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This report was commissioned by the IEA Technology Collaboration Programme on Energy Efficient
End-Use Equipment (4E) — Efficient, Demand-flexible Networked Appliances (EDNA).

The report was prepared by Viegand Maagge with the following contributing authors: Anson Wu, Sarah
Emilie Clemmesen Magid, Mathias Hermann, and Jan Viegand.

This report assesses how standardised communication protocols can enable energy flexibility in
household appliances such as heat pumps and white goods at scale. It provides a review of the current
landscape of communication protocols and explains the value of establishing a control hierarchy. To
support effective and clear requirements, it proposes a matrix framework dividing control into three
layers - market signals (layer 1), service instructions (layer 2), and device-specific commands (layer 3)
- across a temporal horizon. A review of nascent policy approaches in the UK, California, Australia, New
Zealand, Germany, France, and the EU, indicates a fragmented landscape where most jurisdictions
address only parts of the protocol stack and only some of the control layers. Using the framework, the
report maps the most relevant protocols and assesses their strengths and trade-offs. The report
presents a phased roadmap recommending global harmonisation of functional requirements rather
than technology mandates.
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Electricity systems are rapidly decarbonising while also electrifying heating, transport, and parts of
industry. This combination is driving material growth in peak demand and increasing the need to
integrate variable renewables, especially at distribution level. The report argues that residential
“demand flexible” appliances such as water heaters (heat pump and resistive storage), heat
pumps/HVAC, pool pumps/heaters, and whitegoods represent a large, underused flexibility resource.
If these devices can automatically adjust consumption in response to external signals, they can help
absorb renewable surplus, reduce peaks, defer network upgrades, and lower consumer bills. Achieving
this at scale requires standardised application-layer communication protocols that allow grid
operators, aggregators, HEMS/CEMS, and devices to interoperate without bespoke integrations.

Framework

A central contribution of the report is a practical framework for comparing demand flexibility (DF)
protocols across technologies and jurisdictions: the Control Specificity x Temporal Horizon matrix. The
first dimension distinguishes three “layers” of control. Layer 1 carries market signals (prices, tariffs,
carbon intensity, grid status) where the receiver decides how to respond. Layer 2 carries service-level
instructions (for example, a requested reduction or export limit) where the receiver chooses the
method. Layer 3 carries device-specific commands (explicit setpoints or mode changes) where the
sender has decided and the device executes within safety constraints. The second dimension
distinguishes signal timing: real-time (seconds—minutes), near-term scheduling (minutes—hours), and
forward planning (hours—days). The report emphasises that for most residential appliances, forward-
looking signals are the most valuable, because flexible loads with storage or deferrable operation can
pre-position (for example, pre-heat water before prices rise) with minimal impact on comfort or
service.

Technical capabilities

From this framework, the report derives several technical capabilities that matter for scalable
appliance DF: the ability to carry Layer 1 market signals, to support forward planning, and to enable
two-way communication. Two-way communication is highlighted as essential for modern DF because
it allows pre-event feasibility checks, post-event verification, forecasting, and ultimately credible
settlement for pay-for-performance models. The report also stresses an asymmetry with major policy
implications: protocols that can do Layer 1 (and two-way) can generally support Layer 2—3 use cases
as well, but protocols designed only for Layer 2—3 command-and-control often cannot support rich
Layer 1 price-based operation later. Therefore, jurisdictions that harmonise around Layer 2—3-only
approaches risk locking in architectures that deliver less consumer value and may require a second
protocol in the future to unlock price-responsive flexibility.

Control hierarchy

The report further explains why control must be viewed as a hierarchy. Signals may originate from the
grid/market (TSO/DSO/retailer), pass through an aggregator/VPP, be translated and optimised by a
home energy management system (HEMS) or gateway, and finally be executed by the device. Each



level has different objectives and access to different information, creating inherent conflicts and
“information asymmetry.” This strengthens the case for architectures that rely more on informational
signals (Layer 1) and local optimisation, rather than centralised device-level dispatch everywhere. In
parallel, the report distinguishes the grid problem domains that DF may address: energy management
(system balancing and shifting) versus capacity management (local physical constraints such as
transformer or service connection limits). These domains often require different signalling approaches,
and conflating them can lead to ineffective or conflicting requirements.

Relevant protocols

Using the framework, the report maps the most relevant protocols and assesses their strengths and
trade-offs. OpenADR 3 and IEEE 2030.5 are treated primarily as “upstream” options (grid/aggregator
to HEMS/device), while Matter and EEBUS are treated primarily as “local” options (HEMS to device),
with the important caveat that the boundary is increasingly blurred. OpenADR 3.1 (released September
2025) is presented as a modernised, comparatively lightweight approach (REST/JSON with
webhook/MQTT delivery options) that is particularly strong for Layer 1-2 signalling and forward
schedules, supported by an established alliance and certification programme. IEEE 2030.5 is described
as powerful for Layer 3 DER setpoints (and therefore entrenched for inverters and batteries) but
heavier to implement, typically requiring strict profiles (for example, CSIP) to be deployable at scale.
Matter (v1.5) is positioned as the leading general-purpose smart home standard with a strong
certification ecosystem; its newer energy management clusters extend it toward Layer 1
(prices/tariffs/carbon) and demand management use cases, though the report notes that version
alignment and real-world maturity remain practical concerns. EEBUS is characterised as highly energy-
specific with detailed device semantics (SPINE) and de facto importance in Germany’s ecosystem, but
with interoperability challenges due to specification complexity and a more regionally concentrated
market footprint.

Enabling of HEMS

A key practical conclusion is that multi-protocol environments are becoming normal, not exceptional.
The report therefore assigns a central role to HEMS as the “interworking point” that translates
upstream signals into device actions, optimises across devices (with access to local states, preferences,
PV, and constraints), and aggregates telemetry upstream. However, it also cautions against assuming
a HEMS must always be mandatory: simpler architectures (for example, a smart appliance that directly
ingests a price schedule and self-optimises) can be effective. The most durable policy posture, the
report suggests, is to enable HEMS and gateways while avoiding mandates that could stifle innovation
or entrench vendor lock-in.

Case studies

The report reviews nascent policy approaches in the UK, California, Australia, New Zealand, Germany,
France, and the EU, and finds a fragmented landscape where most jurisdictions address only parts of
the protocol stack and only some of the control layers.



The UK is highlighted as most explicit about Layer 1-2 interoperability for appliances, with a phased
pathway that first mandates “smart” capabilities and later mandates interoperability aligned with
OpenADR 3.1 through a companion specification.

California is presented as leaning toward functional harmonisation (defining required behaviours
rather than mandating a protocol) through FDAS, while also building infrastructure (MIDAS) for time-
dependent rates and signals, albeit with current limitations where signals are effectively one-way.

Australia’s AS/NZS 4755 DRM experience illustrates the limitations of one-way, command-style
approaches, especially for verification and consumer-centric outcomes; meanwhile, CSIP-AUS
underscores that inconsistent or fragmented certification can undermine interoperability even when
a nominal common protocol is used.

Germany’s §14a demonstrates how technology-neutral regulation paired with strict security
requirements can drive de facto convergence (notably toward EEBUS via smart meter gateway
arrangements) for capacity management, though it does not itself provide a complete energy-domain
(price) signalling pathway.

France provides a large-scale example of tariff-driven switching that works operationally but lacks
dynamic optimisation, verification, and consumer-centric flexibility communication.

At EU level, the Data Act and the Code of Conduct for Energy Smart Appliances?! are framed as creating
legal and semantic pressure, respectively, but leaving the “wire protocol” question materially
unresolved.

Across these case studies, the report’s synthesis emphasises that process and governance matter as
much as technical design. The single most consistent lesson is that specifications do not guarantee
interoperability without robust, preferably centralised certification and testing (including reference
implementations and physical testing), and that fragmented profiling and certification can create “false
harmonisation.” The report also argues that policy should plan for protocol evolution and transitions,
because the protocol landscape is still moving.

Pathways towards global alighment

To move from today’s fragmentation toward practical global alignment, the report recommends a
phased pathway to harmonisation.

Near term, it proposes establishing and socialising a shared analytical vocabulary (the matrix and the
energy-versus-capacity domain distinction) and using it to surface conflicting requirements early.

Next, it prioritises Layer 1 harmonisation of market signals (minimum datasets for price/tariff/carbon
and schedules) as the most technically tractable and highest-value harmonisation target, with
mappings to leading candidates such as OpenADR 3 and Matter’s energy price constructs.

Medium term, it recommends defining functional and performance requirements by device class (what
appliances must be able to do, plus response/telemetry and consumer override expectations), while
keeping protocol mandates optional or conditional.

1 EU Code of Conduct for Energy Smart Appliances (CoC): https://ses.jrc.ec.europa.eu. EU Data Act: Regulation (EU) 2023/2854, applying
from 12 September 2025.



Longer term, it focuses on building certification infrastructure and mutual recognition that can allow
market-driven protocol convergence where feasible, while acknowledging sunk investments and

regional grid differences.
The report ultimately identifies OpenADR 3, Matter, and EEBUS as the most credible protocol

candidates for future residential DF at the time of writing, but frames this as an emerging practical set
rather than a premature “winner-takes-all” mandate.



The transition to decarbonised, decentralised electricity systems requires demand-side flexibility at
scale. Residential appliances — water heaters, heat pumps, air conditioners, pool pumps, and
whitegoods — represent a substantial and largely untapped source of such flexibility. The need is
becoming more urgent: electricity demand is rising globally as heating, transport, and industry
electrify, placing unprecedented strain on distribution networks and reinforcing the case for demand-
side solutions that defer or avoid costly grid infrastructure upgrades. When these devices can adjust
their electricity consumption in response to external signals, they become active participants in grid
management: absorbing surplus renewable generation, reducing peak demand, deferring network
upgrades, and lowering consumer bills.

Unlocking this potential requires standardised application-layer communication protocols — the
shared language that enables grid operators, aggregators, energy management systems, and
appliances to exchange flexibility signals without bespoke integration. The report is prepared on behalf
of the Efficient, Demand Flexible Networked Appliances (EDNA) platform under the IEA 4E Technology
Collaboration Programme.

Demand flexibility (DF), as used in the report, refers to the ability of connected appliances and
equipment to adjust their electricity consumption or on-site generation in response to external signals,
consistent with EDNA’s established definitions. The report addresses only automated response via
communication protocols; manual response is not scalable and is not considered.?

The appliances in primary focus are:

e Water heaters (heat pump and electric resistance storage types)
e Pool pumps and pool heaters
e Heating, ventilation and air conditioning (HVAC) systems

e Whitegoods (washing machines, dishwashers, dryers)

PV inverters, battery storage (BESS), and electric vehicle supply equipment (EVSE) are also considered,
as they are already subject to protocol standardisation policies and offer lessons for the appliance
categories in focus.

The objectives are to:
i.  clarify how communication protocols can facilitate DF from key appliances;
ii. identify challenges and nascent standardisation policies; and
iii. recommend a realistic global pathway for application-layer protocol adoption.

The approach combines literature review, comparative protocol analysis, review of emerging policies
in the UK, California, Australia, New Zealand, and Germany, and stakeholder interviews with
aggregators, manufacturers, standards bodies, and protocol developers. Section 2 develops the
analytical framework. Section 3 maps existing protocols onto this framework. Section 4 reviews

2 EDNA, 'Connected Devices Alliance — Demand Flexibility', IEA 4E Technology Collaboration Programme. See also EDNA (February 2025),
available at: https://www.iea-4e.org/edna/.



nascent policies. Section 5 presents recommendations for a phased harmonisation pathway. Section 6
identifies standardisation bodies for engagement.?

Figure 1 provides an overview of the principal actors in the DF ecosystem, the signal flows between
them, and the control layers at which each operates. The grid/market level generates price and
constraint signals (Layer 1); aggregators intermediate flexibility markets (Layer 2); the HEMS or
gateway translates between upstream and local protocols and manages within-premises optimisation;
and individual appliances execute flexibility responses. The consumer retains override authority at all
levels. This architecture is elaborated in Section 2.
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750, DSO, Retailer [P
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2 _ _Direct
lpu;&, ariffs ---7 ri(ig‘_””_"”j
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Events EVSE
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Local optimisation, capacity Layer 2 (device i
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contracted obligations Telemetry _-=" . : (Rule 21, CSIP-AUS)
- Interworking point
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Water Heat Pump Pool White-
Heater J/ HVAC Pump goods
T R, Layer 3 (device commands)
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Upstream protocols: OpenADR 3, IEEE 2030.5 Local protocols: Matter, EEBUS, OCPP, 52

UK OpenADR 3 to d

Direct-to-device aiso possible (e.g. FlexTalk)

Not all jurisdictions route flexibility through an intermediary HEMS or aggregator. Figure 2 illustrates
two common alternatives. In the first (e.g. Germany §14a), the DSO sends Layer 2 service-level
commands to smart-meter gateway which translates it to the device-level Layer 3 command via EEBUS
—bypassing any home energy management system or user control. In the second, the grid publishes
a Layer 1 price or tariff signal to a HEMS/aggregator, which is itself associated to the device(s) to be
controlled and translates that incentive into local device commands. The first model prioritises
network certainty; the second preserves device-level autonomy and consumer choice.

3 Viegand Maagge, 'DF10 — Demand Flexibility Protocols: Proposal', prepared for EDNA, 2024.
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The DF protocol landscape is commonly presented as a set of competing standards, making
comparison difficult and policy decisions opaque. This section develops a two-dimensional analytical
framework applicable across all protocols, appliance types, and jurisdictions. It addresses two
questions that any DF protocol must answer: what kind of signal it carries, and over what timeframe
does that signal operate.

DF signals vary in how prescriptive they are about what the receiving device should do. The report
distinguishes three layers of control specificity, illustrated in Table 1 with examples drawn from real
protocol semantics and deployments.*

Layer Label Signal content Decision logic Real-world examples
1 Market Signal Prices, tariffs, Receiver decides OpenADR 3 price event (MIDAS);
carbon intensity, how to respond Matter 1.5 Energy Price cluster; IEEE
grid status 2030.5 pricing signal
2 Service-Level Desired outcome Receiver chooses OpenADR 3 SIMPLE event: “shed 2
Instruction for site/device method kW”; IEEE 2030.5 DERControl (CSIP-
class, without AUS); AS/NZS 4755 DRM 2
specifying means
3 Device-Specific | Precise physical Sender has Matter Thermostat
Command action for a decided; device SetpointRaiseLower; EEBUS SPINE
particular appliance | executes and charge current; IEEE 2030.5 inverter
type validates safety Wmax (Rule 21)

The boundary between Layers 2 and 3 is not always sharp. An instruction such as “shift water heating
to off-peak” is Layer 2 if it specifies a desired outcome and leaves the device to choose the method; it
becomes Layer 3 if it translates to a specific setpoint instruction (e.g., “heat to 65°C now, then idle until
06:00”).

A single appliance can receive signals at any layer. A smart heat pump receiving a price schedule (Layer
1) can self-optimise. The same pump could receive “shed load” (Layer 2) and choose its own method,
or “set compressor to 50%"” (Layer 3) from a HEMS. These layers represent different levels of
delegation of the optimisation decision, not mutually exclusive device categories.

