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ABSTRACT The fast-growing penetration of distributed energy resources (DERs) is transforming traditional
unidirectional power system networks into dynamic, bidirectional systems. This evolution demands
new coordination mechanisms between distribution system operators (DSOs) and DER owners through
aggregators to maintain network reliability while enabling active market participation. Existing transactive
energy (TE) frameworks often treat market clearing, network constraints, and real-time DER control in
isolation, limiting their practical deployability. To address this gap, this paper proposes a hierarchical TE
framework that couples the day-ahead (DA) and intra-day (ID)markets withmodel predictive control (MPC)-
based DER management. The DSO first derives network-certified export limits for each aggregator by
enforcing voltage and thermal limits on a modified IEEE 123-bus feeder. These limits serve as operating
bounds in a two-stage DA-IDmarket clearing process that selects cost-effective aggregators while respecting
network and energy budget constraints. Aggregators then employ MPC to schedule DERs optimally within
these limits while adapting to updated market signals. A unified settlement mechanism links the market
and control layers across timescales. Simulation results on a modified IEEE-123 bus test system show that
the proposed framework maintains network feasibility, supports coordinated DA-ID redispatch, and enables
adaptive DER scheduling under varying operating conditions, offering a practical solution for network-aware
transactive coordination in future decentralized power systems.

INDEX TERMS Energy market, model predictive control, MILP, day-ahead market, intra-day market,
prosumer, DERs, battery and storage, solar photovoltaics.

NOMENCLATURE
Indices
t Day-ahead market time index.
k Intra-day clearing index.
τ Time index within intra-day rolling horizon.
n MPC time-step index.
g Aggregator index.
i Bus index.
ℓ Line index.
φ Phase index.

Sets
G Set of aggregators.
GDA Set of aggregators selected in the DA market.

The associate editor coordinating the review of this manuscript and

approving it for publication was Reinaldo Tonkoski .

T DA Set of time periods in the DA market horizon.
T ID Set of time periods in the ID rolling horizon.
N (τ ) Set of MPC steps contained in ID interval τ .
Ft Network-feasible export set at DA interval t .

Variables
Bg,t DA baseline export power (kW).
Yg,k,τ ID scheduled export power (kW).
1

↑

g,k,τ , 1
↓

g,k,τ Upward/downward deviation from DA
baseline (kW).

xg DA participation binary variable.
zg,k,τ ID participation binary variable.
Pnetn Net power exchange at MPC step n (kW).
pselln , pbuyn Grid export/import power at MPC step n

(kW).
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En Battery state of energy (kWh).
cn, dn Battery charging/discharging power (kW).
γ PVn , γ Ln PV and load curtailment (kW).
sDAt , sIDk,τ , s

flr
τ DA shortfall, ID shortfall, and

floor-violation slack variables.

Parameters
RDAt ,RIDk,τ DSO DA and ID export require-

ments (kW).
Pmax,DA
g,t ,Pmax,ID

g,k,τ Certified DA and ID export
upper bounds (kW).

Ebud,DA
g ,Ebud,ID

g,k DA and ID energy budgets
(kWh).

cDAg,t , c
ID
g,k,τ DA and ID offer prices ($/kWh).

cbuyn , cselln Grid import and export energy
prices at MPC step n ($/kWh).

π
↑

t(τ ), π
↓

t(τ ) Upward and downward
imbalance settlement
coefficients ($/kWh).

λDA, λID, λcap, λPV , λL Penalty coefficients.
1tA, 1tL Market interval and MPC

time-step duration (h).

I. INTRODUCTION
The power grid and electricity market were initially designed
for unidirectional energy transfer from large-scale centralized
producers to end consumers. However, in recent years, the
grid has undergone significant changes with the increasing
integration of distributed energy resources (DERs). Addi-
tionally, smart grid technology is also shaping the modern
grid [1]. The addition of these DERs, e.g., battery energy
storage systems (BESS), photovoltaic (PV) panels, and
flexible loads has driven the need to restructure the electricity
market to enhance grid flexibility, ensure fair compensation
mechanisms, and support efficient integration of distributed
resources [2].

To better articulate, an electricity market should encourage
consumers to invest in renewable energy (RE) based DERs
while also forming a bi-directional pathway to allow
these DERs to participate in the existing energy market.
Although a new concept, local electricity markets (LEMs)
can enable traditional consumers to become prosumers
(producers/consumers), share their energy with neighbors,
feed it back into the grid, or reduce their load consumption.
The increasing number of DERs raises questions regarding
how to coordinate them more effectively.

The challenge of bi-directional communication and coor-
dination of DERs can be addressed through an entity termed
the distribution system operator (DSO). Although it is a new
concept, a DSO can be considered an advancement of the
distribution management system (DMS). Given the limited
visibility and control of the transmission system operator
(TSO) over the distribution system, the DSO can be a bridge
between the TSO and the prosumers. The DSO operates
as an independent unit without bias and has the role of

operating the local distribution system securely, balancing
supply and demand at the distribution level, and bridging
the wholesale and transactive energy (TE) markets [3]. The
GridWise Transactive Energy Framework defines TE as ‘‘a
set of economic and control mechanisms that allow the
dynamic balance of supply and demand across the entire
electrical infrastructure using value as a key operational
parameter’’ [4].
An important consequence of this transition is that coor-

dination can no longer be handled only through centralized
generation scheduling. DERs must be coordinated across
markets, networks, and device control layers while preserving
distribution-system security. The need for such coordination
is particularly pronounced at the distribution level, where
high DER penetration can create reverse power flow, local
congestion, and voltage violations that are not visible to
upstream operators.

