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Abstract—The increasing deployment of heat pumps,
electric vehicles, and rooftop photovoltaic systems in
residential distribution grids raises both local flexibility
potential and the risk of synchronized peak loads,
especially under dynamic electricity tariffs. This paper
proposes a decentralized, market-based coordination
scheme in which household agents independently opti-
mize their energy schedules via a rolling-horizon linear
program and submit aggregated flexibility offers to a
central coordinator. The coordinator resolves feeder
congestion through merit-order activation without ac-
cessing device-level household data, preserving con-
sumer privacy. The scheme is evaluated across sea-
sonal, tariff, and capacity limit scenarios using time-
series data from a real-world prosumer neighborhood of
36 households in Germany. Simulation results demon-
strate that merit-order activation resolves feeder con-
gestion in the majority of time steps, with total coor-
dination costs remaining modest across all households.
Full neighborhood participation is identified as a nec-
essary condition for reliable congestion resolution. The
coordination cost structure supports a self-financing
levy comparable to existing smart meter fees under
German regulatory requirements.

Index Terms—demand-side management, local flex-
ibility market, merit-order, energy management sys-
tem, prosumer, peak load reduction, distribution grid,
energy-agents

I. INTRODUCTION

Electrification is a key component of the transition to-
wards a sustainable energy system. The increasing deploy-
ment of technologies such as heat pumps and electric vehi-
cles is expected to significantly raise electricity demand in
the residential sector. At the same time, the introduction
of dynamic electricity tariffs encourages consumers to shift
their consumption to periods of lower prices. While this
can improve overall system efficiency, it may also lead
to a temporal concentration of electricity demand within
short time intervals. As a result, stress on both national
and local electricity transmission and distribution grids is
likely to increase. Demand-side management (DSM) offers
a potential solution by providing flexibility on the con-
sumption side and thereby helping to mitigate peak loads
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and relieve pressure on the grid. The concept is becoming
increasingly relevant for private households, particularly
as the growing deployment of rooftop photovoltaic (PV)
systems and flexible tariffs increase variability at local grid
nodes. This study therefore explores a market mechanism
for trading flexibility within a community of prosumers
in order to maintain stable grid demand. The commu-
nity considered in this study is based on a real-world
dataset from the planned Climate Improvement District
Bergneustadt, comprising 36 residential households with
detailed time-series data on electricity consumption and
heat demand [1]. While previous research has extensively
explored market-based DSM and local flexibility markets
(LFM), many proposed approaches rely on centralized co-
ordination structures, require extensive information shar-
ing, or focus primarily on large-scale market participants.
In addition, several models neglect practical implemen-
tation aspects at the household level, such as device-
specific flexibility constraints and privacy considerations.
This study contributes to the existing literature by inves-
tigating a decentralized flexibility market mechanism for
residential prosumers that specifically targets peak load
reduction at the local distribution grid level. Using an
agent-based simulation framework, individual households
optimize their consumption through an EMS and generate
flexibility offers based on device-level constraints of electric
vehicles and heat pumps. A central coordinator activates
these offers using a merit-order mechanism only when
local grid capacity limits are exceeded. By combining
household-level optimization with a minimal-information
coordination mechanism, the proposed approach aims to
demonstrate how local flexibility can be activated in a
privacy-preserving and economically efficient manner to
mitigate distribution grid congestion. The remainder of
this paper is structured as follows. Section II reviews
the relevant literature on DSM and LFMs. Section III
introduces the methodological approach and the design of
the proposed market mechanism, as well as an explanation
of the scenarios analyzed. Section IV presents the results
of the analysis, which are then discussed in section V.



Finally, Section VI summarizes the findings and provides
an outlook for future research.