The second dimension is the temporal horizon over which a signal operates:

e Real-time (Column A) (seconds to minutes): immediate, often safety critical. E.g. frequency
response, emergency curtailment.

e Near-term scheduling (Column B) (minutes to hours ahead): operational optimisation. E.g.
current-hour price response, grid congestion events.

4 The three-layer control specificity framework draws on the classification in: EPRI, '‘Communication Protocols and Standards for Residential
Demand Response' (September 2021).



e Forward planning (Column C) (hours to days ahead): enables pre-positioning of
thermal/deferrable loads. E.g. day-ahead prices, weather-based pre-heating.

Forward planning is of particular importance for residential appliances. It enables significantly deeper
savings and better consumer outcomes: devices with thermal storage can pre-position (e.g. pre-
heating a water tank before a price rise), preserving consumer amenity. Real-time response can only
react and often means interrupting service. The most valuable DF protocols for residential appliances
are therefore those carrying forward-looking information.®

The key appliances in the report primarily operate in the near-term and forward-planning columns
across all three control layers. Real-time response is more relevant for inverter-based assets, which
are correspondingly further advanced in protocol standardisation.

The framework implies a set of minimum technical capabilities that any protocol used for residential
DF should support:

e Carry market signals (Layer 1): prices, tariffs, carbon intensity, grid status.

e Carry service-level instructions (Layer 2): event-driven signals, not only fixed structured tariffs.

e Support forward planning: transmit schedules over a future horizon (hours to days ahead),
enabling device-level optimisation and grid-level demand forecasting.

e Enable two-way communication: negotiate planned responses in advance, confirm execution
after the fact — for grid certainty, demand forecasting, and payment settlement.

e Support emergency curtailment (Layer 2, real-time column): as an exceptional rather than
routine operating mode.

This is not an argument against Layer 2 and Layer 3 protocols, which remain essential for direct control
applications, but for directing harmonisation effort toward Layer 1 — where the asymmetry of protocol
capability, the trajectory of consumer-facing markets, and the cost of architectural lock-in make the
policy case strongest. The traditional distinction between “implicit” and “explicit” flexibility maps onto
the matrix as follows. Implicit flexibility — where devices respond autonomously to price or tariff
signals (including time-varying tariffs, dynamic wholesale prices, carbon intensity indicators, and other
guantitative incentive schedules) — corresponds to Layer 1 signalling, typically in the near-term and
forward-planning temporal columns. Explicit flexibility — where devices respond to direct dispatch
from an operator or aggregator — corresponds to Layer 2 and Layer 3 signalling, potentially across all
temporal columns including real-time.

A critical observation is that any protocol capable of carrying Layer 1 signals (prices, schedules) and
supporting two-way communication can also support Layer 2 and Layer 3 signalling. The reverse is not
always true: a protocol designed only for Layer 2—-3 command-and-control (e.g. simple DRM signals)
cannot carry the richer informational content needed for Layer 1 price-responsive operation. This
asymmetry has a practical consequence for harmonisation: if a jurisdiction harmonises on a protocol

5 B. Nordman, 'Transforming Demand Response using OpenADR 3.0', in Proceedings of the 2024 ACEEE Summer Study on Energy Efficiency
in Buildings, Pacific Grove, CA, 2024.



that supports only Layers 2—-3, it may later need a second protocol to enable Layer 1 price response —
the mode that delivers the deepest savings and best consumer outcomes for the appliance categories
in focus. Harmonising on a Layer 1 capable protocol avoids this risk, since Layer 2—3 signalling remains
available within the same protocol or via a complementary local protocol.

A further consideration is temporal alignment. Current deployments are predominantly Layer 2—-3
command-and-control (Australia’s DRM signals, Germany’s §14a curtailment). Harmonising on
protocols that reflect current practice risks locking in an architecture designed for today’s grid
problems rather than tomorrow’s. The trajectory across all jurisdictions is toward dynamic pricing, self-
optimising devices, and consumer-facing flexibility markets — all requiring Layer 1 capable protocols.
A Layer 1 architecture leverages manufacturer knowledge: the price schedule encodes grid conditions
into a single number per interval, and the device decides how to respond based on its own constraints,
thermal state, and user preferences — information no remote operator possesses. A Layer 2-3
architecture centralises decisions at a sender with less information about the device and its user. There
is also a practical reason to deprioritise Layer 2—3 harmonisation: aggregators already manage multi-
protocol environments as part of their commercial operations and do not report interoperability at
these layers as a significant barrier. However, managing this complexity requires ongoing integration
effort that scales with the number of device types and protocols in the market. This cost does not
disappear — it is absorbed by aggregators and passed through implicitly to consumers, either as
reduced flexibility payments or as a barrier to entry that limits competition. The interoperability gap
that no market actor can resolve unilaterally is at Layer 1 — precisely where policy-led harmonisation
adds the most value.



A DF signal typically passes through several hierarchy levels. Each has distinct motivations, information

access, and optimisation objectives — which do not always align. All levels should operate within user-

specified constraints and preferences.

Level Motivations Unique information Typical signal layers
Grid / Market System security, network System-wide constraints, Layer 1 (prices, tariffs); Layer
(TSO, DSO, capacity, wholesale network thermal limits, 2 (curtailment, export limits)
retailer) efficiency voltage, frequency
reserves
Aggregator / VPP | Commercial returns from Portfolio-level flexibility; Layer 2 (service instructions);
flexibility markets; contracted positions; sometimes Layer 3
meeting contracted market prices
obligations
Home / HEMS Occupant comfort, bill Real-time meter data, Layer 3 (device commands),
minimisation, self- behind-the-meter PV, informed by Layer 1-2 from
consumption occupancy, thermal state, | upstream
device states
Device Primary service delivery Own operational state, Receives from any level;
within safety constraints safety limits, sensor data smart devices self-optimise
from Layer 1

Information asymmetry and conflicts. Each level optimises on available data, creating inherent
conflicts. In each case the decision-making party differs — aggregator, HEMS, or grid operator — yet
the failure mode is the same: rational action on locally available information, blind to conditions at
another level of the hierarchy. These are coordination failures inherent to any multi-actor system, not
failures of any individual actor. In practice, perfect coordination cannot be assumed; architectures with
fewer concurrent communication paths to a device reduce the surface area for such conflicts to arise.

The same coordination challenge applies to EVSE, which may simultaneously receive signals from
charging system operators, network operators, energy suppliers, and HEMS — often without defined
priority rules between these sources:

e An aggregator dispatching “shed 2 kW” may not know the household has already pre-cooled
and has no remaining flexibility.

e A HEMS optimising for bill savings may shift load into a period that worsens local network
congestion.

e An aggregator may dispatch a household’s battery for a grid contract when the household
would benefit from retaining charge.

Two-way communication and verification. Before issuing a Layer 2 or 3 instruction, the sender needs
to know whether the receiver can comply. After execution, it needs to verify the outcome — both for
system assessment and to settle reciprocal payments. This requires two-way communication and
metering results or telemetry. One-way protocols (e.g., the original AS/NZS 4755 DRM framework) are
limited in this regard.



Orchestration complexity. Simultaneous signals from different levels may imply contradictory device
responses. Protocol architectures need priority rules, and HEMS/devices need to resolve conflicts
gracefully. This is one reason simpler architectures (price signals directly to self-optimising devices) are
attractive despite their limitations. In any priority scheme, grid safety and network capacity constraints
should sit at the top of the hierarchy, providing the hard boundary within which commercial and
household optimisation occurs. More broadly, architectures that minimise the number of concurrent
communication paths to a device reduce the opportunity for conflicting signals to arise — a further
structural advantage of Layer 1 designs, where the grid publishes a single signal and local actors
respond autonomously without further upstream intervention during real-time operation.

Grid coordination domains. The control specificity and temporal horizon dimensions describe how
coordination signals are communicated. An additional distinction, drawn from Nordman’s work at
LBNL, concerns ®what problem is being solved at the grid—customer interface. Three largely orthogonal
domains can be identified. Energy management addresses the temporal balancing of supply and
demand — shifting or modulating consumption in response to system conditions. It is served primarily
by price and incentive signals (Layer 1) and forward-planning temporal modes, and its natural protocol
mechanisms include price time-series such as those delivered via OpenADR 3.0 or the EU Code of
Conduct’s Incentive Table use case. Capacity management addresses physical constraints at specific
points in the network — the service connection, the distribution transformer, or the household panel.
It is served primarily by constraint-based signals (Layer 2 or dedicated limit mechanisms) operating in
near-real-time, with Dynamic Operating Envelopes (Australia) and §14a curtailment (Germany) as
current examples. Capacity constraints are non-negotiable and localised in a way that system-wide
energy prices are not; a low price may even create capacity problems if many devices respond
simultaneously. Power quality management — reactive power, voltage support, and frequency
response — is largely the province of inverter-connected resources and is addressed through
autonomous device settings (e.g., IEEE 2030.5 DER functions) rather than appliance-level DF protocols.
It is not discussed further in the report.

This domain distinction is important for policy-makers because different jurisdictions face different
mixes of energy and capacity problems, and the mix shapes protocol requirements. A jurisdiction
whose primary concern is energy balancing (e.g., shifting consumption away from evening peaks or
toward midday solar surplus) will naturally gravitate toward Layer 1 price-based approaches. A
jurisdiction whose primary concern is capacity management (e.g., preventing distribution transformer
overload from EV charging clusters or managing rooftop PV export limits) will need constraint-based
mechanisms regardless of its pricing arrangements. Most jurisdictions face both problems but have
not always distinguished between them, which can lead to protocol choices that address one domain
poorly. The country case studies in Section 4 illustrate this pattern. The domain distinction does not
replace the control specificity x temporal horizon matrix; rather, it provides an upstream question —
what problem are we solving? — that helps determine which cells of the matrix deserve priority
attention.

6 B. Nordman and D. Gerber, 'Building Electrical Capacity Management: The Missing Element to Enable a Sustainable and Resilient Grid', in
Proceedings of the 2024 ACEEE Summer Study on Energy Efficiency in Buildings, Pacific Grove, CA, 2024. See also: Energy Changemakers, 'A
Unified Theory of Grid Coordination by Bruce Nordman' (2024).

7 For Dynamic Operating Envelopes, see: Energy Networks Australia, 'Flexible Exports for Solar PV — Final Trial Report' (2023, v1.3). For §14a,
see: Bundesnetzagentur, BK6-22-300 (2023).



Nordman describes interoperability as the “ease of communication” — seamless functional
cooperation without extensive custom engineering. Two devices are interoperable not merely when
they can exchange bytes, but when a signal sent by one produces the intended effect at the other
without bespoke integration.®

Interoperability failures occur at multiple points in the communication chain, from protocol design
through to device response. Table 3 maps seven categories of risk across the three control layers. Two
patterns are important for policy-makers. First, as control specificity increases from Layer 1 to Layer 3,
the protocol complexity and the precision required of the sender both increases, while the uncertainty
of the device’s response decreases. Second, the cost of remediating failures increases sharply with
layer: Layer 1 failures are typically fixable at the server or gateway without touching devices in the
field, whereas Layer 3 failures may require coordinated updates to protocol specifications, certification
programmes, and firmware across potentially millions of deployed devices.

8 B. Nordman, 'Transforming Demand Response using OpenADR 3.0', ACEEE Summer Study 2024, op. cit.



Layer 1 (Market Signal)

Layer 2 (Service
Instruction)

Layer 3 (Device Command)

Specification
risk

Low. Price data model
is simple (time-series of
numbers). Little
ambiguity possible.

Moderate. Verbs,
guantities, durations, and
priorities create more
fields to specify precisely.
“Shed load” requires
profiling to be
unambiguous.

High. Device-specific data models with
many attributes. EEBUS SPINE’s
7,000+ message combinations and
IEEE 2030.5’s full schema illustrate the
challenge. Profiling (e.g. CSIP) is
essential.

Implementation
risk

Low. Price parsing is a
small code surface. Few
edge cases.

Moderate. More fields and
interaction patterns to
implement correctly.
Certification testing is
important.

High. Rich device-specific clusters
require extensive implementation.
Different manufacturers may make
different valid choices within the
specification. CSIP-AUS fragmentation
across network operators illustrates
the consequence.

Integration risk

Minimal. Few
integration points: price
flows from server to
device, possibly via
gateway.

Moderate. Sender needs to
discover device
capabilities. Translation
between upstream and
local protocols introduces
failure points.

Highest in multi-protocol
architectures. OpenADR-to-EEBUS or
OpenADR-to-Matter bridges must
map rich device semantics correctly.
Each additional protocol multiplies
integration risk.

Operational risk
(sender error)

Near-zero. Price reflects
market conditions; the
concept of a “wrong”
price barely applies.
The device decides its
own response.

Significant. “Shed 2 kW”
sent to a household with
no remaining flexibility is
wasted. Sender lacks full
knowledge of device state.

Highest. Sender must understand the
device’s current state to issue sensible
commands. A wrong setpoint
executes with high confidence — the
device faithfully carries out a bad
instruction.

Response risk

Highest. Device may
lack scheduling logic,
user may not have
configured preferences,
optimisation may be
naive. But consequence
is low: flexibility doesn’t
happen, no harm done.

Moderate. Device must
interpret “shed load” and
choose a method. Different
devices may respond
differently to the same
instruction.

Lowest. Device either executes the
command precisely or rejects it.
Outcome is deterministic and
verifiable.

Consequence of
failure

Low. Suboptimal energy
cost, reduced flexibility
value. No safety or
comfort impact.

Moderate. Unexpected
load behaviour, potential
discomfort, inaccurate grid
response.

Can be high. Wrong setpoints may
cause overheating, battery damage,
or safety-relevant states. “Standby”
meaning “disconnect from grid” vs
“remain at 0 W” has physical
consequences.

Typical
remediation

Server-side fix (update
price feed format or
gateway). Device
firmware update only
for parser bugs — small
code surface.

May require updates to
aggregator/HEMS software
and device firmware.
Certification re-testing if
specification is revised.

Coordinated update across protocol
specification, certification
programme, and device firmware in
the field. Potentially millions of units.
Highest remediation cost.




The remediation row deserves particular attention. Layer 1 places minimal protocol complexity on the
device (a price parser and scheduling logic); if the format changes, the server is updated, and poor
device optimisation can be improved competitively over time. Layer 3 places substantial complexity
on the device (a full command interpreter with device-specific semantics); if the specification proves
ambiguous, fixing it requires coordinated protocol revision, re-certification, and firmware updates
across deployed devices — a process that Australia’s CSIP-AUS experience shows can take years. This
asymmetry reinforces Finding 5: Layer 1 capable protocols not only deliver deeper savings but produce
architectures more resilient to the inevitable errors that real-world deployment reveals. Layer 3
commands remain necessary for specific use cases (emergency curtailment, DER setpoint control), but
the default posture should be to keep device-side protocol requirements as simple as possible.

It is important to distinguish between mitigating interoperability risk and avoiding it altogether.
Nordman’s definition of interoperability — “ease of communication” without extensive custom
engineering — sets avoidance as the benchmark for a well-designed architecture. Mitigation requires
ongoing integration effort that scales with the number of device types, protocols, and market
participants in the ecosystem; that cost does not disappear, it is absorbed by aggregators and
intermediaries and passed through implicitly to consumers.