In the United States, FERCOrder No. 2222 has accelerated
interest in DER aggregation by requiring Independent
System Operator (ISO) tariffs to accommodate distributed
energy resource aggregations as market participants and
to specify coordination, locational, metering, and bidding
provisions [5]. However, Order No. 2222 does not define
a universal distribution-level market architecture or stan-
dardized DSO role. As a result, an important research
question remains: How should distribution-level coordination
be organized so that aggregatedDER participation can remain
economically meaningful while respecting local voltage and
thermal constraints? This question is particularly relevant for
frameworks in which multiple aggregators interact with a
distribution operator that must validate the network feasibility
before flexibility is committed upstream. This coordination
between aggregators, DSOs, and wholesale markets fosters a
decentralized, flexible, and consumer-driven energy ecosys-
tem [6].
In the TE systems, a vast amount of DERs need to be

managed efficiently through various control mechanisms
and price signals at different levels of transmission and
distribution networks, thereby maintaining a supply-demand
balance [7], [8]. From a control perspective, managing
a substantial number of DERs is a challenging task for
the DSOs, specially in large distribution networks where
voltage violations and line congestion are common obstacles
to reliable operation [9], [10]. To solve this problem,
an aggregator can act as an intermediary between the
DSO and individual prosumers. From an operational per-
spective, aggregators provide an intermediate coordination
layer between individual DER owners and the distribution
operator. An aggregator manages a portfolio of flexible
resources, submits market offers on behalf of that portfolio,
and coordinates local DER dispatch subject to contractual
and technical limits. When multiple aggregators operate
within the same distribution area, the distribution operator
must evaluate not only offer prices and quantities but also
the network impact of concurrent aggregator actions. This
creates a coordination problem that is neither purely a

VOLUME 14, 2026 83407



A. A. Mamun, B. H. Chowdhury: Multi-Timescale Transactive Energy Framework Using MPC

wholesale-market bidding problem nor purely a local control
problem. In general, DER owners will have a contractual
agreement with the aggregator, allowing it to optimally
control their DERs to minimize costs and gain from market
participation.

A. LITERATURE REVIEW
In [11] and [12], the authors proposed utilizing electric
vehicle aggregators for energy market participation. In [13],
microgrid (MG) based aggregators participate in the real-time
balancing market. In the U.S. energy market, companies such
as Base Power and CPower Energy exemplify real-world
implementations of aggregator concepts; Base Power oper-
ates as a retail energy provider in Texas that aggregates
residential batteries into virtual power plants participating
in ERCOT’s grid services, while CPower Energy functions
as a national distributed energy resource (DER) aggregator,
integrating commercial and industrial loads to provide
demand response and capacity services across multiple
wholesale markets.

Recent literature has extensively studied network-
constrained participation of DER aggregations in elec-
tricity markets. A significant body of work formulates
network-secure bidding strategies using AC optimal power
flow (OPF), linearized distribution models, or sensitivity-
based constraints to ensure that DER offers remain feasible
under voltage and thermal limits. Representative approaches
include AC-OPF-based bidding, distribution locational
marginal pricing (DLMP) formulations, and flexibility
envelope methods that characterize feasible export regions
for aggregators under network constraints [14], [15]. More
recent studies have further extended these formulations
to incorporate detailed distribution system models, includ-
ing unbalanced three-phase representations and nonlinear
power flow constraints, enabling accurate monitoring of
voltage and line loading at high DER penetration levels.
These works demonstrate that network-aware bidding is a
well-established research direction; however, they typically
focus on single-stage market clearing and do not explicitly
address how such network-feasible limits propagate across
multiple market timescales or into real-time DER control
layers.

A parallel stream of research addresses DSO-aggregator
coordination using distributed and decentralized optimiza-
tion frameworks, including alternating direction method of
multipliers (ADMM)-based methods and transactive control
architectures. For instance, distributed transactive energy
trading frameworks have been proposed to coordinate
multiple agents in distribution networks while preserving
privacy and scalability [16]. ADMM-based approaches have
further enabled scalable coordination of large populations of
distributed resources, such as residential demand response
and flexible loads, through iterative decomposition and
local optimization [17]. In addition, decentralized transactive
control strategies have been developed for coordinating
aggregators, such as electric vehicle fleets, under uncertainty

using approximate dynamic programming and multi-agent
interaction mechanisms [18]. More broadly, TE frame-
works have been extended to coordinated multi-energy and
multi-microgrid systems, demonstrating how decentralized
decision-making can support economically efficient and
flexible system operation [19]. These approaches are attrac-
tive because they enable scalable coordination, preserve
participant autonomy, and can improve economic efficiency
through decentralized decision-making. However, they typi-
cally rely on iterative convergence processes, communication
among multiple agents, and careful tuning of coordination
parameters, which may introduce implementation challenges
in operational environments with many heterogeneous partic-
ipants and limited system visibility. In contrast, the proposed
framework adopts a sequential coordination structure that
avoids iterative distributed optimization while still incorpo-
rating network feasibility, market scheduling, and real-time
control within a unified workflow.

In [20] and [21], DSO-supervised energy trading and
coordination frameworks for local DER management have
been introduced. Nevertheless, one of the drawbacks of
these works is that the grid services from the DERs are
limited, meaning DER owners might not share energy with
the grid. Several studies on independent DER flexibility
service modeling have introduced key concepts and tools for
flexibility valuation mechanisms. For instance, the existing
literature offers diverse modeling approaches for DER bid-
ding in local flexibility markets and various methodologies
for calculating DLMPs [14], [15], [22]. However, since
these works primarily emphasize distributed frameworks
for individual DERs, they often overlook the coordination
mechanisms and incentive structures necessary to evaluate
aggregated network-level flexibility. In [23], a two-tier
structure with secondary markets at the feeder level and a
primary market at the substation level has been proposed.
The secondary market enforces budgets, power balance,
and flexibility constraints on consumers, while the primary
market enforces grid physics constraints and minimizes
line losses. Simulation results on a modified IEEE 123-bus
feeder show that the hierarchical LEM reduces distribution
locational marginal prices and retail tariffs. Such work
highlights the importance of layered market structures for
achieving high DER penetration. Still, it does not explicitly
integrate these markets with day-ahead (DA) and/or intra-day
(ID) wholesale schedules or DER aggregators.