II. LITERATURE REVIEW

A growing body of literature investigates DSM through
market-based flexibility mechanisms. In these approaches,
distributed energy resources and flexible loads provide
adjustments in consumption or generation that can be
activated to support grid operation. LFMs have emerged
as dedicated platforms for trading such adjustments to
manage local grid constraints [2], [3], [4]. Several studies
focus on the design of LFMs and the roles of different
market participants. Olivella-Rosell et al. [2] describe a
community-based flexibility market in which an aggre-
gator acts as the local market operator, collecting bids
from consumers and coordinating flexibility transactions
for services such as congestion management, time-of-
use optimization and community self-balancing. Similarly,
Torbaghan et al. [5] develop a LFM in which flexibility
is traded as a service, so that end users can monetize
their ability to shift load without entering wholesale en-
ergy markets. The paper introduces a combined aggrega-
tor—supplier role that collects household flexibility, forms
time-coupled flexibility profiles with a single price per
profile, and offers them to a market-clearing optimization
that maximizes social welfare while ensuring that the
needs of the distribution system operator (DSO) and
responsible parties are met in each time unit. Differ-
ent market-clearing mechanisms and pricing approaches
for coordinating flexible resources are discussed. Many
proposed LFMs rely on bid-based mechanisms in which
flexibility providers submit quantity—price offers that are
selected by an optimization or merit-order clearing process
to meet system requirements at minimal cost [5], [6].
Srinivasan et al. [7] present a game-theoretic dynamic
pricing model for DSM in Singapore’s electricity market.
They compare Real-Time Pricing (RTP), Time-of-Use,
and Day-Night pricing strategies across residential and
commercial sectors. The research demonstrates that RTP
achieves superior performance with 10% peak load reduc-
tion in residential sectors and 5% in commercial sectors,
while simultaneously increasing utility profits by 15.5%
and 18.7% respectively.

Other studies investigate more decentralized trading
approaches for activating flexibility. For example, Aminlou
et al. [8] proposes a fully decentralized peer-to-peer (P2P)
energy trading framework, allowing prosumers to trade
energy directly while maintaining privacy through limited
data sharing and allowing DSOs to mitigate network
congestion. The study employs the alternating direction
method of multipliers algorithm to solve the optimization
problem in two stages: day-ahead P2P market clearing
followed by intraday market activation when congestion is
forecasted. Simulation results demonstrate that customers
supply 15.9% of their demand through P2P trading and
achieve 99% compliance with the operators flexibility re-

quirements, proving the effectiveness of the decentralized
approach in maximizing social welfare while reducing net-
work congestion.

Abedrabboh et al. [6] review the application of mecha-
nism design in market-based DSM and categorize existing
approaches based on their design characteristics. The re-
view identifies several challenges for the practical imple-
mentation of mechanism design in DSM markets, including
privacy concerns, uncertainty in supply and demand, scal-
ability, and the accurate modeling of customer preferences.
It also highlights gaps in existing research, particularly
the lack of scalable indirect mechanisms and utility for-
mulations that capture complex consumer behavior and
intertemporal consumption patterns. Furthermore, most
models neglect physical network constraints, which limits
their applicability to real-world electricity systems.

Existing studies on LFMs demonstrate their potential
for congestion management in distribution grids. However,
many implementations rely on centralized coordination
mechanisms or require detailed information sharing be-
tween market participants and system operators. While
fully decentralized trading frameworks have also been pro-
posed, they often introduce substantial algorithmic com-
plexity and communication requirements. Consequently,
the practical applicability of these approaches at the
household level remains challenging. To address this gap,
this study proposes a hybrid coordination mechanism that
combines decentralized household-level optimization with
a minimal-information central activation process. House-
hold agents generate flexibility offers based on device-level
constraints, while a central coordinator activates these
offers through a merit-order mechanism only when feeder
capacity limits are exceeded, enabling privacy-preserving
and scalable congestion management in residential distri-
bution grids.

III. METHODOLOGY

The methodological framework consists of three com-
ponents: a household-level EMS agent (Section III-A), a
flexibility offer generation mechanism (Section III-B), and
a central coordinator (Section III-C).