Interoperability can be achieved through harmonisation (same protocol) or translation/bridging
(gateways). Beyond protocol level, harmonisation operates at several levels:

e Protocol harmonisation: same data format (e.g. all actors use OpenADR 3 JSON).

e Semantic alighment: same meaning for the same terms across manufacturers.

e Functional harmonisation: all devices of a class support a required set of flexibility capabilities
regardless of protocol. This is the California FDAS approach.

e Performance harmonisation: minimum response times, accuracy of demand reduction,
telemetry requirements.

Jurisdictions may harmonise at different levels depending on priorities and market maturity. This
layered perspective informs the recommendations in Section 5.



The table below maps the appliances to the control specificity x temporal horizon matrix. Temporal
columns are labelled A (real-time: seconds—minutes), B (near-term: minutes—hours), and C (forward
planning: hours—days), as defined in §2.1. Where no deployment example is listed, the use case has
been identified but no real-world programme has been documented at the time of writing; these cases
correspond to use cases recognised in the EU Code of Conduct on Energy Smart Appliances.

Appliance Temporal Control layers Notes Example
columns
Water heaters B—C All layers. L1 price- Forward-planning advantage NZ FlexTalk
optimised strongest: pre-heating before
scheduling; L2 site price rise delivers flexibility with
load reduction; L3 zero comfort impact.

element setpoint

HVAC / heat B-C (A All layers. Pre- Some real-time programmes AU PeakSmart
pumps possible) cooling/heating main | exist. Australia’s PeakSmart uses
use case. DRM signals during network

peaks; event timing signalled in
advance via seasonal schedule,
not true real-time dispatch.

Pool pumps C L1 (price) or L2 Fully deferrable load. Scheduling | CA FDAS
(scheduling). L3 is primary flexibility service.
rarely needed.

Whitegoods C L1 or simple L2 Sequential operational modes No
(delay-start). L3 cannot be interrupted mid-cycle | deployment
complexity limited. (pausing a wash can damage identified (see

fabrics or cause odour). note above)

Flexibility limited to delay-start
or cycle selection.

PV / BESS / EVSE | A-C L2-3 well-defined; L1 | Already standardised (Rule 21, CA Rule 21
self-optimisation CSIP-AUS). Lessons transferable
possible. to appliance categories.

This section maps major application-layer protocols onto the Section 2 framework. A key observation,
emphasised by Nordman, is that most protocols are capable of operating across multiple control
layers. Distinctions are matters of design emphasis, implementation maturity, and ecosystem adoption
— not hard capability boundaries.



Table 5 summarises the four principal protocols. Primary/strongest capabilities are in bold.

Protocol Layer 1 (Market Layer 2 (Service Layer 3 (Device Temporal;
Signal) Instruction) Command) Interface
OpenADR 3 | Price events; tariff SIMPLE/COMPLEX Device-level payloads A-C; Grid/Agg &
or later schedules; GHG events: “shed X via extensions; less HEMS/Device; also
intensity kW”, “limit export” | mature intra-building
IEEE 2030.5 | Pricing function set; DERControl: site DERControl setpoints: A-C; Grid/Agg &
TOU tariff data export limits; DR Wmayx, VRef, Device
events charge/discharge;
thermostat
Matter Energy Price cluster: Energy Mgmt Device clusters: B—C; HEMS <
(v1.5) tariffs, carbon Mode: DR mode Thermostat, EVSE, Device (local)
activation Laundry cycle delay
EEBUS Price/incentive via Limitation of Power | SPINE models: EV B—C; HEMS &
energy mgmt (less Consumption: current; heat pump Device (local)
common) “reduce to X kW” modes; storage targets
CTA-2045 — Basic DRM-style Simple state commands | B-C; UCM <
commands via UCM (hardware) Device. Legacy.

Key technical observations on the principal protocols:

OpenADR 3.1 (released September 2025) modernises OpenADR 2.0b by adopting RESTful APls
with JSON payloads, plus webhook and MQTT delivery options. This shift to standard web
syntax substantially reduces implementation effort. The OpenADR Alliance maintains a
certification programme. The Mercury Consortium is developing functional and performance
specifications that can be applied on top of OpenADR, designed to achieve true interoperability
through the protocol rather than alongside it.°*°

IEEE 2030.5’s XML-based, document-oriented architecture provides precision but adds weight.
Profiling is essential — California’s Rule 21 and Australia’s CSIP-AUS each specify subsets of the
full standard. No single device type requires the full specification. In practice, hybrid
deployments are common: OpenADR for upstream event/price signalling, IEEE 2030.5 for
device-level DER control.**

S Mercury Consortium, 'OpenADR 3 to Matter Interworking Reference Specification' (v1.0, 2025). See also: OpenADR Alliance and EEBUS
Initiative, 'Whitepaper — Combining OpenADR and EEBUS for Energy Control' (2022).

10 OpenADR Alliance, 'OpenADR 3.1.0 Specification' (September 2025). Available at: https://www.openadr.org/.

11 For Rule 21: California Public Utilities Commission, Rule 21 Interconnection. For CSIP: SunSpec Alliance, 'Common Smart Inverter Profile
(CSIP) Implementation Guide' (March 2018, v2.1). For CSIP-AUS: CSIP — Australia (January 2023, v1.1a).



e Matter uses a compact binary TLV (Type-Length-Value) encoding over IPv6. Its certification
programme is the most extensive of any protocol in this space. Each device must pass CSA
testing, which should ensure syntactic interoperability across all certified devices. Matter’s
cluster-based semantic model provides standardised attributes and commands per device type
(e.g. CyclePhase and RemainingDuration for laundry). A potential limitation is version gaps: a
Matter 1.3 controller may not utilise a Matter 1.5 device’s new energy clusters without
update.?

e EEBUS uses a two-part architecture: SHIP (Smart Home IP) for connection establishment over
TCP/TLS, and SPINE as the data layer. SPINE defines over 7,000 possible combinations of
message exchange patterns (due to multiple operation modes, context flags, and data points),
which has created interoperability challenges in practice. Reference implementations (e.g. by
gridX) are being developed to reduce divergent interpretations. ElaadNL and the Flexible Power
Alliance Network are actively testing interoperability between OpenADR 3, EEBUS, and Matter

for energy-intensive devices.'34

Other protocols with some relevance include BACnet and KNX (commercial building automation), S2
(Dutch local flexibility), SG Ready (German four-state heat pump interface), and SAREF (ETSI semantic
ontology). These are noted for completeness. Of these, CTA-2045 merits particular note: it defines a
physical modular communication interface (a standardised socket on the appliance) that accepts
interchangeable communication modules. Several US water heater programmes use CTA-2045 to
future-proof devices — the appliance hardware remains constant while the communication module
can be upgraded as protocols evolve. This hardware-based interoperability approach is architecturally
distinct from the software-only strategies that are the primary focus of the report, but illustrates the
breadth of approaches under consideration.

OpenADR 3 and IEEE 2030.5 are the dominant upstream protocols, both capable across all three layers
but with different emphases.

OpenADR 3 uses a lightweight modern stack (REST/JSON, webhook and MQTT delivery), making it
straightforward to implement. It is optimised for Layer 1-2 signalling. Manufacturers and aggregators
report materially easier integration than IEEE 2030.5. It is selected by the UK’s PAS 1878 and validated
in New Zealand’s FlexTalk. OpenADR 3 is suitable for intra-building as well as grid-to-customer
communication; UK deployments use it directly to devices, HEMS, and CEMS. The conventional
mapping of OpenADR as ‘upstream only’ and Matter/EEBUS as ‘local only’ is therefore an
oversimplification.®®

12 Connectivity Standards Alliance (CSA), 'Matter 1.4 Enables More Capable Smart Homes' (July 2024). See also: CSA, 'Matter: Enabling
Universal Grid-Friendly Integration for ESA' (January 2024).

13 ElaadNL and Flexible Power Alliance Network (FAN), interoperability testing programme for OpenADR 3, EEBUS, and Matter. See also: S2
Whitepaper (September 2023).

14 Enbility, 'EEBUS Protocol Analysis' (2025). See also: gridX, 'EEBUS' (updated August 2025).

15 BSI, PAS 1878:2021, 'Energy Smart Appliances — System Functionality and Architecture — Specification' (May 2021). FlexTalk: The Demand
Flexibility Common Communication Protocols Project Final Report (May 2024); FlexTalk Seed Project — Assessment, Findings and
Recommendations (April 2025).



IEEE 2030.5 provides richer Layer 3 semantics for DER control with detailed setpoints for power limits,
voltage references, and charge/discharge rates. It is mandated under California’s Rule 21 and
Australia’s CSIP-AUS. However, its XML-based architecture is heavier, and Australian stakeholders
report interoperability challenges in practice. For non-inverter residential appliances, the additional
complexity may not be justified.®

The choice is not about capability gaps but about which layer a deployment prioritises and the
acceptable level of implementation complexity.

Matter’s massive industry backing (Apple, Google, Amazon, Samsung, and hundreds of manufacturers)
gives it an unmatched ecosystem advantage. Its v1.5 energy management clusters extend coverage to
Layer 1 (price, carbon data), enabling devices to self-optimise without HEMS translation — blurring the

upstream/local boundary. Limitations: local-only, energy clusters new and not widely deployed, real-

world interoperability sometimes lags the specification.’1®

EEBUS provides deeper energy-specific semantics for complex loads (heat pumps, EV chargers). Its
SPINE data model describes device capabilities in detail. It can carry price-related information but this
is less common. Limitations: specification complexity, limited uptake outside Germany, smaller
certification ecosystem.®

Most deployments use or plan protocol combinations. However, not all layers need to be populated.
Many effective architectures operate with only Layer 1 (price-responsive self-optimising devices) or
Layer 1-2 (price and service instructions to a HEMS or smart device), without Layer 3 device-specific
commands. Layer 3 is needed only where devices lack self-optimisation capability.

The principal combinations observed or under development are:

e OpenADR 3.1 to a device interface, which can be in the device/ premises/ cloud.

e OpenADR + EEBUS (Germany): OpenADR upstream, EEBUS for local device coordination.

e |EEE 2030.5 end-to-end (California/Australia): single protocol to individual inverter. Effective
for inverter-based assets with well-defined Layer 3 semantics.

e OpenADR 3 end-to-end (to the device): not yet demonstrated in this form. In documented
deployments, OpenADR has terminated at the CEMS or HEMS level, with the CEMS/HEMS
controlling devices via local protocols. In New Zealand’s FlexTalk programme (Cortexo/EEA,
2022-), HEMS devices in homes manage heat pump and hot water loads after receiving signals
from upstream OpenADR VENSs. Spain’s laboratory trial of heat pump demand response via
OpenADR 2.0 (IREC, funded by EPRI and Naturgy) similarly routed signals through a dedicated
controller rather than direct device implementation. California’s Title 24 explicitly permits the

16 Cortexo, 'OpenADR vs IEEE 2030.5: Which Protocol Should NZ Networks Back?' (May 2025).
17 Matter-smarthome.de, 'Too Many Applications for One Standard Alone' (January 2024).

18 CSA, 'Matter 1.5 Specification' (2025). See: Krasamo, 'Navigating Matter Specification' (November 2025); Nordic Semiconductor, 'Matter
Data Model and Device Types'.

19 Audi/Volkswagen Group, EEBUS integration (2021). See also: KEO, '"HVAC — Digital Use Case Networking'.



VEN to be a cloud or gateway service that communicates downstream to building controls. The
pattern is consistent: OpenADR is an upstream protocol; the HEMS or CEMS is the interworking
point.

In practice, deployments must manage multiple protocols simultaneously ElaadNL’s Residential
Flexibility programme in the Netherlands (part of the Dutch National Action Plan on Grid Congestion)
has selected OpenADR for upstream communication and four protocols for local device
communication: EEBUS, Matter, OCPP, and S2 (section 3.5.4). This approach validates the report’s
framework: harmonise Layer 1 upstream, accept protocol diversity at Layer 3, and use the HEMS as
the interworking point. Earlier bridging work includes geo’s DESNZ-funded OpenADR 3 to Matter
interworking specification (2025), though Matter 1.5’s native energy management clusters have
substantially narrowed the gap. The CEMS functions here not only as a technical convenience but as a
transitional architecture: it enables participation in OpenADR-based demand response programmes
without requiring OEM-level changes to individual appliances, allowing existing and near-term device
populations to be enrolled while native appliance intelligence matures. The UK’s SSES programme
reflects this logic — OpenADR is mandated at the utility-to-CEM interface, with the CEM translating
signals to devices, and a formal transition period is in place to allow the ecosystem to develop.?°*

The HEMS sits at the junction between upstream protocols (Layers 1-2) and local device control (Layer
3). Its role is actively debated among stakeholders.

e Protocol translation: receives upstream signals (e.g. OpenADR 3 price event) and translates to
device commands (e.g. Matter thermostat setpoint).

e Local optimisation: whole-home view across all devices (thermal state, occupancy, PV, battery
SoC, preferences) — unavailable to upstream actors.

e Capacity management: coordinates device operation within the connection’s electrical limits
as electrification increases per-site demand.

o Telemetry aggregation: reports site-level data upstream, simplifying the aggregator interface.

e Consumer autonomy: single point for household preferences and overrides.

A local HEMS can continue to operate during internet outages. The practical significance depends on
outage frequency (typically rare in developed markets), whether the outage is at the home router or
ISP level, and how much savings are at risk during a short outage. Where resilience is critical, a local
HEMS should be designed for high availability. An alternative is high-reliability communications such
as PLC (as in France and Germany), which avoids dependence on consumer-managed Wi-Fi.

20 ElaadNL, ‘Residential Flexibility: Interoperability for HEMS and FEID’ (2025), https://elaad.nl/en/projects/residential-flexibility/. Protocol
selection and architecture: https://elaad.nl/en/projects/residential-flexibility/core-aspects/protocols/. Part of the Dutch National Action
Plan on Grid Congestion; supported by the Ministry of Climate and Green Growth, Dutch grid operators, and NEN.

21 geo (Green Energy Options), ‘OpenADR 3 to Matter Interworking Reference Specification’ (v1.0, March 2025), developed with DESNZ
innovation funding and assistance from the OpenADR Alliance and Connectivity Standards Alliance. Published before Matter 1.5 (November
2025) added native Commodity Tariff and Device Energy Management clusters. Available at: https://geotogether.com/oadr-matter-spec/



The resilience argument for on-premises HEMS warrants scrutiny. Most domestic internet outages are
router-related and resolved by a restart; ISP-level failures are rare. A cost-optimised on-premises
HEMS device is unlikely to be more reliable than the router it depends on for upstream communication,
and if the router fails, the HEMS cannot communicate with cloud services or aggregators regardless.
For Layer 1 price-signal architectures, the practical question is whether an outage would last long
enough to materially affect optimisation outcomes — given that price schedules are typically published
day-ahead and devices can cache them locally, the answer is uncertain and deserves further
investigation. The resilience case is stronger for Layer 2—3 architectures, where real-time dispatch
commands require continuous connectivity; it is also less clear whether device manufacturers envision
receiving Layer 3 signals directly from aggregators (as opposed to via a local HEMS), a distinction that
affects the resilience calculus significantly.

Some manufacturers — such as Ariston — appear to be developing business models premised on direct
aggregator-to-device communication, which would require higher connectivity reliability than a HEMS-
mediated architecture. These questions require further investigation before resilience can be cited as
a definitive argument for any particular architecture. One context where the resilience case is genuine
is where cloud-based or aggregator-managed energy management systems are used as the primary
means of compliance — as permitted under California’s FDAS framework and the UK’s CEM provisions.
In these architectures, internet connectivity is a hard dependency for normal operation, and an on-
premises fallback capability (even a simple local schedule cache) would provide meaningful resilience
that a fully cloud-dependent design cannot.