Another relevant body of work focuses on hierarchical
control and model predictive control (MPC)-based DER
coordination. MPC has been used to aggregate residential
DERs for grid services, while network-aware aggregation
frameworks have demonstrated how feeder-level com-
mitments can be supported through layered control and
forecasting [24]. These studies are important precedents,
but their primary emphasis is on control architecture,
flexibility estimation, or feeder-level service delivery rather
than an explicit coupling of day-ahead commitment, intra-
day redispatch, and market-linked DER dispatch under a
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common settlement structure. In [25], a model-predictive
control (MPC) framework has been developed to aggregate
residential DERs for grid regulation services. Each controller
in the hierarchy evaluates the flexibility of its DERs and
computes optimal setpoints such that the DERs can provide
grid services; a bidirectional flow of information and
control signals ensures that distribution-connected DERs
participate in grid regulation while earning cost savings for
their owners. In [24], a network-aware distributed energy
resource aggregation has been introduced. The framework
consists of a utility controller, community aggregators,
and numerous home energy management systems (HEMS).
However, in both [24] and [25], the works focus on
distribution-level services such as voltage regulation and do
not address market participation or interactions with whole-
sale
markets.

In [26], Federated Architecture for Secure and Transactive
Distributed Energy Management Solutions (FAST-DERMS)
has been introduced, where it presents a hierarchical control
strategy combining stochastic optimization, MPC, and real-
time management, with simulation results illustrating the
firm feeder power-flow commitments to wholesale markets.
However, its control implementation does not include explicit
DA or ID market scheduling. In [27], a decentralized energy-
sharing framework has been proposed that considers network
constraints in the distribution network. However, the overall
social welfare has been disregarded.

In parallel with academic research, practical flexi-
bility market platforms have emerged, particularly in
Europe, demonstrating real-world implementations of multi-
aggregator coordination. Platforms such as Piclo Flex (UK),
GOPACS (Netherlands), Enera (Germany), and NODES
(Nordic countries) enable DSOs to procure flexibility ser-
vices from aggregators while maintaining network secu-
rity. These implementations highlight the feasibility of
market-based coordination at the distribution level, but also
reveal persistent challenges, including the integration of local
flexibility procurement with wholesale market schedules,
coordination across multiple system operators, and the
absence of unified multi-timescale frameworks linking day-
ahead, intra-day, and real-time operations [28].

It is important to note that several prior works incor-
porate detailed unbalanced three-phase AC modeling and
stochastic DER representations directly within optimization
frameworks. In contrast, the present work adopts a sequential
structure in which network feasibility is enforced through
three-phase power flow validation, while market and control
layers operate on simplified representations. This design
reflects a trade-off between modeling fidelity and com-
putational tractability, which is discussed further in later
sections.

Table 1 highlights that, unlike distributed optimiza-
tion approaches requiring iterative coordination, the pro-
posed framework achieves multi-timescale integration
through a sequential structure that preserves computational

tractability while maintaining network feasibility and real-
time
enforceability.

Importantly, most existing approaches address coordina-
tion either at the market level or at the control level, but
do not explicitly link decisions across multiple timescales in
a consistent operational workflow. The literature therefore,
indicates that the open problem is not the existence of
network-aware bidding, market-based coordination, or MPC-
driven DER control as separate ideas. Rather, the unresolved
issue is how to connect these layers in a way that is
computationally tractable, operationally interpretable, and
consistent with emerging distribution-level market practice.
In particular, there remains a need for a framework that:
1) translates distribution-network feasibility into actionable
export limits for multiple aggregators, 2) links DA and ID
market decisions under a consistent sequential structure, and
3) enforces those market commitments at the DER level
through receding-horizon control.

Accordingly, this paper is positioned as an inte-
grated multi-timescale coordination architecture for DSO-
aggregator interaction. The main contributions are as follows:

• A sequential coordination framework is developed in
which distribution-network feasibility is first translated
into aggregator-specific export envelopes and then
passed to the DA and ID market-clearing stages as
explicit operating bounds. Unlike existing studies that
treat market scheduling independently from feeder-
level validation, the proposed framework introduces a
practical intermediate coordination layer that preserves
network awareness while maintaining tractable market
clearing.

• A coupled DA-ID market formulation is presented to
determine baseline schedules and rolling redispatch
decisions for multiple aggregators under export limits,
energy budgets, and shortfall penalties. Unlike prior
studies that typically examine DA or ID decisions
in isolation, the proposed formulation links the two
timescales through shared physical and contractual
constraints.

• A market-aware aggregator MPC layer is formulated
to enforce assigned market commitments over fine
time steps while respecting local DER and intercon-
nection constraints. In contrast to existing MPC-based
DER scheduling studies that primarily focus on local
device optimization, the proposed controller is explicitly
driven by externally assigned DA/ID market obli-
gations, thereby connecting feeder-level market out-
comes with DER operation in a unified coordination
framework.

The rest of the paper is organized as follows: Section II
describes the methodology and overall architecture of the
system. Section III illustrates the test setup, while Section IV
presents the case studies and results to demonstrate the
performance of the proposed methods. Finally, the discussion
and conclusion of this work are presented in Section V
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TABLE 1. Positioning of the proposed framework relative to representative prior work.