A. Single Agent
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Figure 1. System components

The Agent functions as an Energy Management System
(EMS) and also provides the flexibility offers. Each agent



can be configured with flexible components, including
rooftop PV, battery storage, an electric vehicle (EV), and
a heat pump (HP) (Figure 1). The optimization itself is
formulated as a Linear Problem (LP) with the objective
function minimizing the total cost:

min Z (Giupply P — G]isnfeed Tinfeed) (1)
teT

GS"PPY is the grid supply, p; is the electricity tariff, which
can be scalar or a timeseries. Gi*e°d and rinfeed represent
grid infeed and infeed tariff. The model assumes perfect
foresight over a 24-hour horizon; in a real deployment, PV
generation and ambient temperature would be provided
as forecast inputs. The model does not know when an EV
will arrive though. It is only considered once it is plugged
into the wallbox. The user is then able to set a time, by
which they want the vehicle to be charged. Heat pump
flexibility is provided by a thermal storage unit. The full
mathematical formulation of the LP is given in Appendix

A.

B. Flexibility Offer Generation

For each 15 min timestep the agent generates one, two or
no flexibility offers. The overall process of offer generation
is illustrated in Figure 2. First, a reference schedule
(Plan A) is computed without grid import restrictions.
Based on this schedule, constrained variants are evaluated
if feasible. Variant B limits EV charging in the first
timestep, Variant C limits heat pump operation, and
Variant D limits both simultaneously.
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Figure 2. process diagram for offer generation
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Flexibility offers are then derived from the differences
between the reference schedule and the constrained vari-
ants. For each offer o, the offered flexibility is defined as
the reduction in grid import in the first timestep Gj'*:

1 1
fo=Go ™" = Goo'” (2)

The corresponding change in total cost C relative to the
reference plan is

AC, =C,—Cy (3)

To account for the urgency of deferred consumption, the
cost difference is adjusted by a variant-specific urgency
factor my,:

ACE =m, AC, (4)

The urgency factor m, is introduced to reflect the
increasing opportunity cost of deferring consumption when
operational constraints become binding. For EV charging,
the factor scales between 1 and 2 depending on the re-
maining time available to reach the charging target. For
heat pump operation, the factor ranges from 1 to 1.5
depending on the thermal energy stored in the thermal
energy storage system. For the combined restriction of
both devices, the factor is bounded between 1 and 3
to reflect the compounded urgency of both loads. Since
each optimization variant produces a discrete flexibility
volume, the resulting flexibility supply curve is stepwise,
corresponding to a piecewise linear representation of the
household’s opportunity cost. As noted by Abedrabboh
et al. [6], such representations are widely used in DSM
market mechanisms to approximate consumer preferences
when explicit utility functions are difficult to specify. The
range of the urgency factor could be configurable by
the user to reflect individual preferences regarding the
willingness to defer consumption or accept deviations from
the optimal schedule. The values used in this study are
therefore chosen for illustrative purposes and should be
understood as exemplary parameter settings rather than
calibrated behavioural parameters.

The resulting offer price per unit of flexibility is then
given by

ACad]

fo

Finally, the resulting offers are submitted to the central
coordinator.

(5)

To —

C. Central Coordinator

The central coordinator acts as the local market opera-
tor at the feeder level and operates synchronously with all
household agents at every 15 min time step. It aggregates
the baseline grid demand of all agents and compares the
resulting feeder load to a predefined grid capacity. If the
capacity is exceeded, the central coordinator sorts the
flexibility offers submitted by the agents in merit order
based on price per kilowatt and activates the cheapest
offers until the feeder load falls below the allowed limit.
To preserve household privacy, the coordinator receives
only aggregated flexibility offers from each agent and
does not access device-level information. In addition, the
coordinator enforces a per-household PV feed-in cap so
that a tighter feeder capacity simultaneously restricts both
import and export at each grid node.