Expert opinion suggests all electrified buildings will eventually need some form of EMS. Policy could
accelerate deployment: HEMS-ready infrastructure in new builds, incorporation in energy
performance standards, or allowing network operators to fund HEMS as an alternative to
reinforcement. Policy could define minimum functionality and protocol support requirements to
prevent vendor lock-in and ensure upstream/downstream interoperability.??

Stakeholders also held differing views. Aggregators tend to see cloud orchestration as sufficient.
Network engineers and consumer advocates favour local HEMS for resilience, privacy, and autonomy.
The report does not resolve the debate but notes that HEMS interoperability is a critical policy
consideration.

The country case studies in Section 4 and the protocol analysis in Section 3.4 provide substantial
evidence on how the HEMS role is evolving in practice. This subsection consolidates those findings.

The multi-protocol translation burden. ElaadNL’s Residential Flexibility programme in the Netherlands
(§3.4) has found that HEMS providers currently need to integrate 10—25 communication protocols to
achieve basic interoperability. The programme has explicitly selected OpenADR for upstream
communication and four protocols for local device communication (EEBUS, Matter, OCPP, S2). Devices
need only implement one of these four, but the HEMS must support all four. This design places the
multi-protocol translation burden on the energy management system rather than on individual

22 Nordman, 'Transforming Demand Response using OpenADR 3.0', ACEEE 2024, op. cit. Nordman argues that a gateway/EMS is infrastructure
(analogous to a Wi-Fi router) rather than optional equipment.



devices, validating the HEMS as the interworking point between the upstream and local protocol
domains.

Jurisdictional variation in HEMS architecture. The role and necessity of a HEMS varies significantly
across the jurisdictions studied. In the UK, a cloud-based Consumer Energy Manager (CEM) is an
acceptable means of compliance under PAS 1878, and deployments use OpenADR 3 to communicate
directly to devices, HEMS, and CEMS. In Germany, §14a compliance requires communication via the
Steuerbox (smart meter gateway), making a local HEMS a practical necessity; moreover, a HEMS
handling §14a uses EEBUS for the Steuerbox, OpenADR or proprietary APIs for aggregator
communication, and a combination of EEBUS, Modbus, and OCPP for device control. In France, the
legacy PLC infrastructure (PULSADIS, now Linky G3-PLC) provides high-reliability communications
independent of consumer internet, relevant to the resilience discussion above. New Zealand’s FlexTalk
found that HEMS-based architecture has advantages for local optimisation and resilience, but that
direct Wi-Fi/MQTT device connections were preferred over cloud-dependent solutions for reliability.

HEMS and information asymmetry. The control hierarchy analysis (§2.2) identifies inherent
information asymmetries between hierarchy levels. An aggregator dispatching “shed 2 kW” may not
know that a household has already pre-cooled and has no remaining flexibility. A HEMS with access to
real-time meter data, behind-the-meter PV output, thermal states, occupancy, and device states is
uniquely positioned to resolve these conflicts and to optimise across devices at the household level —
information that no upstream actor possesses. Conversely, a HEMS optimising for bill savings may
inadvertently shift load into a period that worsens local network congestion, illustrating that the HEMS
must itself receive capacity-domain signals (§2.2) to avoid creating problems it cannot see. Notably,
the same congestion failure would occur if devices responded directly to the same price signal without
any HEMS — the underlying cause is the price signal’s lack of network-level information, not the
presence of HEMS optimisation. This is a grid coordination problem, and its resolution requires grid-
aware signals at every level of the hierarchy.

The blurring boundary between upstream and local. Matter 1.5’s energy management clusters
(Commodity Tariff, Commodity Price, Device Energy Management) extend local protocol coverage to
Layer 1 price and carbon data, enabling devices to self-optimise without HEMS translation. Similarly,
the UK’s OpenADR 3.1 deployments communicate directly to a device interface that can be in the
device/ premise/ cloud. These developments are eroding the conventional mapping of upstream
protocols as “grid-to-HEMS” and local protocols as “HEMS-to-device”. The practical consequence is
that a HEMS is increasingly an optimisation and orchestration layer rather than a mandatory protocol
gateway — essential for complex multi-device households, but not a prerequisite for simpler single-
device flexibility.

This section reviews emerging policy approaches to DF protocol standardisation. Each case is analysed
through the framework from Section 2, identifying which layers of control specificity and temporal
horizon are addressed, what harmonisation strategy is used, and what lessons emerge. Table 6
provides a comparative overview. Annex A provides expanded case studies for each jurisdiction with
full context, consultation details, and technical specifics.



Jurisdiction Instrument Layers Tempo- |Harmonisation Protocol(s) Two-way? | Appliances
ral strategy
CA Rule 21 Utility tariff 2-3 A-C Protocol mandate IEEE 2030.5/ |Yes PV, BESS
(IEEE 2030.5 profile) | CSIP
AU CSIP-AUS Industry 2-3 A-B Protocol mandate IEEE 2030.5/ |Yes PV, BESS
standard (IEEE 2030.5 profile) | CSIP-AUS
UK (SSES Regulation 1-2 B-C Phased regulation: |OpenADR 3.1 |Yes EV charge
Programme) (Energy Act Phase 1 Energy points, heat
2023) + Smart Appliances pumps, hybrid
technical Device regulations HPs, storage
standard (PAS (2026); Phase 2 ESA heaters, heat
1878) Device Regulations batteries, hot
interoperability via water, BESS
OADR 3.1 (2027).
Load control
licensing.
CA FDAS Appliance 1-2 C Functional None One-way |Pool controls;
standard harmonisation mandated; (MIDAS) future: WH,
(protocol-neutral) OpenADR 3 HVAC
likely future
AU AS/NZS Mandatory 2-3 A-B Device-class None (DRM No AC, hot water,
4755 standard functional mandate |interface) pool, EVSE
NZ FlexTalk Industry 1-2 B-C Protocol OpenADR 2.0b |Yes Hot water,
recommendati recommendation validated AC/HP
on
DE §14a Regulation + 2-3 B-C Technology-neutral |EEBUS (de Yes HP, EV,
technical - de facto facto via VDE- storage
standard convergence AR-E 2829-6)
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(PULSADIS) + | switching [ planning | DLMS/COSEM for Zigbee ERL legacy); heating (via
smart meter ) , fixed metering; France- (meter—-home, |two-way tariff
(Linky) + tariff schedule | specific Zigbee ERL | FR-specific (Linky schedule)
reform (CRE ) for meter-to-home. | cluster) DLMS/COS
2025) EM)
EU (Data Act/ |Regulation + All All Data Act: Open APl | CoC: EEBUS Yes All connected
CoCQ) voluntary code (mandatory); CoC: SPINE products
SAREF semantics mapped;
(voluntary) Matter,
OpenADR in

progress




The most advanced protocol standardisation cases involve inverter-based assets. Both use IEEE 2030.5
with tailored profiles.

Rule 21 is a utility tariff describing interconnection, operating, and metering requirements for inverter-
based DERs in California. It adopted IEEE 2030.5 with the SunSpec Common Smart Inverter Profile
(CSIP), which narrows and clarifies a subset of IEEE 2030.5 functions for DERs. Compliance has been
mandatory since June 2020. Rule 21 also allows aggregator-based compliance, not only individual
device compliance.?3?*

Framework mapping: Layers 2—3, all temporal columns. CSIP profile focuses on inverter management
setpoints (Layer 3) and DR events (Layer 2).

Lessons:

e The CSIP profile narrowed IEEE 2030.5 to a usable subset — the full standard proved too
complex for practical implementation.

e lack of reference implementations and software at launch caused delays and inconsistent
implementations.®

e Centralised certification with physical testing of equipment proved essential to real
interoperability.

e The aggregator-based compliance pathway is a transferable concept for appliance DF.

e The choice of IEEE 2030.5 predated OpenADR 3; today OpenADR 3 would be a credible
alternative for Layer 1-2 functions.

Australia’s high rooftop PV penetration led to the development of CSIP-AUS, which builds upon
California’s CSIP and leverages IEEE 2030.5 tailored to Australian requirements. The 2023 Flexible
Exports trial demonstrated that CSIP-AUS could enable dynamic export management across network
regions.?%’

Framework mapping: Layers 2—-3, columns A-B. IEEE 2030.5 / CSIP-AUS profile.
Lessons:

e Additional semantic requirements on top of IEEE 2030.5 meant manufacturers treated CSIP-
AUS as essentially a new standard, increasing cost and resistance.

e C(Certification was fragmented across individual network operators with slightly different
implementations, causing interoperability failures despite using the same nominal protocol.

2 SunSpec Alliance, 'Common Smart Inverter Profile (CSIP) Implementation Guide for IEEE 2030.5' (March 2018, v2.1).
24 California Public Utilities Commission, Rule 21 Interconnection. See: https://www.cpuc.ca.gov/rule21/.

25 Smart Inverter Operationalization Working Group Report (February 2024).

26 Energy Networks Australia, 'Flexible Exports for Solar PV — Final Trial Report' (2023, v1.3).

27 CSIP — Australia (January 2023, vi1.1a).



The standard was not developed via a recognised standards body, leading to criticisms of
opaqgueness.

Minute-by-minute telemetry requirements pushed the limits of IEEE 2030.5 capability.
Centralised, consistent certification is more important than protocol choice.



Context. The UK has a legally binding 2050 net-zero target. Rapid growth in EVs and heat pumps,
combined with variable renewable generation, necessitates 10-12 GW of consumer-led flexibility (CLF)
to manage peak demand. The energy market is highly liberalised, featuring high smart meter
penetration (>70%) and diverse Time of Use tariffs.

Aims. The Smart Systems and Flexibility Plan (2017, updated 2021) established the policy direction.
The Smart Secure Electricity Systems (SSES) Programme, using powers under the Energy Act 2023, is
now legislating ESA regulations in two phases. Phase 1 (draft Statutory Instrument published
December 2025, consultation closed February 2026) introduces a smart mandate for electric heating
appliances (heat pumps, hybrid heat pumps, storage heaters, heat batteries, standalone hot water
cylinders, and hot-water heat pumps), incorporates the existing EV Smart Charge Points Regulations
2021, and sets minimum requirements for BESS. Phase 2 (expected 2027) will add interoperability
requirements using OpenADR 3.1. A parallel load control licensing regime will regulate entities that
remotely manage ESA electricity consumption.28?°

Framework mapping: Layers 1-2, columns B—C. OpenADR 3.1 is the mandated upstream protocol for
communication between load controllers and Energy Smart Appliances (ESAs) (including the
CEMS/HEMS).

Process. A phased regulatory approach is used. Phase 1 (2025) mandates smart functionality, cyber
security, and grid stability for heating appliances and BESS. Phase 2 (expected 2027) introduces
interoperability requirements based on a "Companion Specification". This guide will be based on
OpenADR 3.1 for interface for device requirements.*

Decisions and outcomes:

e Standardisation via Companion Specification: The programme is developing a "Companion
Specification" that, once baselined and tested, will be introduced into regulation and
maintained by the industry with oversight from the regulator.

e Protocol Alignment: The companion Specification will be based on OpenADR v3.1, which will
include requirements for both interface and device compliance.

e Regulatory Transition: Technical requirements will be mandated for Energy Smart Appliances
(ESAs) placed on the market by approximately 2029.

e Licensing Framework: Work is ongoing to establish a formal licensing regime for companies
providing flexibility services and undertaking load control for consumers.

28 BSI, PAS 1878:2021, op. cit. See also: BSI, 'Energy Smart Appliances Standards Programme — PAS 1878 and PAS 1879 Development Stage'
(August 2021).

2 HM Government and Ofgem, 'Smart Systems and Flexibility Plan' (July 2021). See also: UK Government, 'Net Zero Strategy: Build Back
Greener' (2021).

30 BEAMA, 'Delivering a Smart and Secure Electricity System — Response to BEIS Consultation' (July 2022). Citizens Advice, response to BEIS
consultation (September 2022).



Lessons:

e Consumer led approach

e Stakeholder and industry agreed and standardised approaches

e Select future-proof standards and protocols

e Working iteratively to deliver against existing and emerging business models
e International alignment to minimise market friction

e Managing grid stability and cyber-security risks

e International coordination of standards balanced against local requirements and timelines

Context. California has a target of 7 GW of DF by 2030. Senate Bill 49 (2019) gave the CEC authority to
adopt Flexible Demand Appliance Standards (FDAS). The CEC’s Load Management Standards require
retailers to offer at least one tariff with hourly-varying prices. MIDAS provides a statewide API-based
database of time-dependent rates, carbon intensity, and grid signals.3!

Aims. Appliance-specific standards requiring native, interoperable DF capabilities as a condition of
sale. Reduction of GHG emissions through load shifting to high-renewable hours, with consumer
consent and override.

Framework mapping: Layers 1-2, column C. Functional harmonisation — defines required behaviours,
not protocol. MIDAS provides Layer 1 signals (currently one-way).

Process. CEC-led appliance-specific proceedings with input from standards bodies, manufacturers,

utilities, and researchers. Manufacturer resistance to protocol mandates was significant.3?

Decisions and outcomes:

e Pool controls FDAS adopted: requires internet connectivity, daytime-default schedule,
consumer override. No specific application-layer protocol mandated.

e Future FDAS for water heaters, HVAC, thermostats in development.

e CECis moving toward defining functional requirements with likely future OpenADR 3 alignment.

e MIDAS is currently one-way; utilities have flagged the need for bidirectional signals for demand
forecasting and measurement and verification.

Lessons:

e Functional harmonisation is pragmatic where protocol consensus is lacking.

e Manufacturer resistance to protocol mandates is real and must be managed politically.
e Appliance-by-appliance approach is pragmatic but slow.

e MIDAS one-way limitation highlights the need for two-way communication (§2.2).

e CEC expressed interest in a cross-regional coordination group — a potential role for EDNA.

31 California Energy Commission (CEC), 'Introduction to FDAS'. See: CEC, 'Flexible Demand Appliances' and CEC Docket logs regarding FDAS.
32 AHRI, 'Comments in Response to CEC FDAS Rulemaking'. See also: California IOUs, 'Comments to RFI on Expanding Flexible Demand'.

33 CEC, 'FDAS for Pool Controls' (adopted 2024).



Context. Summer evening peak demand and daytime minimum operational demand (from rooftop PV)
create persistent challenges. Policymakers sought to add controllability to household loads for peak
curtailment and midday solar absorption.

Aims. Mandatory DR capability for AC, resistive hot water, pool pump controllers, and EVSE via
standardised demand response modes (DRMs). The DRMs include: no/minimum load (DRM 1), load
reduction to 50% (DRM 2) and 75% (DRM 3), and commence/increase operation (DRM 4) for solar
soak.

Framework mapping: Layers 2—3, columns A-B. One-way DRM commands. No upstream Layer 1 price
signalling.