II. METHODOLOGY
The TE framework in this paper encompasses four major
entities: TSO, DSO, aggregator, and prosumer/consumer as
depicted in Fig. 1. At the base of the framework, prosumers
and consumers are situated within the distribution network.
While prosumers are equipped with DERs, such as PV
systems, BESS, and flexible loads, consumers can also have
similar DERs. The difference between a prosumer and a
consumer in the context of this work is that prosumers
are connected to the aggregator and can both consume
and share energy with the grid through an aggregator-DSO
interconnection. In comparison, consumers are generally
electricity customers who don’t participate in the TE market
but play a critical role in the physical electrical system
through their energy consumption. A group of prosumers
is managed by an aggregator, which administers the DERs
within its region to ensure optimal operation and market
participation. For large distribution systems, there could be
multiple aggregators managing their own prosumers and
competing with other aggregators. Aggregators are generally
a for-profit entity with the objective of minimizing their
prosumers’ energy bill and making a profit by selling energy
back to the grid through the DSO. A DSO plays a crucial
role in the TE framework. While the aggregators act as
intermediaries between prosumers and the DSO, the DSO
provides the interface between aggregators and the TSO. The
DSO monitors the distribution network states and provides
network-aware limits to the aggregators. One of the key
roles of the DSO is to enforce nodal voltage and line
thermal constraints so that TE operations remain secure and
physically feasible. The DSO receives grid service requests
and LMPs from the TSO and administers the energy shared
by aggregators toward the upstream network. In addition,
the DSO clears the DA and ID markets by selecting the
most cost-effective aggregator offers subject to distribution
network limits. In the upper tier of the framework, the

FIGURE 1. TSO-DSO-Aggregator coordination in a TE market framework.

TSO governs the wholesale market and, in compliance
with FERC Order No. 2222, issues service requests to the
DSO in different scenarios (e.g., peak-load hours, frequency,
or voltage support).

A. THE DISTRIBUTION SYSTEM OPERATOR (DSO)
The DSO performs two main functions within the proposed
framework. First, it preserves reliable network operation
by monitoring nodal voltage magnitudes and line thermal
loading. Second, it clears the DA and ID flexibility procure-
ment problems so that distribution-level export requirements
are met at minimum cost while remaining consistent with
network feasibility.
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FIGURE 2. DSO network constraints verification flowchart.

1) NETWORK VIOLATION ASSESSMENT AND EXPORT
CERTIFICATION
Prior to DA market clearing, the DSO performs a network
violation assessment to determine secure export limits for
all participating aggregators. This stage is not treated as
an ex-post validation step. Instead, it is used to construct
network-certified admissible export limits that are later
enforced directly in the DA and IDmarket-clearing problems.
The DSO collects feeder topology, line and transformer
parameters, forecasted load and DER profiles, and expected
operating conditions over the study horizon as shown in
Fig. 2. A three-phase time-series power-flow simulation is
then performed to evaluate the effect of candidate aggregator
exports on phase voltages and line currents.

For each DA interval t ∈ T DA, let

pexpt =

[
Pexp1,t ,P

exp
2,t , . . . ,P

exp
|G|,t

]⊤

(1)

denote the vector of candidate active-power exports from all
aggregators. The DSO defines the network-feasible export set
as

Ft =

{
pexpt :

Vmin
i ≤ Vi,φ(p

exp
t ) ≤ Vmax

i ,

|Iℓ,φ(p
exp
t )| ≤ Imax

ℓ,φ , ∀i, ℓ, φ

}
(2)

where Vi,φ and Iℓ,φ are the phase voltage magnitude at bus
i and the phase current magnitude on line ℓ, respectively,
obtained from the three-phase power-flow model. This for-
mulation explicitly captures phase imbalance by evaluating
all quantities independently for φ ∈ {a, b, c}.
Once Ft is established, the DSO allocates feasible export

capability among aggregators using a weighted proportional-
fairness formulation:

max
pexpt

∑
g∈G

wg log
(
Pexpg,t

)
(3a)

s.t. pexpt ∈ Ft (3b)

0 < Pexpg,t ≤ P̄g,t , ∀g ∈ G (3c)

where wg is a weighting coefficient representing the relative
priority or size of aggregator g, and P̄g,t is a provisional export
bound used during the certification process. The logarithmic
objective in (3a) implements proportional fairness, since the
marginal benefit of increasing one aggregator’s allocation
decreases as its assigned export grows. This encourages
equitable sharing of limited export capability while still
allowing efficient utilization of the feeder. This certification
stage is not intended to minimize procurement cost. Its
purpose is to distribute network-feasible export capability
among aggregators in a fair and physically admissible
manner. Economic selection is performed subsequently in the
DA and ID market-clearing stages.

The certified DA export limit is then defined as the optimal
solution of (3):

Pmax,DA
g,t := Pexp ∗

g,t , ∀g ∈ G, t ∈ T DA. (4)

Accordingly, Pexpg,t represents a candidate export decision
considered during the network-certification stage, whereas
Pmax,DA
g,t denotes the certified DA export upper bound

communicated to the market-clearing layer. The resulting
limits are passed to the DA market and serve as binding
constraints in the subsequent optimization.

A similar process is repeated during rolling ID operation
using refreshed forecasts and updated network conditions.
At ID clearing instance k , the DSO recomputes the certified
limit for each interval τ in the rolling horizon and defines

Pmax,ID
g,k,τ , ∀g ∈ G, τ ∈ T ID, (5)

as the updated network-certified ID export upper bound.
Therefore,Pmax,DA

g,t andPmax,ID
g,k,τ are consistent quantities, both

derived from the same network-certification logic, with the
latter reflecting refreshed operating information at each ID
rolling step.

2) RATIONALE FOR SEQUENTIAL NETWORK CERTIFICATION
A fully integrated AC optimal power flow (OPF) or
distributed optimization formulation could embed detailed
distribution-network constraints directly into the market-
clearing problem. However, such formulations become
significantly more complex when unbalanced three-phase
feeders, multiple aggregators, and repeated DA/ID rolling
operation are considered. The proposed framework therefore
adopts a sequential structure in which the DSOfirst certifies a
network-feasible export region using three-phase power flow
and then enforces the resulting export limits within themarket
optimization. This design choice reflects a practical tradeoff
rather than a claim of global optimality. Its main advantage
is operational tractability, since it can be implemented using
existing DSO power-flow tools while still ensuring that DA
and ID market decisions remain within network-certified
export limits.