At each time step t, the coordinator first aggregates the
baseline grid imports of all N = 36 agents to obtain the
feeder load
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This value is then compared to the feeder capacity limit
P It Ppfeeder < ?feeder, no action is taken and all
agents execute their baseline schedules. If the feeder load
exceeds the capacity limit, all submitted flexibility offers
are ranked in ascending order of their offer price j\f .
[€/kW], forming a merit-order list.

The coordinator then activates offers sequentially, start-
ing with the lowest-priced offer, until the feeder load falls
below the permitted limit. When an offer is accepted, the
corresponding agent switches from its baseline schedule to
the offered curtailed schedule for the current time step.
The activated agents receive a compensation payment
according to their submitted offer price.

If the total available flexibility is insufficient to elim-
inate the grid congestion after exhausting all submitted
offers, the coordinator activates all available offers. In the
next time step t+1, all agents re-optimize their schedules
based on their updated storage states and the new system
conditions.

D. Scenarios

The simulated scenarios vary across three dimensions:
season, tariff type, and feeder capacity limit. Additionally,
scenarios with a restricted battery charge power and only
partial participation within the residential community are
considered.

Season: Two representative weeks are simulated at
15min resolution, producing 672 time steps per week.
January represents the winter period, characterized by
low PV generation, sustained heat pump operation to
meet space-heating demand, and morning and evening
consumption peaks. August represents the summer period,
characterized by high PV generation, negligible space-
heating demand, and EV charging behavior shifted toward
midday hours to maximize PV self-consumption. These
two weeks were selected to capture the seasonal extremes
of the load patterns.

Tariff Type: Each week is evaluated under two tariff
regimes. The flexible tariff applies hourly day-ahead spot
prices from the EPEX SPOT DE/AT market published
on the SMARD platform [9], augmented by all applicable
taxes, levies, and grid fees to reflect end-consumer price
levels. The fized tariff applies a constant retail price of
28 ¢t /kWh, eliminating price-driven flexibility and allow-
ing the contribution of the EMS to be assessed indepen-
dently of tariff design. In both regimes, excess PV energy
fed into the grid is compensated at an assumed feed-in
tariff of 6 ct/kWh. Comparing the two regimes isolates the
extent to which dynamic pricing alone reduces peak load
through DSM.

Feeder Capacity Limit: For each tariff regime,
four feeder capacity limits are tested: Pfeeder

{70,90,100,10000} kW. The values 70, 90, and 100 kW
represent mild, moderate and severe congestion levels.
The maximum limitation of 10000 kW is set several orders
of magnitude above the rest and therefore serves as the
unconstrained reference in which no capacity violation

occurs and no flexibility offers are ever activated.

IV. RESULTS

This section presents the simulation results of the pro-
posed decentralized coordination mechanism. First, the
introduction of dynamic electricity tariffs without grid re-
strictions are examined and how it affects consumption be-
havior. Then the effects of grid limitations on the summer
(PV feed-in) and winter scenarios (peak load from heat
pumps and electric vehicles) are analyzed, focusing on the
economic impact and the significance of the participation
rate in regulatory operations.

A. Demand Side Management

Figure 3. Load profiles without restriction: Fixed Tariff (Grey) &
Flexible Tariff (Green)

To illustrate the fundamental problem of market-based
DSM without local grid restrictions, Figure 3 shows the
aggregate load profile of the 36 households over three
days. A fixed electricity tariff (grey area) and a flexible
tariff (green area) are compared, superimposed with the
dynamic electricity price (red line).

The results clearly show that households on flexible
tariffs shift their consumption behavior, especially flexible
loads such as electric cars and heat pumps, to times
when electricity prices are lowest. While this leads to
cost savings at the household level, it also generates
highly synchronized and massively increased peak loads
at the grid level. While the load is distributed relatively
evenly and shows moderate peaks in the fixed tariff,
the aggregate peak load in the flexible tariff increases
significantly. This confirms the hypothesis put forward
in the introduction that price-oriented consumption
behavior without local coordination can lead to critical
overload of local distribution grids.