Process. Standards Australia committee EL-054 developed the standard; Energy Ministers agreed to
mandate in 2019. The decision was criticised by IEEFA, which identified five fundamental issues:
outdated approach, no interoperability support, unpredictable one-way responses, no consumer
override, unclear interaction with other policies.343®

Decisions and outcomes:

e AS/NZS 4755 mandates DRM capability at the device level but does not mandate a specific two-
way communication protocol.

e Practical programmes (PeakSmart, flexible exports) have moved to richer, two-way protocols.
Lessons:

e One-way DRM interface is insufficient for scalable DF — cannot verify response, cannot settle
payments, no consumer override.

e Device-side DRM baseline is useful but insufficient without two-way interoperable
communications.

e No Layer 1 price signal capability — misses the deeper savings and amenity preservation that
forward planning enables (§2.1).

Context. New Zealand aims for a nearly fully renewable electricity system. The FlexTalk project,
launched by the Electricity Engineers’ Association (EEA) and EECA, sought a common communication
standard for DF. The Flex Seed project tested the findings in a 10-home trial.3¢

Aims. Identify and recommend a common, open protocol for interoperable DF across New Zealand’s
electricity system. Products covered: hot water cylinders, AC/heat pumps. Connection methods tested:
HEMS, CTA-2045 gateways, manufacturer cloud, and direct to device.

Framework mapping: Layers 1-2, columns B—C. OpenADR 2.0b for upstream signalling.

34 |EEFA (Institute for Energy Economics and Financial Analysis), 'AS/NZS 4755 Critique' (August 2021). See also: Department of Climate
Change and Energy Efficiency, background paper (August 2011).

35 AEMO, 'Background on AS 4755 — Demand Response Standard'. See also: Government of South Australia, 'Consultation Regarding DR
Capabilities for Selected Appliances' (March 2021).

36 FlexTalk: The Demand Flexibility Common Communication Protocols Project Final Report (May 2024).



Process. Review of international standards; EEA-led industry working groups; protocol evaluation
against criteria (scalability, openness, governance, ease of adoption, cybersecurity, compatibility).
OpenADR emerged as most mature and best aligned.

Decisions and outcomes:

e OpenADR 2.0b validated as fit-for-purpose for grid communication and consumer device
signalling.®”

e Direct device-level VEN connections proved more robust and scalable than proprietary
manufacturer cloud solutions.

Lessons:

e OpenADR works technically but needs local adaptation and simplified commissioning.
e Water heaters and AC loads were adjustable without affecting consumer experience.
e HEMS-based architecture has advantages for local optimisation and resilience.

e Direct Wi-Fi/MQTT connectivity preferred over cloud-dependent solutions.

e Cross-sector collaboration (EEA, EECA, industry) was critical for credibility and uptake.

Context. Germany’s Energiewende is driving rapid electrification of heating and transport. Rising
uptake of heat pumps, EV charging, and residential storage creates congestion risks in low-voltage
grids. The reformed Energy Industry Act (EnWG) introduced rules for “controllable consumption
devices” (§14a), entering into force in 2024.%

Aims. Ensure secure grid operation under electrification while enabling faster connection of flexible
loads. Focus on grid-oriented control of large residential devices (typically >4.2 kW): EV charge points,
heat pumps, electric storage.

Framework mapping: Layers 2—3, columns B—C. Technology-neutral regulation; EEBUS convergence
via VDE-AR-E 2829-6 technical standard. Smart Meter Gateway security requirements (BSI TR-03109-
5) filter out legacy protocols.

Process. BNetzA formal consultation 2022-23 with DSOs, manufacturers, consumer bodies,
aggregators, and technology providers. In parallel, VDE/DKE/FNN technical committees developed
application-layer standards. Regulatory framework guided but did not determine technical choices.

Decisions and outcomes:

e §14a does not name a specific protocol. VDE-AR-E 2829-6 (EEBUS-based) has become the de
facto standard.*®

e Smart Meter Gateway security requirements reinforce convergence on modern interoperable
protocols.

37 FlexTalk Seed Project — Assessment, Findings and Recommendations (April 2025).
38 Bundesnetzagentur, BK6-22-300 (2023). See: gridX, 'Paragraph 14a EnWG' (March 2024); ESIG, 'Paragraph 14a EnWG' (February 2025).

39 DKE, 'Bluepaper: Application-Layer Protocols for §14a' (2024). VDE-AR-E 2829-6 specifies EEBUS SPINE for communication between the
Steuerbox and controllable devices.



e Relay-based control remains permitted but offers limited functionality.
Lessons:

e Technology-neutral regulation combined with strict security requirements can drive de facto
convergence without mandating a specific protocol.

e Separating regulatory objectives from technical standardisation allows expert bodies to update
protocols without reopening legislation.

e Cybersecurity rules act as an indirect filter for protocol quality.

e Cross-sector manufacturer involvement (HVAC, automotive, PV/storage, appliances) is critical
for device-level harmonisation.

e The EEBUS requirement currently applies only to communication with the Steuerbox and
primarily for §14a curtailment compliance. For more sophisticated DF, a multi-protocol HEMS
is a practical requirement: EEBUS for §l4a compliance, OpenADR for aggregator
communication, and a combination of EEBUS, Modbus, and OCPP for device control. The
regulation does not restrict cloud-based logic.

e |t is unclear whether §14a’s impact will extend to devices not covered by the regulation (e.g.
whitegoods), where a HEMS could reasonably act as a translation service.

Context. France has one of the world's oldest and largest residential DF programmes, driven by the
need to raise overnight demand to absorb nuclear baseload generation. Approximately 11 million
households have heures creuses (off-peak hours) tariffs, primarily for electric water heater load
shifting.

Framework mapping: Layer 1 (tariff-based switching), forward-planning temporal column. The legacy
PULSADIS system injected a 175 Hz carrier signal onto the power distribution network to trigger pre-
programmed relay switching at fixed times — a one-way broadcast. The Linky smart meter rollout (35+
million installed) deployed DLMS/COSEM for meter—grid communication and a France-specific Zigbee
ERL cluster for the meter-to-home interface.*

Key decisions: No policy instrument mandates an application-layer DF protocol for communication to
consumer devices. The gap between the Linky metering infrastructure and device-level flexibility
communication remains unaddressed by regulation.** A 2025 CRE tariff reform adds afternoon off-
peak periods to absorb midday solar generation.*

Key lessons: Pre-programmed schedule-based load shifting can operate at enormous scale with
minimal technology but cannot respond dynamically, cannot verify response, and offers no consumer
override. France illustrates the distinction between metering protocols (DLMS/COSEM) and DF
protocols — a jurisdiction can have world-class smart metering and still lack a DF communication

40 Enedis, 'Télé-Information Client (TIC) to Zigbee ERL Specification', available on Enedis GitHub repository.

41 Voltalis company data (2025). Voltalis participates in RTE's NEBEF (Notification d'Echanges de Blocs d'Effacement) framework for
independent aggregator participation in the capacity mechanism.

42 Commission de Régulation de I'Energie (CRE), 'Délibération relative aux heures creuses' (2024—2025). The reform affects approximately 11
million households with heures creuses tariffs.



pathway to appliances. The France-specific Zigbee cluster illustrates the cost of regional protocol
additions. See Annex A for full case study including infrastructure details and consultation history.

Two EU-level initiatives shape the DF protocol environment across all member states. The EU Code of
Conduct for Energy Smart Appliances (CoC), launched April 2024, is a voluntary industry agreement
defining common DF use cases expressed as SAREFAENER semantic triples.® It is protocol-agnostic at
the Information Layer but its only complete wire-level mappings are for EEBUS SPINE. Eleven
manufacturers have signed; notable absences include LG, and Bosch/BSH. Compliance is self-declared
with no independent conformance testing. Compliant products are registered in EPREL from March
2026.

The EU Data Act (Regulation 2023/2854), applicable from September 2025 with access-by-design
requirements from September 2026, requires all new connected products to provide user data access
in structured, machine-readable format. It creates a necessary precondition for DF (data must be
accessible) but is technology-neutral and does not specify protocols or DF semantics. Manufacturers
are likely to comply minimally through proprietary APIs.**

Key assessment: The CoC provides the semantic layer and the Data Act the legal force, but the protocol
layer between them remains unresolved. The EU is building semantic and legal layers in parallel, but
the connection between them is largely theoretical. Both initiatives advance the semantic and legal
foundations for interoperability, but wire-level protocol fragmentation remains the core unresolved
challenge. See Annex A for detailed assessment of CoC signatory coverage, SAREF mapping gaps, and
Data Act compliance implications.

Ten cross-cutting findings emerge from the jurisdictional analysis.

Finding 1: The process matters as much as the protocol. All five jurisdictions demonstrate that
protocol harmonisation requires structured, multi-stakeholder consultation. Purely technical decisions
without manufacturer, aggregator, consumer, and regulator input produce standards that face
resistance (California FDAS) or poor adoption (Australia AS/NZS 4755). EDNA’s cross-regional
convening role is valued — CEC explicitly expressed interest.

Finding 2: Specifications alone do not guarantee interoperability. California Rule 21 lacked reference
implementations at launch. Australia CSIP-AUS suffered from inconsistent certification across network
operators. Germany addressed this via strict security testing. Robust, centralised certification with
physical testing of equipment is the single most important enabler of real interoperability.

Finding 3: Functional harmonisation may be more achievable than protocol harmonisation.
California’s FDAS approach — defining required device behaviours rather than mandating protocols —
sidesteps the most contentious debates. Germany achieved a similar outcome indirectly: technology-

43 European Commission Joint Research Centre (JRC) and DG Energy, 'Code of Conduct for Energy Smart Appliances' (Version 1.0, April 2024).
SAREFAENER ontology maintained by ETSI.

44 Regulation (EU) 2023/2854 of the European Parliament and of the Council of 13 December 2023 on harmonised rules on fair access to and
use of data (Data Act). OJ L, 2023/2854, 22.12.2023.



neutral regulation led to market-driven EEBUS convergence. The layered harmonisation model from
§2.3 provides a framework for jurisdictions to choose their level of ambition.

Finding 4: Two-way communication is essential for scalable DF. Australia’s one-way DRM experience
demonstrates the limitations: responses are unpredictable, not measurable, not verifiable, and cannot
settle payments. MIDAS in California is also currently one-way, and utilities have flagged this. Effective
DF requires two-way communication for verification, measurement, payment settlement, and demand
forecasting (§2.2).

Finding 5: Layer 1 capable protocols should be prioritised. Most jurisdictions focus on Layers 2—3; only
the UK and New Zealand explicitly address Layer 1 price signalling. As argued in §2.1, forward planning
with price signals enables the deepest savings and best consumer outcomes, and Layer 1
harmonisation is technically the easiest. Any protocol capable of Layer 1 can also support Layers 2-3,
but not the reverse — harmonising on Layer 1 capable protocols avoids needing a second protocol
later. Aggregators already manage multi-protocol environments at Layers 2—3 as core business and do
not identify interoperability there as a primary concern. Layer 1 is where the market cannot self-
organise and where policy intervention is most needed.*

Finding 6: Protocols will change — policies must plan for transition. The UK is migrating from
OpenADR 2.0b to 3.0 before full implementation. California Rule 21 was based on pre-OpenADR 3
options. Policies need built-in review mechanisms and transition provisions. The German model of
separating regulatory objectives from technical standards is effective.

Finding 7: No jurisdiction addresses all three layers comprehensively. The comparative table shows
each jurisdiction addressing 1-2 layers. A complete DF architecture requires consideration of all three,
even if not all are mandated simultaneously.

Finding 8: Three viable protocol candidates are emerging for consumer devices. For the residential
appliance categories investigated, Matter, EEBUS, and OpenADR 3 are the only protocols with active
development, growing certification ecosystems, and demonstrated capability across the matrix.
Interoperability between the three is being actively tested (ElaadNL, Flexible Power Alliance Network).
If interoperability is proven and certified, the risks associated with a multi-protocol environment are
substantially reduced. The practical goal may be to reduce the use of any protocols outside this group
rather than to mandate a single winner. The EU Code of Conduct for Energy Smart Appliances defines
DF use cases in SAREF semantics and aims to be protocol-agnostic; the Technical Working Group is
developing wire-level mappings for EEBUS SPINE, HCA, S2, KNX, and OCPP. OpenADR alignment is
addressed within the Smart Energy Expert Groups (SEEGs) process rather than the CoC; Matter
interoperability is the subject of separate parallel work. The EU Data Act creates a legal baseline for
data access from connected products (applicable from September 2025, with access-by-design from
September 2026), but is technology-neutral and does not specify protocols or DF-specific semantics —
manufacturers are likely to comply minimally through proprietary APIs. Neither EU initiative has yet
resolved the protocol-layer fragmentation that the report identifies as the core challenge.*

45 See §2.1 and Nordman, 'Transforming Demand Response using OpenADR 3.0', ACEEE 2024, op. cit., which argues that highly dynamic
pricing should be the primary coordination mechanism for energy management.

4 ElaadNL, interoperability testing programme (ongoing). Flexible Power Alliance Network (FAN), S2 protocol and cross-
protocol testing. Note that testing focuses on energy-intensive devices (EVSE, PV inverters, heat pumps, batteries).



Finding 9: lJurisdictions should distinguish between energy-domain and capacity-domain
coordination when designing DF frameworks. As introduced in §2.2, DF protocols must address at
least two distinct domains: energy management (temporal balancing of supply and demand) and
capacity management (preventing overload at specific physical points). These domains have different
technical requirements and may need different protocols. The case studies illustrate the consequences
of conflating them: Australia’s CSIP-AUS was designed for capacity-domain solar export management
but is now expected to support energy-domain DF; Germany’s §14a addresses transformer protection
with EEBUS but does not provide energy-domain price signalling; California’s MIDAS is the most
developed energy-domain implementation but is encountering capacity problems that pricing alone
cannot solve; and France’s PULSADIS applied a capacity-style mechanism to an energy-domain
problem. The UK’s PAS 1878 addresses both domains but is correspondingly complex. A policy-maker’s
first question should be: what is the relative priority of energy and capacity management? The answer
shapes which layers and temporal horizons deserve attention.*

Finding 10: Uncoordinated regulatory requirements across government bodies and grid domains are
creating conflicting obligations and manufacturer stasis. Different government bodies are setting DF
requirements in isolation. A concrete example: German §14a requires heat pumps to accept DSO
curtailment commands (capacity domain), while the ENTSO-E and DSO Entity Network Code on
Demand Response (submitted to the Commission March 2025) introduces EU-level requirements for
heat pumps to provide frequency response services (power quality domain) — requirements that
conflict at the device level. When jurisdictions do not distinguish between energy, capacity, and power
quality coordination (§2.2), they risk imposing contradictory obligations on the same device.
Manufacturers report needing dedicated compliance teams for each national regulation rather than
building a single product for the European or global market. The cumulative effect is stasis: unable to
commit to any protocol or capability set, manufacturers delay investment. This partly explains the
limited uptake of the EU CoC (10 signatories) and resistance to protocol mandates in California. EDNA’s
cross-regional coordination role (Phase 1) directly addresses this by making conflicting requirements
visible before they are codified.

47 California Energy Commission, MIDAS (Market Informed Demand Automation Server). See also: CalFlexHub project at LBNL,
testing the MIDAS to GridX to OpenADR 3.0 to device price signalling chain. Priicer.com tracks international availability of
highly dynamic pricing: 19 countries, 140+ retailers as of late 2024.