3) DA MARKET CLEARING
In the DA market, the DSO determines the baseline
export schedule of aggregators to satisfy the next-day
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distribution-level procurement target at minimum cost. Let
RDAt denote the DA export requirement procured by the DSO
at time t . This quantity may be derived from an upstream
TSO request, but in the DA formulation it is treated as a DSO
market-clearing target.

The DA optimization is formulated as

min
Bg,t , xg, sDAt

∑
t∈T DA

∑
g∈G

cDAg,t Bg,t1tA + λDA
∑
t∈T DA

sDAt 1tA (6)

subject to
∑
g∈G

Bg,t + sDAt ≥ RDAt , ∀t ∈ T DA (7)

0 ≤ Bg,t ≤ Pmax,DA
g,t xg, ∀g ∈ G, t ∈ T DA

(8a)∑
t∈T DA

Bg,t1tA ≤ Ebud,DA
g xg, ∀g ∈ G (8b)

xg ∈ {0, 1}, Bg,t ≥ 0, sDAt ≥ 0,

∀g ∈ G, t ∈ T DA. (9)

The objective in (6) minimizes total procurement cost
while penalizing any DA shortfall through sDAt . Constraint (7)
ensures that the total scheduled DA export meets the DSO
requirement. Constraint (8a) limits each aggregator’s sched-
uled export by its network-certifiedDAupper bound, and (8b)
constrains the total energy scheduled from aggregator g over
the DA horizon.

Here, xg is a DA contract-acceptance variable. If xg =

1, aggregator g is admitted to the DA scheduling horizon
and may be dispatched up to its time-varying certified limit
Pmax,DA
g,t . If xg = 0, no DA baseline is assigned to that

aggregator. The parameterEbud,DA
g represents the total energy

that aggregator g is willing or able to supply over the DA
horizon. In this work, it may reflect physical flexibility limits
of the underlying DER portfolio, contractual market limits,
or both.

The DA clearing yields a baseline export schedule Bg,t and
the set of aggregators selected for DA participation:

GDA =
{
g ∈ G | xg = 1

}
. (10)

4) ID MARKET CLEARING
Following DA clearing, the DSO performs rolling ID market
updates to adapt the export schedule to updated system
conditions. Let RIDk,τ denote the DSO’s updated export
requirement at ID clearing instance k for interval τ in the
rolling horizon. The ID problem refines the DA schedule
using updated network-certified limits, improved forecasts,
and refreshed system states. In this work, both the DA and ID
markets are cleared on an hourly basis; therefore, the same
market interval duration 1tA is used in both formulations.
The distinction between the DA and ID layers lies in the
forecasting and rolling-update horizon rather than in the
duration of each market interval.

The ID market is formulated as

min
∑

τ∈T ID

∑
g∈G

cIDg,k,τYg,k,τ1tA + λID
∑

τ∈T ID

sIDk,τ1tA

+

∑
τ∈T ID

∑
g∈GDA

(
π

↑

t(τ )1
↑

g,k,τ + π
↓

t(τ )1
↓

g,k,τ

)
1tA (11)

subject to
∑
g∈G

Yg,k,τ + sIDk,τ ≥ RIDk,τ , ∀τ ∈ T ID (12)

0 ≤ Yg,k,τ ≤ Pmax,ID
g,k,τ zg,k,τ , ∀g ∈ G, τ ∈ T ID

(13a)∑
τ∈T ID

Yg,k,τ1tA ≤ Ebud,ID
g,k , ∀g ∈ G (13b)

Yg,k,τ − Bg,t(τ ) = 1
↑

g,k,τ − 1
↓

g,k,τ ,

∀g ∈ GDA, τ ∈ T ID (14)

1
↑

g,k,τ ≥ 0, 1
↓

g,k,τ ≥ 0,

∀g ∈ GDA, τ ∈ T ID (15)

zg,k,τ ∈ {0, 1}, Yg,k,τ ≥ 0, sIDk,τ ≥ 0,

∀g ∈ G, τ ∈ T ID. (16)

The objective in (11) minimizes the ID procurement cost,
penalizes shortfalls in meeting the updated DSO target, and
penalizes deviations from the DA baseline for aggregators
already selected in the DA stage. Constraint (12) ensures
that total ID exports satisfy the updated DSO requirement.
Constraint (13a) enforces the updated network-certified ID
export bound for each aggregator and interval, while (13b)
limits the total energy scheduled from each aggregator during
the ID rolling horizon.
Constraint (14) defines the relationship between the ID

export decision and the DA baseline using upward and
downward deviation variables. The mapping t = t(τ )
associates each ID interval τ with its corresponding DA
interval. This provides a consistent linkage between the two
markets and avoids mixing time indices across layers.
The binary variable zg,k,τ allows time-varying participa-

tion in the ID market. This is intentionally different from the
DA contract-acceptance variable xg, since an aggregator may
be redispatched only in selected ID intervals even if it was not
awarded the full DA horizon.