In addition to limiting grid consumption, stable grid
operation also requires the regulation of feed-in, especially
during periods of high photovoltaic generation. Figure 4
shows an example of a three-day period in summer during
which the aggregate feed-in from households is limited to
70 kW.
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Figure 4. Load profiles summer: Max. generation capacity (blue),
without grid restrictions (yellow), 70 kW limitation (red)

The graph illustrates the negative load flows, i.e., the
feed-in to the grid. The blue line marks the maximum
possible feed-in resulting purely from weather-dependent
PV generation. The yellow area shows the actual feed-in
in the unlimited reference scenario. This is naturally
lower than the theoretical maximum (blue), as the
locally generated electricity is first used to cover the
household’s own load. Finally, the red area illustrates
the regulated scenario with an active grid limitation
of 70 kW. The visible difference between the unlimited
feed-in (yellow) and the capped feed-in (red) represents
the amount of PV electricity that must be curtailed due
to grid restrictions. Since this energy cannot be fed into
the grid, it results in a direct economic loss for households.

The winter scenario is characterized by high simultane-
ity factors for heat pumps and evening charging of electric
vehicles. Figure 5 compares three scenarios for a winter
week with a flexible tariff: the unrestricted reference profile
(green), regulation to a limit of 100 kW with a 100 %
participation rate of all 36 households (blue), and the same
limit with a reduced participation rate of 50 % (orange).

Figure 5. load profiles winter: without grid restrictions (green), 100
kW limitation 18 households (blue), 100 kW limitation (orange)

The unregulated profile (green) once again highlights
the massive price-induced load peaks that far exceed grid

capacity. With full participation of all households in the
flexibility market (orange), the Central Coordinator is able
to reliably cap the aggregate load at the 100 kW limit using
the merit order mechanism. Demand is successfully shifted
to later, less grid-critical time slots without compromising
end customer comfort (e.g., target charge level of elec-
tric cars). However, the scenario with only 50 % market
participation (blue) is critical. Here, it becomes apparent
that the flexibility of the participating households alone
is no longer sufficient to compensate for the inelastic and
synchronized load of the non-participating households. As
a result, the grid limit of 100 kW is regularly exceeded
significantly. These results indicate that a LEM requires a
sufficiently high household participation rate to effectively
resolve local grid congestion.

B. Economic Impact

In order to assess the economic efficiency of the
proposed coordination mechanism, the total costs of the
unrestricted reference scenarios are compared with the
regulated scenarios for one summer and one winter week
respectively.

A fundamental distinction must be made between ex-
ternal cash flows with the grid operator and the internal
market volume of the LFM. With regard to external sys-
tem costs, the aggregate electricity procurement costs for
all 36 households rise from 1569,60€ to 1604,28 € in the
winter scenario due to the 70 kW limit. The difference of
34,68 € represents the actual net additional costs incurred
by the community as a result of the forced load shifting
to marginally more expensive time slots. In the summer
scenario, this dynamic is reversed: here, revenues from PV
feed-in decrease from 207,84 € in the unrestricted case to
only 45,99 €. This economic loss of 161,85€ (opportunity
cost) results from the forced curtailment of surplus energy,
which cannot be permanently capped and shifted to other
time slots due to a lack of sufficient local storage capacity.

In addition to these external effects, the internal market
volume must also be considered. The total transaction
volume within the LFM amounts to 47,69€ in the winter
scenario, while in summer it is only 6,25€. The winter
value consists of internal compensation for external dis-
placement costs (approx. 35€) and an additional urgency
surcharge of around 13 €.