The recommendations are framed as a phased pathway rather than a simple technical prescription.
Harmonisation is as much a governance challenge as a technical one: mandating too early risks the
problems observed in Australia and California, while inaction risks growing fragmentation.
Manufacturer interviews confirm that the current uncertainty is actively preventing investment —
conflicting requirements across jurisdictions have left manufacturers unable to commit to any protocol
or capability set. The pathway below aims to resolve this stasis by providing directional clarity, even
where full harmonisation is not yet achievable.

The pathway is structured in five phases, from lowest-risk near-term actions to longer-term
aspirations.

An important context for this pathway is that substantial regulatory and capital investment is already
in place, particularly for constraint management at Layers 2-3. Germany’s Steuerbox/EEBUS
infrastructure under §14a, Australia’s CSIP-AUS and DRM systems deployed across millions of
inverters, California’s Rule 21 certification regime, and France’s nationwide Linky meter rollout all
represent sunk commitments — political, institutional, and financial — that cannot realistically be
written off. These existing investments create path dependency that constrains what harmonisation
can achieve, particularly at Layers 2—3 where jurisdictions have already made distinct choices. This is
precisely why Phases 1-3 represent “no regrets” actions: they are valuable regardless of how protocol
markets evolve and do not require jurisdictions to abandon existing commitments. Phases 4-5 are
more conditional — their feasibility depends on how existing investments mature and whether
certification and market forces drive convergence organically.

Objective. A common language for comparing DF protocol approaches across jurisdictions. Currently
each jurisdiction frames the problem differently (UK: upstream protocols; California: device functions;
Germany: local control; Australia: DRM commands).

Actions:

e Promote the control specificity x temporal horizon matrix (Section 2) as an internationally
recognised framework.

e Incorporate the energy-domain / capacity-domain distinction (§2.2, Finding 9) as a standard
element of the shared vocabulary, enabling jurisdictions to identify their primary grid
coordination problem before selecting protocol approaches.

e Publish as an EDNA reference document.

e Convene a cross-regional working group. CEC has expressed interest.

Explicitly map regulatory requirements across government bodies and grid domains (energy, capacity,
power quality) to identify conflicting obligations at the device level before they are codified. Use the

framework’s domain distinction (§2.2) to help jurisdictions coordinate requirements that different
agencies are developing independently (Finding 10).

EDNA role: Convener and publisher.

Risk if not done: Continued fragmentation of even the vocabulary used to discuss DF protocols,
impeding cross-regional learning.



Objective. Global alignment on how price, tariff, and carbon intensity signals are communicated to
appliances and energy management systems.

Rationale. Layer 1 is technically simplest (price data is unambiguous); has the lowest interoperability
risk (§2.3); offers the highest consumer benefit when combined with forward planning (§2.1); and is
least contentious among manufacturers and protocol bodies. Crucially, Layer 1 is also where existing
regulatory and capital commitments are lightest. Most jurisdictions’ sunk investments — Germany’s
§14a curtailment infrastructure, Australia’s DRM/CSIP-AUS, California’s Rule 21 — address constraint
management at Layers 2—3. Layer 1 price signalling is comparatively greenfield, giving harmonisation
the most room to operate without competing against entrenched systems.

Actions:

e Develop a harmonised “price signal profile” specifying the minimum dataset (price schedule,
tariff structure, carbon intensity, grid status) that any DF-capable appliance should be able to
receive and interpret.

e This does not require mandating a single protocol — it requires agreement on information
content with mappings to at least OpenADR 3 and Matter Energy Price cluster formats.

e Encourage jurisdictions to ensure Layer 1 signal availability (building on MIDAS, , EU smart
meter roll-outs).

EDNA role: Facilitate development of the harmonised profile. Coordinate with OpenADR Alliance and
CSA on technical alignment.

Protocols: OpenADR 3.1 (primary upstream candidate); Matter 1.5 Energy Price cluster (local delivery);
IEEE 2030.5 pricing function set (existing deployments).

Regional-specific additions to protocol specifications should be avoided. Any changes should be
implemented at the international level through the relevant standards body. This avoids the cost of
regional certification infrastructure and the appearance of harmonisation without the substance — as
illustrated by France’s Zigbee cluster and Australia’s CSIP-AUS divergence.

Note on implementation depth: in documented deployments to date, OpenADR has typically
terminated at the CEMS or HEMS level, with the CEMS/HEMS controlling devices via local protocols.
This appears to be the natural near-term implementation path. Whether and how quickly device-level
OpenADR implementation becomes practical will depend on OEM adoption, firmware economics, and
certification infrastructure — mandating it prematurely risks replicating the Australian CSIP-AUS
experience where certification requirements outpaced product availability.

Objective. Define what DF capabilities each appliance type must support, regardless of protocol.

Rationale. California FDAS demonstrates that functional requirements are more achievable than
protocol mandates and face less manufacturer resistance. Germany achieved similar outcomes via
technology-neutral regulation.



Actions. For each key appliance class (water heaters, HVAC/heat pumps, pool pumps, whitegoods),
define:

e Required flexibility services (functional harmonisation)
e Minimum response times and accuracy (performance harmonisation)
e Required telemetry/reporting capability

e Consumer override and consent requirements

Develop these as EDNA device-class reference profiles, drawing on California FDAS, Australia AS/NZS
4755 DRMs, and Germany VDE-AR-E 2829-6 as inputs.

EDNA role: Facilitate international device-class profile development. Provide platform for
manufacturer and aggregator input.

Stakeholders: Manufacturers and industry associations (AHAM, EHI, EHPA, Applia, CHEAA, JEMA, etc.),
aggregators, CSA/Matter, EEBUS Initiative, consumer organisations.

Objective. Build the certification infrastructure and mutual recognition frameworks that would enable
protocol convergence, if and where the market supports it.

Rationale. Certification is necessary but not sufficient. The German experience shows that market
forces can drive convergence around a well-certified protocol; the Australian and Californian
experiences show that certification gaps cause interoperability failures even where specifications exist.
However, protocol convergence is not guaranteed by certification alone — IEEE 2030.5 has mature
certification and has not converged the residential appliance market. Moreover, jurisdictions have
already made substantial Layer 2-3 investments (§14a, CSIP-AUS, Rule 21) that create path
dependency. This phase therefore focuses on process steps — building certification infrastructure and
mutual recognition — rather than predicting which protocols will prevail.

Actions:

e Advocate for internationally recognised certification programmes building on OpenADR
Alliance, CSA Matter, and EEBUS certification infrastructure.

e Certification should include physical testing (not self-declaration), reference implementations,
and interoperability testing events.

e Encourage jurisdictions to require certified protocol compliance as a condition of sale rather
than mandating a named protocol.

e Plan for multi-protocol environments: support HEMS and gateways that bridge between
protocols.

e At the time of writing, three protocols — OpenADR 3, Matter, and EEBUS — have the most
active development and growing certification ecosystems for consumer appliance DF (Finding
8). However, this observation should not be read as picking winners. Matter’s energy clusters
are immature, EEBUS remains largely confined to the German-speaking market, and OpenADR
3 has limited residential appliance deployment. If interoperability between these three is
proven and certified over time, it may become practical to reduce reliance on other protocols,
but this should be treated as a possible outcome of the certification process rather than a
predetermined goal.



e Jurisdictions with regulations mandating older protocols should review them periodically, but
“legacy” is context-dependent: a protocol with an installed base of millions of devices and a
functioning certification regime is not simply obsolete. Transition timetables must account for
sunk capital, contractual obligations, and the political cost of stranding existing investments.
Where older protocols are meeting current constraint-management needs, the priority should
be ensuring they do not block Layer 1 price signalling rather than mandating wholesale
replacement.

e Open standards, or at a minimum Open APIs, should be a baseline requirement for any DF
protocol policy. The EU Data Act provides a legislative precedent for mandatory data access,
though its technology-neutral approach means it does not itself drive protocol harmonisation.

EDNA role: Advocate for mutual recognition of certification across jurisdictions. Track and publish
comparative assessments of certification programme maturity.

Several structural barriers make geographic alignment at the protocol level particularly difficult. First,
electricity grids are physically regional: frequency, voltage standards, market settlement periods, and
network topologies differ fundamentally between (and sometimes within) jurisdictions. Second, the
regulatory institutions that govern DF — energy regulators, standards bodies, consumer protection
agencies — operate within national frameworks with different legal traditions and timescales. Third,
the sunk investments described above mean that any convergence path must accommodate, not
replace, existing infrastructure. A jurisdiction that has deployed millions of smart meters with a
particular communication stack will not re-equip them to achieve international protocol alighment.

The realistic goal is therefore harmonised functional and performance requirements (Phase 3) that
allow manufacturers to build to common capabilities globally, even where protocol implementations
differ by region. If this is achieved, the cost of regional variation falls on the interworking layer (HEMS,
gateways, aggregator platforms) rather than on device hardware — a manageable cost compared with
the alternative of manufacturer stasis.

EDNA ongoing role: Maintain the shared analytical framework and device-class profiles. Convene
periodic cross-regional reviews to track protocol evolution and identify emerging alignment
opportunities. Facilitate bilateral or multilateral cooperation between jurisdictions with similar grid
characteristics (e.g. high-renewables systems, island grids, interconnected continental networks)
where alighment has the strongest technical rationale. Publish comparative assessments so that
jurisdictions can learn from each other’s implementation experience without requiring formal
harmonisation.

The phased pathway above addresses the structural challenge of harmonisation. Five additional policy
principles should apply across all phases.

Certification and testing. Specifications alone do not guarantee interoperability (Finding 2). Every
jurisdiction studied confirms that robust, centralised certification with physical testing of equipment is
the single most important enabler of real interoperability. Self-declaration — as currently used by the
EU CoC — is insufficient. EDNA should advocate for internationally recognised certification
programmes under the OpenADR Alliance, CSA (Matter), and EEBUS Initiative, and should promote



mutual recognition of certification across jurisdictions to reduce the compliance burden on
manufacturers serving multiple markets. Certification should include reference implementations,
interoperability testing events, and ongoing compliance monitoring.

HEMS policy. Policy-makers should avoid mandating specific HEMS architectures given market
immaturity. In the UK, a cloud-based CEM is an acceptable means of compliance; in France and
Germany, physical infrastructure requirements make a local HEMS a practical necessity. Minimum
functionality and protocol support requirements should be defined for any HEMS to prevent vendor
lock-in. Policies to accelerate deployment — HEMS-ready infrastructure in new builds, incorporation
in energy performance standards, allowing network operators to fund HEMS as an alternative to
network reinforcement — should be considered. At this early stage, market competition may be the
most effective driver of innovation; regulatory intervention is most warranted for emergency
curtailment scenarios where reliability is critical. The argument that intermittent internet access
justifies partial on-premises HEMS infrastructure requires careful evaluation: the connectivity
resilience case depends heavily on architecture type and the practical duration of outages (see §3.5.2).

Protocol evolution and transition management. Protocols will change (Finding 6). The UK is migrating
from OpenADR 2.0b to 3.1 before full implementation; California’s Rule 21 was based on pre-OpenADR
3 options. Policies need built-in review mechanisms, transition provisions, and the ability to support
multiple protocol versions during migration. The German model of separating regulatory objectives
from technical standardisation — where legislation defines outcomes and expert bodies update
protocols without reopening regulation — is recommended. However, transition is harder where
substantial capital has already been deployed: replacing an installed base of smart meters, gateways,
or certified devices carries costs that may exceed the benefits of protocol modernisation. Transition
timetables should be realistic about the rate at which sunk investments can be amortised. Protocols
selected for harmonisation should support near-real-time communications, two-way signalling,
forward planning, and both implicit (price-based) and explicit (event-based) signals. Jurisdictions
should avoid proliferation of new regional protocol additions.

The progression from utility-to-CEMS/HEMS OpenADR implementation to eventual device-level
implementation may unfold gradually rather than as a single transition. Establishing OpenADR reliably
at the utility-to-CEMS/HEMS boundary is a prerequisite for any eventual device-level deployment; it is
unclear whether or when the economics and ecosystem conditions will support the latter. The CEMS
or HEMS interworking layer should therefore not be treated as a temporary workaround to be
eliminated, but as a durable transitional architecture that may remain appropriate for much of the
installed device base for the foreseeable future. Policies should sequence accordingly: consolidate
utility-to-CEMS/HEMS implementation first, and revisit device-level requirements once that layer is
functioning reliably.

Two-way communication. Two-way communication should be a baseline requirement for any DF
protocol policy (Finding 4). Australia's one-way DRM experience demonstrates that responses are
unpredictable, not measurable, not verifiable, and cannot settle payments. California's MIDAS is also
currently one-way, and utilities have flagged the need for bidirectional signals for demand forecasting
and measurement and verification. Two-way capability enables pre-event negotiation (can you
respond?), post-event verification (did you respond?), and settlement (what should you be paid?).
Without it, DF remains a broadcast-and-hope exercise.

Consumer protection and override. All DF architectures must preserve consumer override rights,
consent mechanisms, and transparency about how flexibility is used and compensated. This should be



a non-negotiable element of any functional requirement profile (Phase 3). The UK's SSES Programme
explicitly addresses consumer protection in its Phase 1 regulations; California's FDAS requires
consumer consent and override as a condition of sale. These provisions should be standard across all
jurisdictions, not added as afterthoughts.



This section provides an overview of active standardisation work relevant to residential DF protocols
and recommends an engagement strategy for EDNA.

Regional coordination between regulators appears to occur informally or indirectly via standards
bodies (OpenADR 3.1, EEBus, Matter) trying to address regional challenges.

Additionally, the Mercury consortium is working on standardised device-class profile development but
is dominated by grid operators.

See details in the table below.

Body / Alliance

Standard / Protocol

Status

Relevance

OpenADR OpenADR 3.1 Released; certification Primary candidate for upstream

Alliance growing Layer 1-2 signalling

CSA Matter 1.5+ energy Released; device Primary candidate for local Layer 3
clusters certification ongoing device control

IEEE SA IEEE 2030.5 Mature; revision cycle Established for inverter-based DER;

ongoing

heavy for appliances

EEBUS Initiative

EEBUS SPINE / VDE-AR-E
2829-6

Established in DE;
expanding EU

De facto standard for local energy
management in Germany

(DE)

IEC IEC 62746, IEC 61850 Various stages Framework standards; less directly
applicable to residential

ETSI SAREF ontology Under development Semantic reference for CoC; wire-
level mappings only for EEBUS
SPINE

CTA CTA-2045 Legacy Declining relevance; hardware-
based

BSI (UK) PAS 1878 Published; first review | UK DF interoperability specification

2024
VDE/DKE/FNN VDE-AR-E 2829-6 Published German DF technical standard




Body / Instrument Status Relevance
Organisation
CEC (CA) FDAS rulemaking Ongoing per appliance | Functional harmonisation model;
class defines required device behaviours
rather than mandating specific
protocols
European EU Data Act; EU Code of | Data Act in force Sep Legislative and voluntary pressure
Commission (DG | Conduct on Energy Smart | 2025; CoC voluntary for open APIs and interoperable
ENER) Appliances (10 signatories) data access across the EU
Mercury Functional guidelines In development Device-level functional
Consortium and certification for DER requirements ensuring grid-
devices (EVSE, heat readiness; industry-led certification
pumps, batteries) programme initiated by Kraken and
EPRI (Dec 2024)
ElaadNL / FAN Residential Flexibility Test events from Feb Most advanced multi-protocol
(NL) programme; multi- 2026; certification interworking programme
protocol interoperability | target end 2026 (OpenADR upstream; EEBUS,
testing Matter, OCPP, S2 local); directly
validates the report’s framework

Engagement is prioritised by strategic importance to the harmonisation pathway.