5) AGGREGATOR-LEVEL MPC DISPATCH
After the DA and ID market stages, each aggregator solves a
local model predictive control (MPC) problem to implement
the assigned market schedule while respecting local DER and
interconnection limits. In this work, the storage resource is
modeled explicitly as a BESS. The MPC operates at a finer
resolution than the market layer and is solved every 1tL over
a receding horizon of length TMPC.
The local MPC problem is

min
TMPC−1∑
n=0

[
cbuyn pbuyn − cselln pselln + λPV γ PVn + λLγ

L
n

]
1tL

+

∑
τ∈T ID

hor

λcap sflrτ (17)

subject to Emin ≤ En ≤ Emax,
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0 ≤ cn ≤ Cmax, 0 ≤ dn ≤ Dmax, ∀n (18)

En = En−1 +

(
ηccn −

dn
ηd

)
1tL , ∀n (19)

0 ≤ γ PVn ≤ P̃PVn , 0 ≤ γ Ln ≤ P̃Ln , ∀n (20)∑
n∈N (τ )

Pnetn 1tL + sflrτ ≥ Yg,k,τ1tA, ∀τ ∈ T ID

(21)

− Pmax,imp
g ≤ Pnetn ≤ Pmax,exp

g , ∀n (22)

Pnetn = pselln − pbuyn , pselln ≥ 0, pbuyn ≥ 0, ∀n.
(23)

The objective in (17) minimizes the aggregator’s local
operating cost by balancing grid imports and exports while
penalizing PV curtailment, controllable-load curtailment, and
violations of the assigned ID schedule. Constraints (18)
and (19) define the BESS operating limits and energy
dynamics. The coefficient λcap is selected sufficiently large
relative to local energy prices and curtailment penalties so
that violating the assigned ID schedule is avoided unless it is
physically unavoidable. Constraint (20) limits the amount of
PV and load curtailment at each MPC step. Here, T ID

hor ⊆ T ID

denotes the subset of ID intervals covered by the currentMPC
horizon. Here, cbuyn and cselln denote electricity purchase and
sale prices, respectively, and should not be confused with the
battery charging variable cn.

Constraint (21) is written as an energy-delivery require-
ment over each IDmarket interval. Specifically, the aggregate
energy exported during the set of MPC steps N (τ ) corre-
sponding to ID interval τ must be at least as large as the
energy associated with the assigned ID export level Yg,k,τ .
Therefore, sflrτ is an energy shortfall slack variable. This
resolves the power-versus-energy interpretation by explicitly
linking a power schedule in the ID layer to energy delivery
over the finer MPC time scale.

Constraint (22) enforces the aggregator’s local point-of-
interconnection limits. These are distinct from the DSO-
issued time-varying certified export limits. The former reflect
the aggregator’s own interconnection equipment ratings,
whereas the latter represent feeder-level network-certified
bounds. Finally, (23) links net grid exchange to import and
export decisions.

In this paper, the optimization layer explicitly consid-
ers only active-power scheduling. Reactive-power support,
inverter control modes, and coordinated voltage control are
not included in the market or MPC optimization problems.
Instead, network feasibility is assessed using three-phase
power-flow validation under active-power schedules. Extend-
ing the framework to include reactive-power capability and
inverter-based voltage support is left for future work.

B. MARKET ROLES AND REGULATORY CONTEXT
In the proposed framework, aggregators do not bid directly
into the TSO market. Instead, the TSO issues a system-level
flexibility requirement at the transmission-distribution

interface, and the DSO translates that request into a
distribution-feasible procurement problem. The quantities
RDAt and RIDk,τ therefore represent DSO procurement targets
at the point of interconnection. These targets may be derived
from upstream TSO needs, but they are cleared through the
DSO’s local market after accounting for distribution-network
feasibility.

Aggregators participate by submitting offers to the DSO in
the form of time-varying power availability, energy budgets,
and associated offer prices. In this work, the offer structure is
modeled using a single price per interval for tractability. This
is a simplifying assumption and does not preclude extension
to multi-step or piecewise-linear offer curves.

Market Design Assumptions and Strategic Behavior: The
current formulation does not explicitly model strategic
bidding behavior such as energy withholding between
DA and ID markets. However, the framework discourages
excessive divergence between DA and ID positions through
the baseline-deviation terms in the ID objective and through
the aggregator’s obligation to physically track the assigned
schedule in the MPC layer.

C. MARKET COUPLING AND SETTLEMENT MECHANISM
The coupling between the DA market, the ID market, and
the aggregator control layer ensures a consistent flow of
both physical commitments and financial settlement across
timescales.

1) DA AND ID CONFLICT RESOLUTION MECHANISM
If updated network conditions or DER availability render the
original DA schedule suboptimal or infeasible, the ID market
performs a corrective redispatch. For aggregators already
participating in the DA market, deviations are represented
through 1

↑

g,k,τ and 1
↓

g,k,τ , as defined in (14). The associated
imbalance charge for interval (k, τ ) is

C imb
g,k,τ = π

↑

t(τ )1
↑

g,k,τ + π
↓

t(τ )1
↓

g,k,τ . (24)

This preserves consistency between DA and ID decisions
while allowing corrective flexibility when updated operating
conditions require redispatch.

2) DA AND ID ECONOMIC COUPLING
In the settlement formulation, π

↑

t(τ ) and π
↓

t(τ ) are treated
as imbalance settlement coefficients applied to upward and
downward deviations from the DA baseline, respectively. The
DA settlement for aggregator g is

PaymentDAg =

∑
t∈T DA

cDAg,t Bg,t1tA. (25)

The ID settlement is

PaymentIDg =

∑
τ∈T ID

cIDg,k,τYg,k,τ1tA

+

∑
τ∈T ID

(
π

↑

t(τ )1
↑

g,k,τ − π
↓

t(τ )1
↓

g,k,τ

)
1tA

(26)
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Therefore, the total DA+ID market revenue is

RevenueDA+ID
g =

∑
t∈T DA

cDAg,t Bg,t1tA

+

∑
τ∈T ID

[
cIDg,k,τYg,k,τ

+ π
↑

t(τ )1
↑

g,k,τ

− π
↓

t(τ )1
↓

g,k,τ

]
1tA (27)

This structure avoids double compensation by settling
baselineDA energy throughBg,t and handling ID adjustments
through the deviation terms. If an aggregator is not selected
in the DA market, then Bg,t = 0 and its remuneration is
determined only through ID participation.