V. DISCUSSION
A. Perfect Foresight and Forecast Uncertainty

In the conducted simulation, household agents oper-
ate with perfect foresight over the 24-hour optimization
horizon: PV generation, load profiles, and EV charging
schedules are assumed to be known at the start of each
optimization interval. This constitutes an upper bound on
achievable system performance. In practice, the rolling-
horizon structure re-solves the LP at each time step;
however, all inputs are drawn from the same deterministic



profile rather than updated real-time measurements or
short-horizon forecasts. Replacing these with continuously
updated forecast data would more closely reflect real
deployment conditions. An overestimated PV forecast, for
example, causes the agent to defer grid import in anticipa-
tion of self-generation that does not materialize, resulting
in a baseline schedule that underestimates actual grid de-
mand and thereby reduces available flexibility at the mo-
ment of coordinator activation. Similarly, inaccurate heat
demand predictions can cause the agent to enter a time
step with insufficient thermal reserve, limiting the permis-
sible curtailment of the heat pump. It should be noted that
the model already incorporates a minimum state-of-charge
constraint for the battery storage, which acts as a safety
buffer against forecast-induced infeasibility. The natural
extension of the existing rolling-horizon structure is there-
fore stochastic rolling-horizon optimization, in which the
agent minimizes expected cost across a set of probabilistic
forecast scenarios [10]. This approach handles forecast
uncertainty directly within the LP formulation via chance
constraints, adding time-varying safety buffers to storage
and thermal reserve constraints to maintain feasibility [11].
Compared to purely deterministic re-optimization with
updated inputs, stochastic variants offer a more principled
treatment of uncertainty at increased computational cost,
and are identified as the most methodologically relevant
extension of the present work.

B. Cost Allocation and System Self-Financing

The compensation paid to each activated household
equals the exact increase in electricity cost caused by
the curtailment, scaled by the urgency factor. With the
urgency factor on top, the activated households receive
a payment above their realized opportunity cost. This
surplus serves as an explicit participation incentive within
the residential area. Therefore, households that accept
load shifting actively profit from providing flexibility and
make voluntary participation individually rational.

Aggregated over the weeks in the simulated scenario,
the total transaction volume within the LFM amounts to
47,69 <€ in the winter scenario and 6,25€ in summer. The
winter volume comprises approximately 35 <€ in direct dis-
placement compensation and 13€ in urgency surcharges.
Extrapolating to a full year, assuming 13 winter weeks, 13
summer weeks, and 26 intermediate weeks at an average
of 27€ per week, yields an estimated annual system
cost of approximately 1400€. Distributed equally across
all N = 36 households and adding a markup factor of
1.5 for coordination infrastructure, the required monthly
levy is approximately 5€ per household, comparable to
the annual smart meter fee mandated under §30 MsbG
for intelligent metering systems [12]. This ensures the
LFM is fully self-financing without external subsidy and
households that provide flexibility receive compensation
payments that partially or fully offset the levy, thereby
generating a net financial benefit for active participants.

Households that are unwilling to engage in grid-supportive
behavior therefore effectively subsidize the load shifting of
participating households through their monthly fee.

In the present study all households share identical device
configurations, making a flat per-household levy equitable.
When transferring the scheme to neighborhoods with het-
erogeneous equipment that cannot fully participate, a flat
fee would disadvantage households with limited flexible
assets. Households without flexible assets — for example,
tenants in older buildings without heat pumps or EVs —
cannot earn compensation payments and therefore bear
the full levy without financial benefit. This introduces a
non-negligible element that must be addressed in any real-
world deployment.

At the same time, a universally applied levy creates a
marginal financial incentive for unequipped households to
invest in flexible assets, transitioning from net payers to
potential net beneficiaries. The levy magnitude as derived
before is unlikely to be the primary driver of investment
decisions, but it represents a consistent price signal that
complements existing national subsidy programs. This
incentive could be strengthened by increasing the urgency
factor or introducing a capacity-based bonus on submitted
flexibility offers, directly raising the compensation received
by active households. In this sense, the levy mechanism
is structurally aligned with the broader goals of the En-
ergiewende, because it internalizes part of the grid cost
of inflexibility and rewards households that contribute to
distribution network stability.