Priority 1 — Direct engagement:

OpenADR Alliance: upstream protocol convergence; certification mutual recognition.

CSA / Matter: local device energy management clusters; device-class profiles.

EEBUS Initiative: European local protocol alignment; potential Matter-EEBUS interworking.

Mercury Consortium: functional and performance specifications for OpenADR.

Priority 2 — Active monitoring and input:

IEEE SA: IEEE 2030.5 evolution; relevance to appliance (vs. inverter) DF.

IECTC 57 / TC 59: international framework standards; Ecodesign DF requirements.

Department for Energy Security and Net Zero / BSI (UK): Companion Specification, PAS 1878

review

VDE/DKE (Germany): VDE-AR-E 2829-6 evolution; §14a implementation experience.
EU Commission: Data Act implementation and harmonised standards development; CoC v2.0

use case expansion and signatory base growth; access-by-design compliance patterns from

September 2026.

ElaadNL / Flexible Power Alliance Network: OpenADR-EEBUS—Matter interoperability testing.




Priority 3 — Watch and inform:

ETSI (SAREF): SAREFAENER mappings to Matter and OpenADR; progress toward protocol-
neutral compliance testing.

Other IEA TCPs and IRENA: complementary demand-side flexibility workstreams.

Establish a standing cross-regional DF protocol coordination group (Phase 1 of pathway).
Commission or co-author the harmonised Layer 1 price signal profile (Phase 2).

Facilitate international device-class profile development (Phase 3).

Publish periodic updates on protocol certification maturity and jurisdictional alignment.

Present framework and findings at relevant standards body and industry events.



This annex provides expanded case studies for each jurisdiction reviewed in Section 4, including full
technical context, consultation history, implementation details, and lessons learned. The main body of
the report (Section 4) provides concise summaries with framework mapping and key findings.

Context. Rule 21 is a utility tariff describing interconnection, operating, and metering requirements for
inverter-based DERs (solar PV and batteries) in California. It was developed through the California
Public Utilities Commission (CPUC) as part of California's broader smart inverter strategy. The adoption
was divided into three phases: Phase 1 required seven autonomous grid support functions (voltage
ride-through, frequency ride-through, etc.); Phase 2 defined IEEE 2030.5 with SunSpec profiles as the
communication protocol; and Phase 3 addressed advanced functions including reactive power
management and frequency-watt response.

Protocol choice. IEEE 2030.5 was selected with the SunSpec Common Smart Inverter Profile (CSIP),
which narrows the full IEEE 2030.5 schema to a usable subset for DER management. CSIP was guided
by ten principles including minimal specification, focus on inverter management, and leveraging
existing engineering standards. The choice of IEEE 2030.5 predated OpenADR 3.0; today OpenADR 3.0
would be a credible alternative for Layer 1-2 functions.

Framework mapping. Layers 2-3, all temporal columns. CSIP focuses on inverter management
setpoints (Layer 3) and DR events (Layer 2). Smart inverters operating under Rule 21 autonomous
settings can reduce widespread voltage violations and mass inverter trips.

Implementation experience. Compliance has been mandatory since June 2020. Uniquely, Rule 21
allows aggregator-based compliance, not only individual device compliance — a transferable concept
for appliance DF. However, the utilities did not have fully mature procedures to send schedules and
control signals via IEEE 2030.5 to DERs at launch. The lack of reference implementations and software
caused delays and inconsistent implementations. The Smart Inverter Operationalization Working
Group (February 2024) documented ongoing challenges with centralised certification and testing
procedures.

Lessons. The CSIP profile demonstrated that the full IEEE 2030.5 standard is too complex for practical
implementation without profiling. Centralised certification with physical testing of equipment proved
essential. Reference implementations should be available before compliance deadlines. The
aggregator-based compliance pathway is a model that could be extended to consumer appliance DF.

Context. Australia has the highest per-capita rooftop solar penetration in the world, creating two
persistent grid challenges: summer evening peak demand from cooling loads, and daytime minimum
operational demand from rooftop PV causing voltage rise and system security risks. A working group
formed in 2019 — with collaboration from across the energy supply chain including retailers,
aggregators, equipment manufacturers, and distribution networks — developed CSIP-Australia for
inverter-based assets.



Protocol design. CSIP-AUS builds upon the guiding principles from CSIP California and leverages IEEE
2030.5 tailored to Australian requirements. One guiding principle acknowledged that future revisions
would be necessary as DER usage evolves. The 2023 Flexible Exports trial demonstrated that CSIP-AUS
could enable dynamic export management across network regions, allowing customers to earn more
from PV exports while network operators unlock more capacity

Framework mapping. Layers 2—3, columns A—B. IEEE 2030.5 / CSIP-AUS profile for inverter and battery
management.

Implementation challenges. Criticisms stemmed from additional semantic requirements on top of IEEE
2030.5 for device registration and telemetry. Manufacturers stated the software had to be
substantially redesigned, treating CSIP-AUS as essentially a new standard. Certification was
fragmented across individual network operators with slightly different implementations, causing
interoperability failures despite using the same nominal protocol. The standard was not developed via
a recognised standards body, leading to criticisms of opaqueness. Minute-by-minute telemetry
requirements pushed the limits of IEEE 2030.5 capability.

Lessons. Consistent, centralised certification is more important than protocol choice. Regional profiling
of international standards must be managed carefully to avoid creating de facto new standards. The
CSIP-AUS experience directly informed the report's emphasis on remediation cost: fixing
interoperability issues across multiple network operators' slightly different implementations proved
far more expensive than the original protocol design effort.

Context. The United Kingdom’s strategic approach to demand-side flexibility is underpinned by a
legally binding commitment to achieve net-zero greenhouse gas emissions by 2050. As detailed in the
2025 Clean Flexibility Roadmap, the government, energy regulator (Ofgem), and system operator
anticipate that consumer-led flexibility (CLF) will provide between 10 GW and 12 GW of capacity. This
transition is supported by a highly liberalised energy market and high smart meter penetration,
currently exceeding 70%, where energy suppliers maintain responsibility for metering. The ongoing
rollout of market-wide half-hourly settlement, combined with localised network constraints, has
accelerated the adoption of Time of Use and "intelligent" tariffs that require automated control of
Energy Smart Appliances (ESAs) such as electric vehicle charge points, heat pumps, and battery energy
storage systems.

Policy architecture. The primary vehicle for this transition is the Smart Secure Electricity Systems (SSES)
programme, a policy-driven initiative led by the Department for Energy Security and Net Zero (DESNZ).
The programme aims to establish the technical and regulatory frameworks necessary to unlock CLF by
introducing device regulations and a load control licensing regime. A core principle of the SSES
framework is technical interoperability, ensuring that ESAs can respond to signals from any "load
controller"—the entity providing demand-side energy management services. The overarching
objective is to enable a competitive market where consumers can switch flexibility providers
seamlessly without requiring hardware replacements or a physical premises visit to reconfigure the
appliance.

To achieve this interoperability, the SSES programme is collaborating with industry to develop a
prescriptive "Companion Specification" focusing on the communication interface between the load
controller and the ESA. This specification is based on OpenADR v3.1, an established international



standard, alongside PAS 1878. The Companion Specification serves as a mandatory implementation
guide for manufacturers, providing the functional requirements needed to develop consistent,
interoperable solutions. Current ambitions target the completion of this specification within the next
12 to 18 months, with a view toward mandating its implementation for ESAs placed on the UK market
by approximately 2029. In parallel, the government is finalising the licensing regime for companies
undertaking load control to ensure consistent service standards and consumer safeguards.

The regulatory process involves extensive multi-stage consultations and engagement with a wide
spectrum of stakeholders, including grid operators, academic bodies, and consumer advocacy groups.
For technical standardisation, DESNZ sponsored the development of PAS 1878 and PAS 1879 through
the British Standards Institution (BSI). These standards were rigorously tested through the
Interoperable Demand Side Response (IDSR) innovation programme, which utilised a "close link"
between standardisation and real-world testing. This iterative approach allowed for rapid refinements;
for instance, identifying divergent technical interpretations of the PAS 1878 specification led to a
formal revision process. This revision, expected to be published in 2026, and includes specific annexes
for Lessons.

e Putting the consumer at the centre of any work to develop approaches

e Working with the grain of industry to develop agreed, standardised approaches

e Working iteratively to deliver against existing and emerging business models

e Future-proofing when it comes to selecting specific standards and protocols

e Aligning with international communications protocols and standards where possible to
minimise friction between markets.

e Considering cyber security and grid stability, including managing risks associated with flexibility,
such as the mass ‘herding’ of appliances around a particular tariff or signal.

A key piece of feedback from the programme has been around the value of increased international
coordination of standards development. However, it is important to balance this against the needs of
different markets and the pace of development that is required in order to meet decarbonisation
targets and rapidly scale-up the deployment of consumer led flexibility.

Context. California has a target of 7 GW of demand flexibility by 2030, a doubling of current levels.
Approximately half is expected to come from pricing and the rest from aggregators. Senate Bill 49
(2019) gave the CEC authority to adopt Flexible Demand Appliance Standards (FDAS) and labelling
requirements for appliances that can schedule, shift, or curtail load with consumer consent. FDAS is
authorised alongside SB 100 (100% clean retail electricity by 2045), building decarbonisation work (AB
3232), load management standards, and smart inverter requirements (Rule 21).

Load Management Standards. In 2022, the CEC finalised Load Management Standards requiring all
retailers in the state to offer every customer at least one tariff with prices varying at least hourly in
response to grid conditions, to be in place by 2027. MIDAS (Market Informed Demand Automation
Server) is the statewide APl-based database of time-dependent retail rates, carbon intensity, and grid
signals. Beyond rates, MIDAS can pass through operational notifications from the California ISO so
aggregators can automate consistent responses. California's Building Energy Code (Title 24, §110.12)
already requires demand-responsive controls for certain building systems to be capable of receiving at
least one standards-based DR messaging protocol such as OpenADR.



FDAS for pool controls. The first FDAS (adopted 2024) covers pool controls. It does not mandate a
specific application-layer protocol. Instead, it requires pool control devices to have internet
connectivity suitable for flexible demand functions and a default daytime schedule shifting operation
into high-renewables hours, with consumer override and consent features. From a protocol
standpoint, this is a function-first, protocol-neutral outcome: any protocol stack that allows the device
to receive updated schedules securely over the internet is acceptable. As noted by Bruce Nordman,
the standard specifies only "Internet Protocol communications" and says nothing about a specific
application-layer protocol.

Future FDAS. Electric storage water heaters, heat pump water heaters, air conditioners, thermostats,
and EV charge points are under consideration for future FDAS. The CEC is running appliance-specific
proceedings (e.g. thermostats, docket 24-FDAS-03). From interviews with CEC staff, compliance with
OpenADR 3.0 or a subset thereof is likely to be a key aspect of future harmonisation strategy.

Framework mapping. Layers 1-2, column C. Functional harmonisation — defines required behaviours,
not protocol. MIDAS provides Layer 1 signals (currently one-way).

Stakeholder dynamics. The CEC has met significant resistance from manufacturers (notably through
AHRI comments) and some utilities to mandating a single communication protocol, citing risks of
monopolistic outcomes and cost increases. This moved the CEC toward defining
behavioural/functional requirements instead. Utilities have flagged that MIDAS one-way signals do not
allow them to assess the impact of signals or account for them in demand forecasts. The CEC has
expressed interest in a cross-regional coordination group — a potential role for EDNA.

Lessons. Functional harmonisation is pragmatic where protocol consensus is lacking. The appliance-
by-appliance approach is pragmatic but slow. Manufacturer resistance to protocol mandates is real
and must be managed politically. MIDAS's one-way limitation highlights the need for two-way
communication. The FDAS process, while thorough, has been criticised as cumbersome, expensive,
and slow for a field that is changing rapidly.

Context. Australia faces persistent grid challenges from summer evening peak demand (driven by
cooling loads) and daytime minimum operational demand (driven by behind-the-meter rooftop PV).
Network congestion, voltage issues, and system security risks led policymakers to seek controllability
for household loads. The AS/NZS 4755 series was conceived in the mid-2000s as the national appliance-
level demand response capability framework.

DRM framework. The standard defines a small set of demand response modes (DRMs) and specifies
how certain appliances should respond when a Demand Response Enabling Device (DRED) or
embedded controller issues those DRMs. The DRMs include: no/minimum load (DRM 1), load
reduction to 50% (DRM 2) and 75% (DRM 3), and commence/increase operation (DRM 4) for solar
absorption. EV supply equipment adds disconnect (DRM 0), no discharge (DRM 5), and
commence/increase discharge (DRM 8). Covered appliance categories are air conditioners, resistive
hot water storage, pool pump controllers, and EV charge/discharge controllers.

Process. Standards Australia committee EL-054 developed the standard; the Equipment Energy
Efficiency programme ran a decision process in 2019; Energy Ministers agreed to mandate DR
capability for the four appliance categories. The decision was questioned and criticised by IEEFA
(Institute for Energy Economics and Financial Analysis), which identified five fundamental issues:



AS/NZS 4755 is an outdated approach to demand response; it does not support interoperability; with
one-way signals the appliance responses are unpredictable, not measurable, and not verifiable;
consumers have no control to override a signal; and the standard's interactions with other Australian
policies regarding peak demand and minimum system load are unclear.

Framework mapping. Layers 2—3, columns A—B. One-way DRM commands. No upstream Layer 1 price
signalling.

Outcomes. AS/NZS 4755 mandates DRM capability at the device level but does not mandate a specific
two-way communication protocol. Adoption has been uneven. Practical programmes — notably
Energex/Ergon's PeakSmart programme for air conditioners in Queensland — have moved to richer
technologies supporting interoperability, consumer override, and measurement and verification. The
PeakSmart programme controls over 200,000 air conditioners using DRM signals delivered by the
network operator, but remains one-way.

Lessons. A device-side DRM baseline is useful but insufficient without two-way interoperable
communications. Programmes increasingly need consumer override and robust measurement and
verification to scale, especially for pay-for-performance models. The absence of Layer 1 price signal
capability means the standard misses the deeper savings and amenity preservation that forward
planning enables. AS/NZS 4755 demonstrates the limitations of mandating a command and-control
interface without the communication protocol to deliver and verify those commands.

Context. New Zealand aims for a nearly fully renewable electricity system. Hot water cylinders are
estimated to represent approximately 2 GW of controllable load nationwide — one of the largest single
sources of residential flexibility. New Zealand has a legacy of ripple control (one-way broadcast PLC
signalling by network companies to control hot water cylinders), which is ageing and being
progressively replaced.

FlexTalk project. Launched by the Electricity Engineers' Association (EEA) and EECA (Energy Efficiency
and Conservation Authority), the FlexTalk project evaluated international standards against criteria
including scalability, openness, governance, ease of adoption, cybersecurity, and compatibility.
OpenADR emerged as the most mature and best aligned protocol. The evaluation process involved
EEA-led industry working groups with broad cross-sector participation.