The aggregator’s local cash flow from real-time energy
exchange with the grid is

Revenueenergyg =

∑
n

(
cselln pselln − cbuyn pbuyn

)
1tL . (28)

Together, (27) and (28) define a unified settlement
structure that links DSO market clearing and local DER
dispatch. The DA and ID markets determine the aggregator’s
awarded commitments and associated payments, while the
MPC layer determines how the aggregator physically realizes
those commitments using local DER flexibility.

III. TEST SETUP
To evaluate the TE framework developed in this work,
a modified IEEE-123 Bus distribution test feeder has been
used, as illustrated in Fig. 3. To run the power flow and set up
the DERs, a GridLAB-D [29] model was developed. To better
represent the prosumer and customer in the distribution
network, the traditional lumped load in the test feeder has
been replaced with multiple loads representing residential
and commercial loads. However, the total kW of the feeder
remains unchanged. The feeder is partitioned into five
zones, each managed by a dedicated aggregator responsible
for coordinating the prosumers within its respective zone.
To achieve diversity, Aggregators 1, 3, and 5 represent
residential loads, whereas Aggregators 2 and 4 represent
commercial loads. Approximately 70% of the total load
within each zone is modeled as prosumers equipped with
DERs, while the remaining 30% represents conventional
consumers. The total installed DER capacity and load size
for each aggregator are summarized in Table 2. In Table 2,
the reported load values represent the nominal aggregated
load assigned to each aggregator zone in the modified IEEE-
123 bus feeder. In total, 437 prosumer systems have been
modeled in the IEEE-123 Bus test system, each equipped
with PV and BESS. To generate a time-varying cost signal
for grid power import, a time-of-use (ToU) tariff was adopted.
The ToU periods and corresponding rates applied in the case
studies are illustrated in Fig. 4, as obtained from the local
utility.
Assumptions: A set of structured assumptions is intro-

duced to ensure clarity and controlled evaluation of the

proposed framework. Each aggregator’s contract is derived
from the technical capabilities and availability windows
of its underlying DER portfolio. The maximum power,
energy capacity, and temporal availability stem from the
aggregate flexible resources within that aggregator’s zone.
These assumptions are intentionally designed to capture
diversity in aggregator capabilities and to enable evaluation
of the proposed framework under multiple case scenarios.
Similarly, the energy prices submitted by the aggregators
are treated as fixed inputs in this study, reflecting the
prevailing ToU rates during the bidding hours. This allows
the model to capture realistic cost signals while highlighting
the competitiveness among aggregators with different DER
mixes. The market follows a pay-as-bid structure, where each
aggregator is compensated at the price it submits. To account
for uncertainty in PV generation, a scenario-based stochastic
modeling approach is adopted. Multiple PV profiles are
generated, reflecting variability in solar irradiance conditions
at the same location. The MPC is evaluated across these
scenarios, and the expected cost is minimized to ensure robust
DER dispatch under uncertainty.

IV. CASE STUDY AND RESULTS
We consider the following case studies to evaluate the
proposed framework. For each case study, the DA market
request is sent at 12:00 AM to aggregators by the DSO.

• Case I:Mid-day PV Curtailment Event
• Case II: High-Demand Evening Peak
• Case III: Intra-day Market Redispatch

A. CASE I: MID-DAY PV CURTAILMENT EVENT
This case is designed to evaluate the proposed coordination
mechanism under high PV and low-demand conditions
during mid-day hours.

As illustrated in Fig. 5, the DSO request (black line) spans
from 12:00 PM to 5:00 PM, with a request profile of [280,
285, 200, 170, 160] kW. Each aggregator’s offer, reflecting
its available capacity and bidding strategy, is clearly marked.
Aggregators 2 & 4 provide the largest offer window,
extending from 10:00 AM to 7:00 PM with varying power
levels, while the remaining aggregators exhibit shorter and
lower-magnitude availability periods. In Fig. 6, the total
energy capacities (kWh) and offer prices ($/kWh) for the five
aggregators are presented. Aggregator 4 possesses the highest
energy capacity, followed byAggregators 2, 3, 1, and 5. Given
the relatively low offer price of Aggregator 2 ($0.13/kWh),
the high overall DSO demand, and the location, the opti-
mization algorithm is expected to prioritize Aggregator 2’s
contribution while still allocating partial orders to the others
to meet the total requested flexibility.

Fig. 7 depicts the optimized dispatch pattern for each
aggregator corresponding to the DSO’s mid-day request.
Aggregator 2 is fully utilized throughout the 12:00–16:00 h
window, owing to its lowest offer price and location,
making it the most cost-effective resource. Other aggregators,
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FIGURE 3. Modified IEEE-123 bus test system with prosumer.

TABLE 2. Aggregator DER ratings.

FIGURE 4. Time-of-use rates.

FIGURE 5. DSO-Aggregator offer with DSO requests (Case I).

including Aggregators 1, 3, and 4, are partially dispatched to
satisfy the DSO’s total demand during the same period, while
Aggregator 5 goes unselected due to its higher cost.

Fig. 8 validates that the aggregators effectively coordinate
their BESS, PV, and load resources to meet the DSO request.

FIGURE 6. Total energy capacity and offer price of each aggregator
(Case I).

Fig. 8(a) shows that batteries were charged adequately before
the 12:00–17:00 h DSO request, primarily by Aggregators
2 and 4, which providedmost of the required support. From an
economic standpoint, the BESS available to Aggregators 1, 3,
and 5 remain idle between 18:00–21:00 h to avoid charging
during high ToU rate periods.