C. Data Security

The proposed system architecture limits the information
shared with the central coordinator to the transmitted
offers. Market clearing happens without disclosing the
internal state of any household. Compared to fully central-
ized optimization approaches that require complete device-
state visibility, the proposed scheme therefore offers a
structural privacy advantage. Since end-to-end encryption
is not modeled in the current simulation, unencrypted
access to submitted offer prices could infer approximate
device states through side-channel analysis over time.
However, for a real-world deployment this encryption
would be a standard requirement and a necessity.

Within the System the central coordinator constitutes
a single point of failure. At this bottleneck a success-
ful attack could disable congestion management for the
entire community, and a compromised coordinator could
selectively suppress or manipulate activation decisions.
Critically, however, a coordinator outage does not lead
to an inoperable system. In the absence of coordination
signals, all agents execute their baseline schedules and
continue to receive and consume energy normally. This
limits the consequences of an attack to a temporary loss
of congestion management rather than a loss of household
energy supply. The resulting unresolved feeder congestion
would fall within the responsibility of the DSO, who



may respond through conventional network management
measures such as the use of positive or negative balancing
energy. This highlights a broader system dependency: the
proposed LFM reduces but does not eliminate the DSO’s
need for fallback intervention capacity.

A further limitation concerns market integrity. In the
present simulation, all agents submit truthful stated offers
that reflect the actual increase in household electricity ex-
penditure under the constrained schedule. In a real deploy-
ment, a strategically acting agent could submit inflated
offers exceeding its true opportunity cost, thereby maxi-
mizing compensation payments while remaining competi-
tive enough to be activated in merit order. This behavior
would increase total congestion management costs with-
out delivering additional physical flexibility. A lightweight
mitigation that preserves the privacy properties of the
proposed architecture is ex-post smart meter verification
[13]: after activation, the coordinator compares the agent’s
stated cost 5C£ft against the actual change in metered
grid import AG}", available from the household smart
meter without exposing any device-level state information.
Systematic deviations across multiple activations would
flag a potentially strategic agent for a close review. This
approach requires no change to the offer tuple structure
and is compatible with the system.

VI. CONCLUSION AND OUTLOOK

The present paper proposes and evaluates a decentral-
ized, market-based flexibility coordination scheme for a
low-voltage neighbourhood of 36 prosumer households,
each equipped with a rooftop PV system, battery storage,
a heat pump and an electric vehicle. Each household
agent independently solves a rolling horizon mixed-integer
linear programming problem to generate device-level flex-
ibility offers, while a central coordinator resolved feeder
congestion via merit-order clearing without accessing any
household device states. The scheme was evaluated across
multiple scenarios as described in section III. The key
findings are as follows:

Merit-order activation successfully reduced feeder load
to the defined capacity limits in the majority of time
steps. Residual violations occurred primarily when bat-
tery storage was unconstrained and households charged
simultaneously at low electricity prices under the flexible
tariff — a situation in which the available flexibility
was insufficient to fully compensate for the price-induced
demand concentration.

Total congestion management costs remained modest
across both seasons, with the winter scenario generating
significantly higher internal market volume than summer,
driven by the simultaneity of heat pump and EV demand
peaks. In both cases, the merit-order mechanism resolved
the majority of congestion events at prices close to the
marginal opportunity cost of the activated households,
indicating an economically efficient allocation of flexibility.

PV feed-in curtailment in summer represents the pri-
mary economic loss under tight capacity limits, as insuffi-
cient local storage prevents permanent temporal shifting of
surplus generation. Incorporating battery storage and PV
generation directly as flexibility market participants could
substantially reduce this curtailment loss and represents a
natural extension of the present framework.

Full neighbourhood participation is a necessary condi-
tion for effective congestion management. At 50 % partic-
ipation, the flexibility of enrolled households was insuffi-
cient to compensate for the inelastic synchronized load of
non-participating households, leading to repeated capacity
violations.

