44.19
Type B Smart charging + TDTR ~ 3937.89 2314.01 3937.89 13.89 68.38 31.01 0.00 7.02 45.65
Type C Reference 4573.15 4573.15 4164.85 0.00 0.00 39.68 33.39 0.00 0.00
Type C Smart charging 3937.89 3937.89 3937.89 13.89 68.38 31.04 19.63 6.93 37.66
Type C Smart charging + TDTR ~ 3733.13 3521.32 3733.13 18.37 68.38 31.03 19.71 6.92 37.80
Type D Reference 4573.15 3818.27 4573.15 0.00 0.00 39.68 7.31 0.00 0.00
Type D Smart charging 3937.89 3937.89 3937.89 13.89 68.38 31.04 30.13 6.93 -41.85
Type D Smart charging + TDTR ~ 3823.25 3521.32 3823.25 16.40 68.38 31.03 30.41 6.90 -41.50

100
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Table G.4: Grid-impact indicators for the dairy heat-pump 10% flex scenarios across local call profiles.

Call profile  Scenario Peak Peakcall Peaknon-call Abs.red. Rel.red. Adj.LF Top5%call WGPR Call-hour red.

[kW] [kW] kW] [%] [%] [%] [%] [%] [%]
Type A Reference 2500.00 2386.01 2500.00 0.00 0.00 86.62 17.35 0.00 0.00
Type A Flex with buffer 2364.56 2364.56 2364.56 5.42 5.42 85.75 10.02 0.40 1.84
Type A Flex + TDTR with buffer ~ 2364.56 2229.41 2364.56 5.42 5.42 85.21 0.00 0.41 1.96
Type B Reference 2500.00 2430.89 2500.00 0.00 0.00 86.62 17.69 0.00 0.00
Type B Flex with buffer 2364.56 2364.56 2364.56 5.42 5.42 85.75 19.94 0.40 0.98
Type B Flex + TDTR with buffer ~ 2410.12 2282.50 2410.12 3.60 3.60 85.74 0.00 0.40 1.04
Type C Reference 2500.00 2386.01 2500.00 0.00 0.00 86.62 6.62 0.00 0.00
Type C Flex with buffer 2364.56 2364.56 2364.56 5.42 5.42 85.75 3.85 0.40 1.27
Type C Flex + TDTR with buffer ~ 2364.56 2229.41 2364.56 5.42 5.42 84.88 0.00 0.43 1.48
Type D Reference 2500.00 2335.71 2500.00 0.00 0.00 86.62 7.36 0.00 0.00
Type D Flex with buffer 2364.56 2361.87 2364.56 5.42 5.42 85.75 13.11 0.40 -0.66
Type D Flex + TDTR with buffer ~ 2364.56 2227.50 2364.56 5.42 5.42 85.57 0.00 0.40 -0.54

Table G.5: Grid-impact indicators for the dairy heat-pump 20% flex scenarios across local call profiles.

Call profile  Scenario Peak Peakcall Peaknon-call Abs.red. Rel.red. Adj.LF Top5%call WGPR Call-hour red.

kW] [kW] kW] [%] [%] [%] [%] [%] [%]
Type A Reference 2500.00 2386.01 2500.00 0.00 0.00 86.62 17.35 0.00 0.00
Type A Flex with buffer 2347.64 2347.64 2347.64 6.09 6.09 85.06 2.85 0.73 3.29
Type A Flex + TDTR with buffer ~ 2347.64 2172.50 2347.64 6.09 6.09 84.39 0.00 0.75 3.75
Type B Reference 2500.00 2430.89 2500.00 0.00 0.00 86.62 17.69 0.00 0.00
Type B Flex with buffer 2347.64 2347.64 2347.64 6.09 6.09 85.06 20.39 0.73 1.87
Type B Flex + TDTR with buffer ~ 2383.67 2282.50 2383.67 4.65 4.65 85.80 0.00 0.73 1.91
Type C Reference 2500.00 2386.01 2500.00 0.00 0.00 86.62 6.62 0.00 0.00
Type C Flex with buffer 2347.64 2347.64 2347.64 6.09 6.09 85.06 1.75 0.73 2.38
Type C Flex + TDTR with buffer ~ 2347.64 2072.82 2347.64 6.09 6.09 83.87 0.00 0.76 3.09
Type D Reference 2500.00 2335.71 2500.00 0.00 0.00 86.62 7.36 0.00 0.00
Type D Flex with buffer 2347.64 2347.64 2347.64 6.09 6.09 85.06 1.21 0.73 -1.17
Type D Flex + TDTR with buffer ~ 2347.64 2172.50 2347.64 6.09 6.09 85.05 0.00 0.74 -0.69
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