Flex Seed trial. The subsequent Flex Seed project tested device installation and control in 10 real
households using OpenADR 2.0b. Products covered included hot water cylinders and AC/heat pumps.
Four connection methods were tested: HEMS, CTA-2045 gateways, manufacturer cloud integration,
and direct-to-device communication. Key finding: direct device-level VEN (Virtual End Node)
connections proved more robust and scalable than proprietary manufacturer cloud solutions. Water
heaters and AC loads were adjustable without affecting consumer experience.

Framework mapping. Layers 1-2, columns B—C. OpenADR 2.0b validated for upstream signalling.

Lessons. OpenADR works technically but needs local adaptation and simplified commissioning for mass
deployment. HEMS-based architecture has advantages for local optimisation and resilience but adds
cost and complexity. Direct Wi-Fi/MQTT connectivity was preferred over cloud-dependent solutions
for reliability. Cross-sector collaboration (EEA, EECA, industry) was critical for credibility and uptake.
The legacy ripple control infrastructure provides a baseline of controlled load that any new protocol



must at minimum replicate. New Zealand's experience suggests OpenADR 3.0 (which was not available
at the time of FlexTalk) would be the natural upgrade path.

Context. Germany's Energiewende is driving rapid electrification of heating and transport. Rising
uptake of heat pumps, EV charging, and residential battery storage creates congestion risks in low-
voltage distribution grids. The reformed Energy Industry Act (EnWG) introduced rules for "controllable
consumption devices" (§14a), entering into force on 1 January 2024. The regulation applies to large
residential flexible loads, typically above 4.2 kW: EV charge points, heat pumps, and electric storage
heaters.

Regulatory design. §14a is technology-neutral: it does not name a specific protocol. Instead, it defines
the regulatory objectives — ensuring secure grid operation under electrification while enabling faster
connection of flexible loads — and leaves technical implementation to expert standards bodies. In
parallel, VDE/DKE/FNN technical committees developed the VDE-AR-E 2829-6 application standard,
which specifies EEBUS SPINE for communication between the Steuerbox (smart meter gateway control
unit) and controllable devices. The BSI (Federal Office for Information Security) TR-03109-5 smart
meter gateway security requirements act as an indirect filter for protocol quality, effectively excluding
legacy protocols that cannot meet modern cybersecurity standards.

Grid operator arrangements. Under §14a, DSOs may temporarily reduce the power consumption of
controllable devices to manage network congestion, in exchange for reduced network charges for the
consumer. The regulation guarantees a minimum of 4.2 kW of supply at all times, ensuring basic
functionality even during curtailment. This creates an explicit capacity-domain mechanism: the DSO
uses EEBUS via the Steuerbox to send power limitation signals.

Framework mapping. Layers 2—3, columns B—C. Technology-neutral regulation; EEBUS convergence via
VDE-AR-E 2829-6. Smart Meter Gateway security requirements reinforce convergence on modern
interoperable protocols. Relay-based control remains permitted but offers limited functionality.

Multi-protocol reality. While EEBUS is the de facto standard for §14a compliance, real-world DF
architectures in Germany typically require multiple protocols. A HEMS handling §14a compliance uses
EEBUS for communication with the Steuerbox; OpenADR or proprietary APIs for aggregator
communication; EEBUS, Modbus, or OCPP for device-level control; and SG Ready (four-state relay
interface) for legacy heat pumps. The regulation does not restrict cloud-based optimisation logic. It is
unclear whether §14a's influence will extend to devices not covered by the regulation (e.g.
whitegoods).

Lessons. Technology-neutral regulation combined with strict security requirements can drive de facto
convergence without mandating a specific protocol. Separating regulatory objectives from technical
standardisation allows expert bodies to update protocols without reopening legislation. Cross-sector
manufacturer involvement (HVAC, automotive, PV/storage, appliances) is critical. The EEBUS
specification's complexity (7,000+ message combinations in SPINE) demonstrates the interoperability
challenges that arise with rich Layer 3 semantics. Germany addresses a capacity problem (§14a
transformer protection) with EEBUS, while energy-domain optimisation requires separate price
signalling that §14a does not provide.



Context. France's electricity system is dominated by nuclear generation (~70% of production), which
creates a distinctive demand flexibility challenge. Nuclear baseload is inflexible, so France has a
longstanding need to raise overnight demand to absorb excess generation rather than the more
common objective of reducing peak demand. This led to one of the world's oldest and largest
residential DF programmes, focused primarily on electric water heaters. Approximately 15 million
homes have electric water heaters, and around 11 million households are on heures creuses (off-peak
hours) tariffs.

Legacy PULSADIS system. In use for approximately 30 years, PULSADIS injected a 175 Hz carrier signal
onto the power distribution network from medium-voltage substations to trigger tariff switching. It is
a one-way broadcast with no feedback channel. The "contacteur jour/nuit" (day/night contactor) in
the consumer's distribution board switches the water heater on or off according to fixed schedules
determined by the signal. The consumer has no dynamic price signal and no device-level optimisation
— it is pre-programmed load shifting. Despite its simplicity, PULSADIS operated at enormous scale,
demonstrating that schedule-based load shifting can work with minimal technology.

Linky smart meter infrastructure. The Linky smart meter rollout (over 35 million installed, exceeding
95% coverage)®® deployed G3-PLC as the transport layer and DLMS/COSEM (IEC 62056) as the
application layer protocol for two-way meter—grid communication. DLMS/COSEM is the dominant
international standard for smart metering data exchange, providing an object-oriented data model
covering tariff scheduling, load management, billing, and meter configuration. It enables Enedis to
remotely read meters, switch tariffs, and manage connections. However, DLMS/COSEM is a metering
and utility management protocol, not a demand flexibility protocol: it handles tariff scheduling and
billing from the utility perspective but does not natively carry price signals, event notifications, or
device-level flexibility semantics.

Meter-to-home interface. The Linky's local Télé-Information Client (TIC) port outputs real-time
consumption and tariff data to in-home devices. Enedis and the CSA developed a Zigbee 3.0 ERL
(Emetteur Radio Local) specification for this interface, with an open-source TIC-to-Zigbee data
mapping published on Enedis's GitHub.* A France-specific Zigbee cluster translates the DLMS/COSEM
meter data into a Zigbee-native format. The bandwidth and semantics are sufficient for consumption
monitoring and fixed tariff awareness but too limited for negotiation, event-driven responses, or two-
way flexibility communication.

2025 tariff reform. The CRE (energy regulatory commission) led a reform adding afternoon off-peak
periods (broadly 11:00-17:00) to absorb midday solar generation, affecting approximately 11 million
households. This reform demonstrates that even simple tariff structures evolve. Dynamic, forward-
looking price signals (Layer 1 via modern protocols) would enable such transitions without requiring
infrastructure reconfiguration of millions of contactors.>°

8 Enedis, Linky deployment statistics (2025). DLMS/COSEM is specified in IEC 62056 and maintained by the DLMS User Association.



Framework mapping. Layer 1 (tariff-based switching), forward-planning temporal column. The legacy
system operates at the boundary of Layer 1 and Layer 2: the PULSADIS signal triggers pre-programmed
switching at fixed, schedule-determined times. No policy instrument mandates an application-layer DF
protocol for communication to consumer devices.

Key gaps. The gap between the Linky metering infrastructure and device-level flexibility
communication remains unaddressed by regulation. The policy-driven DF infrastructure consists of the
legacy relay/contactor system and the Linky smart meter providing tariff data via TIC/Zigbee ERL. No
regulatory pathway currently exists for open-protocol DF communication to appliances. Richer
flexibility beyond tariff-based load shifting depends entirely on market-driven solutions outside the
policy framework.

Lessons. France's PLC infrastructure (PULSADIS, now Linky G3 PLC) provides high-reliability
communications independent of consumer internet — relevant to HEMS resilience discussions. The
France-specific Zigbee cluster for the TIC interface illustrates the cost of regional protocol additions:
devices must support a France-specific data model, limiting interoperability with non-French
ecosystems. France illustrates the distinction between metering protocols and DF protocols: a
jurisdiction can have world-class smart metering and still lack a DF communication pathway to
appliances.

Three EU-level instruments are shaping the DF protocol environment across member states: the Code
of Conduct for Energy Smart Appliances, the EU Data Act, and the Smart Energy Expert Groups (SEEGs)
/ Design for Energy (D4E) process. None directly mandates DF protocols, but each shapes the
environment in which protocol choices will be made.

EU Code of Conduct for Energy Smart Appliances (CoC). Launched April 2024, the CoC is a voluntary
industry agreement developed by the JRC and DG Energy. It defines common DF use cases and the
data elements required to enable them, expressed as SAREFAENER semantic triples. The CoC operates
at the Information Layer of the SGAM model and explicitly does not address the Communication Layer
— manufacturers may use any protocol. Version 1.0 defines five use cases: Flexible Start, Monitoring
of Power Consumption, Limitation of Power Consumption, Incentive Table-based Power Consumption
Management, and Manual Operation Information.>!

CoC framework mapping. In the framework of Section 2.3, the CoC use cases map approximately as
follows: Incentive Table corresponds to Layer 1 (price/incentive signal); Limitation of Power
Consumption to Layer 2 (service instruction); Flexible Start spans Layers 1-2 depending on
implementation. None of the current use cases address Layer 3 (direct device command) or real-time
emergency curtailment. CoC v2.0 is expanding the product scope (EMS, fridges/freezers, EVSE) and
considering additional use cases, with the Steering Committee voting in February 2026. Compliant
products will be registered in the EPREL database from March 2026, and draft Ecodesign regulations
for space and water heaters reference the CoC for an interoperability logo on energy labels.

51 EU Code of Conduct for Energy Smart Appliances: https://ses.jrc.ec.europa.eu. Version 1.0 published April 2024; v2.0 in preparation
(Steering Committee vote February 2026).



CoC limitations. Only 11 manufacturers have signed (Arc§elik, Qvantum, Daikin, Electrolux, Miele,
Mitsubishi Electric, Panasonic, Samsung, Vaillant, Vestel, Viessmann), plus one EMS manufacturer
(GEOQ). The CoC'’s signatories are naturally those with a strong EU market presence, as it is a voluntary
EU instrument with no equivalent governance structure in other regions. Signatory numbers continue
to grow, but participation is not yet universal among EU-market manufacturers. Based on EHPA and
industry data, Al-assisted estimates suggest signatories represent approximately 35-50% of EU air-to-
water heat pump unit sales and 30-40% of EU white goods volume; these figures should be treated as
indicative only. Global coverage is inherently more limited: manufacturers based primarily outside
Europe have no equivalent incentive to participate, in contrast to OpenADR, which is referenced in
frameworks across multiple non-EU jurisdictions. Compliance is self-declared with no independent
conformance testing. Although the CoC claims protocol-agnosticism, its Technical Working Group is
actively developing SAREF wire-level mappings for EEBUS SPINE, HCA, S2, KNX, and OCPP, with EN
50631 the first completed Annex 3 mapping; OpenADR alignment is addressed within the Smart Energy
Expert Groups (SEEGs) rather than the CoC; Matter and IEEE 2030.5 interoperability specifications
remain outside the CoC scope.>?

SAREF alignment. The smartEn industry association has noted that Matter's Smart Energy Profile-
derived data model is only partially aligned with SAREF4ENER, supporting simple power and flexibility
profiles but not complex flexibility activations such as storage dispatch or grid ancillary services. The
risk is that SAREF's abstraction, while conceptually sound, is too high-level to guarantee wire-level
interoperability: two manufacturers could both claim semantic compliance while implementing
different wire-level communication protocols — a risk that SAREF's semantic mapping partially
mitigates by providing a shared data model for EMS manufacturers to build against. The CoC Technical
Working Group has restructured into three clusters plus two supporting groups, suggesting growing
complexity rather than convergence.*

EU Data Act (Regulation 2023/2854). The Data Act entered into force on 11 January 2024 with main
obligations applicable from 12 September 2025. From 12 September 2026, all new connected products
placed on the EU market must be designed with "access by design" principles: users must be able to
access data their products generate easily, securely, free of charge, in a structured machine-readable
format, continuously and in real time. Users can also require manufacturers to share data with
designated third parties (such as aggregators) on the same terms. The Act has extraterritorial scope.>*

Smart Energy Expert Group (SEEG) and the Data for Energy process. The SEEG was established by
Commission Decision C/2023/6121 in September 2023 to advise the Commission on the digital and
sustainable transformation of the EU energy system. It is co-chaired by DG Energy and DG CONNECT
and draws its 36 member organisations from European sector associations (including Eurelectric,
smartEn, ESMIG, and EASE), national regulatory bodies (ACER, BEREC), and the TSO and DSO
representative bodies (ENTSO-E, ENTSOG, DSO Entity). The SEEG operates through three subgroups:
Data for Energy (D4E), Consumer Empowerment and Protection, and Cybersecurity. D4E is the

52 JRC, CoC signatory list and stakeholder feedback summary (2024-2025). Stakeholder consultation responses noted the CoC was 'too
focused on EN 50631".

53 smartEn (Smart Energy Europe), position paper on CoC and Matter-SAREF alignment (2024-2025).



subgroup most directly relevant to demand flexibility protocols and held its first meeting in November
2024,

D4E’s mandate covers the development of shared specifications and minimum interoperability
mechanisms for energy data exchange, with priority areas including demand-side flexibility, electric
vehicle smart charging, and smart buildings. It is a policy advisory process rather than a standardisation
body: its outputs are recommendations to the Commission, which would need to be translated into
legislation or delegated acts before becoming binding on manufacturers or market participants. No
formal outputs had been published as of early 2026. The SEEG process operates at a different level of
abstraction than the CoC — which is a concrete industry agreement with specific use cases and
signatories — and is earlier in development than the Network Code on Demand Response, which is EU
secondary legislation already submitted to the Commission. OpenADR is among the protocols within
DA4E’s interoperability scope, but no formal protocol assessment or endorsement had been made as of
early 2026.

Data Act limitations. The Act does not specify protocols, APl formats, data standards, or ontologies.
Article 33 establishes essential requirements for interoperability and empowers the Commission to
request harmonised standards, but as of early 2026 none of this standardisation work has been
completed for energy products. Manufacturers are likely to comply minimally — for example, by
providing a proprietary cloud API returning data in a manufacturer-specific JSON format. Such an
approach would meet the Act's requirements without delivering the cross-manufacturer
interoperability that DF requires.

Assessment. The optimistic reading is that the CoC provides semantics and the Data Act provides legal
force, together creating pressure toward interoperable DF products. The more cautious reading —
which the evidence currently supports — is that the Data Act is mandatory but format-agnostic
(manufacturers comply minimally), the CoC specifies semantics but is voluntary (only a fraction of
manufacturers participate), and the protocol layer between them remains unresolved. The EU is
building semantic and legal layers in parallel, but the connection between them is largely theoretical.



This annex lists the categories of stakeholder organisations whose work informed the report through
published materials, standards documents, and consultation records, supplemented by direct
interviews. It does not imply that all listed organisations were directly interviewed.

Octopus Energy (UK)
OhmConnect (USA)
Voltalis (EU)

Applia (EU)

EHI — European Heating Industry (EU)
EHPA — European Heat Pump Association (EU)
AHAM (USA)

CHEAA (China)

JEMA (Japan)

KEA (Korea)

CEAMA (India)

ANFAD (Mexico)

ELETROS (Brazil)

SADA (South Africa)

CESA (Australia)

CLASP (International)
IEC (International)

Organisation behind the communication protocols and standards

HEMS manufacturers

Cloud translation services providers
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