These results demonstrate that merit-order flexibility
coordination is a viable alternative to centralized opti-
mization for congestion management in low-voltage pro-
sumer networks. Several directions for future work fol-
low directly from the limitations identified in Section V.
Replacing perfect foresight with probabilistic forecasts
constitutes the most immediate extension. Evaluating the
scheme over a full calendar year would validate the sea-
sonal extrapolations underlying the levy calculation and
allow a more robust assessment of system self-financing.
Furthermore, incorporating negative flexibility offers —
enabling agents to increase consumption or feed-in on
coordinator request — would unlock additional degrees
of freedom in summer scenarios with high PV surplus.
Finally, extending the agent model to heterogeneous neigh-
bourhood configurations, including households without
flexible assets, and validating the smart-meter-based ex-
post verification mechanism against strategic agents rep-
resent the key steps towards real-world deployment.
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APPENDIX

A. Sets

T  Set of time periods indexed by ¢

B. Parameters

Dt Electricity price at time ¢ [€/kWh]

rinf Feed-in tariff [€/kWh]

L Household electricity demand at time ¢ [kW]

PtPV’f orecast  Forecast PV generation at time ¢ [KW]

ppat. Maximum battery charging/discharging power [kW]
Ef,%w Battery energy capacity [kWh]

SOCf,‘jitn Minimum battery state of charge fraction -]

nbt Battery efficiency [-]

PEV. Maximum EV charging power [kW]
plugs Binary parameter indicating if EV is plugged in at time ¢
EEVtarget EV charging target energy [kWh]
TEV:target Time step at which EV target must be reached
COP, Heat pump coefficient of performance [-]
PP Maximum electrical power of heat pump [kW]
Dheat Thermal heat demand at time ¢ [kWyp]
ETES Thermal energy storage capacity [kWhyy,]
SOCTES Minimum TES state of charge [kWhy]
At Duration of a time step [h]
. Decision Variables
G;"? Electricity supplied from the grid [kW]
it Electricity fed into the grid kW]
PFV PV electricity used locally [kW]
peurt Curtailed PV power kW]

phatin Battery charging power kW]

pPatout  Battery discharging power [KW]
SOCP*  Battery state of charge [kWh]
2 Binary battery mode variable
PEV EV charging power kW]

t

SOCEV ~ EV state of charge [kWh]

pPHP Electrical power consumption of heat pump [kW]
ar Thermal heat pump output [kWyp]

SOCTES  Thermal storage energy level [kWhyy,]

D. Objective Function

min 3 (G pdt - G AL
teT

E. Constraints

a) Energy balance:
Lt + PtHP _ Giup + PtPV + Ptbat,out _ Ptbat,in _ PtEV Yite T
b) PV balance: _
PtPV + G;nf + Ptcurt _ PtPV,forecast Vi e 7—

c¢) Grid feed-in limit: 4 4
Gt <ant wieT

max

d) Battery constraints:
Socbat < Ebat
t — mazx
SOCtbat Z SOCbat Ebat

min—~max



e) Battery state of charge dynamics:

S0C;™ = S0C, -

Ptbaii outAt

Ve

f) Battery charge/discharge exclusivity:

g) EV charging:

h) EV state of charge:

i) EV charging target:

j) Heat pump operation:

k) Thermal storage dynamics:

) Thermal storage limits:

m) Initial conditions:

Pbat in < Pbaf

maw

Ptbat sout Pbat (1 _ Zt)

max

PEV < PEV . plug,

SOCEV SOC’f Pfi‘fAt\/W
SOC BV target = EEV,ta'rget . REV
P =pl*t.cop,

PHP < PHP

SOCTPS = SOCE® + QI At — Dy<i' At

SOCTES < ETES

max

SOCTES > SOCTES

mwn

Socbat Socbat 0
S0CEY = socFV:0
SOCTES SOCTES 0

‘Ptbat1 ZnAt\/m