Fig. 9 shows the summer PV profiles used in this case. All
aggregators follow a summer-day generation pattern with a
longer daylight window and moderate cloudy-sky variability.
However, Aggregators 1, 3, and 5 exhibit more pronounced
mid-day reductions in PV output during the high-irradiance
period, whereas Aggregators 2 and 4 remain closer to their
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FIGURE 7. Hourly power supplied by each aggregator (Case I).

FIGURE 8. Aggregators BESS total state of energy and load profiles (Case
I).

FIGURE 9. PV profile (Summer) (Case I).

available PV potential. This behavior is consistent with
Fig. 8(a), where the state of energy of Aggregators 1, 3, and
5 remains relatively high during the same period, indicating
limited storage headroom and lower coincident residential
load consumption. In contrast, Aggregators 2 and 4, char-
acterized by commercial loads, maintain higher daytime
demand and therefore absorb available PV generationwithout
requiring visible curtailment.

B. CASE II: HIGH-DEMAND EVENING PEAK
This case represents an evening peak event characterized
by elevated residential and commercial demand. The DSO

FIGURE 10. DSO-Aggregator offer with DSO requests and energy capacity
(Case II).

FIGURE 11. Hourly power supplied by each aggregator (Case II).

FIGURE 12. PV Profile (Winter) (Case II).

issues a service request from 17:00 h to 21:00 h with
power levels of [400, 100, 80, 45] kW, reflecting a strong
peak followed by a gradual reduction as demand subsides.
The case evaluates how aggregators with varying energy
capacities and price bids participate in meeting this request
under market-based coordination. As shown in Fig. 10, the
DSO request begins at 17:00 h and ends at 21:00 h, while
the aggregators’ offers demonstrate different availability
windows. Aggregator 4 has the most significant energy
capacity, followed by Aggregators 2, 3, 1, and 5. Since
Aggregator 5 offers the lowest price ($0.21/kWh) in this time
window, it is prioritized by the DSO optimization, although
the high request magnitude necessitates dispatching multiple
aggregators concurrently to satisfy the total request.

Fig. 11 presents the optimized hourly dispatch schedule
of each aggregator in response to the DSO’s evening
request. Aggregator 5, offering the lowest price, is primarily
dispatched, while Aggregators 3 and 4 supplement its output
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FIGURE 13. Aggregators BESS total state of energy (Case II).

to meet the full DSO demand. The final allocation pattern
confirms that the optimization algorithm effectively balances
cost efficiency with capacity constraints while adhering to the
DSO’s requested power levels.

Fig. 12 shows the winter PV profiles used in this
case. Compared with Case I, the PV output is lower and
the daylight window is shorter, with moderate cloudy-sky
variability across all aggregators. Fig. 13 demonstrates how
the aggregators coordinate their BESS assets to satisfy the
DSO request from 17:00–21:00 h. Since the DSO support
is required during the evening peak period, PV contributes
only limited direct support during the dispatch window, and
the primary flexibility is supplied by the BESS resources.
Here, Aggregators 1, 3, and 5 maintain elevated state-of-
energy levels around noon, implying nearly fully charged
batteries and lower load consumption at that time. Before the
dispatch window, Aggregators 2 and 4 charge aggressively
during off-peak hours, ensuring sufficient stored capacity to
respond effectively to the evening DSO request. Similar to
Case I, Aggregators 1, 3, and 5 remain in idle mode between
18:00–21:00 h to avoid charging during the high ToU rate
period, thereby minimizing operational costs.

C. CASE III: INTRA-DAY MARKET REDISPATCH
This case study evaluates a coordinated scheduling frame-
work where aggregators participate in both DA and ID
markets to satisfy the DSO power requests while minimizing
operational costs. The DA market dispatch period is 14:00–
18:00. The system received an DA ISO request of [80,
70, 20, 60, 65] kW and the ID market, cleared at 9:00
with a 14:00–18:00 delivery window, received an updated
DSO request for additional [15, 20, 20, 15, 15] kW and
generated new schedules that deviated from the DA baselines
to accommodate the updated DSO request, as shown in
Fig. 14. This case study highlights the framework’s ability
to adapt to changing grid conditions while balancing cost
efficiency and reliability across various time scales.

Fig. 15 illustrates the state-of-energy (SOE) evolution
for all five aggregators throughout the 24-hour simulation.
Fig. 16 shows the spring PV profiles used in this case.
Compared with Case I, the PV output is moderate and
follows a smoother spring-day pattern with mild cloudy-sky

FIGURE 14. DSO-Aggregator contract with DSO requests for DA and ID
market (Case III).

FIGURE 15. Aggregators BESS total state of energy (Case III).

FIGURE 16. PV profile (Spring) (Case III).

variability across all aggregators. This indicates that PV
contributes to the overall resource mix without creating the
pronouncedmid-day curtailment behavior observed in Case I.
The SOE trends reflect the interaction between DA baseline
commitments and subsequent ID redispatch adjustments.
During early hours, aggregator BESSs charge to prepare for
the DA delivery window, with Aggregators 2 and 4 exhibiting
higher stored energy due to their larger BESS capacities.
At 09:00, selected aggregators begin charging the batteries
sharply to prepare for the ID redispatch schedule. A sharp
decline in SOE is observed during the 14:00–18:00 h actual
dispatch time. This behavior verifies coordinated operation
across markets, ensuring sufficient flexibility and energy
reserves to satisfy DSO power requests.

The radar plot in Fig. 17 provides a comparative view of
how the aggregators comply with the DSO’s Pmax command
across 3 cases. In every case, the ratio Pnet/Pmax remains
below 1.0, confirming that each aggregator operated fully
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FIGURE 17. Aggregators Pnet vs Pmax relation in different cases.

FIGURE 18. Aggregators earnings in different cases.

within its network-aware limits. Case II and Case III
push several aggregators, particularly Aggregators 3, 4, and
5 closer to their Pmax boundaries. This indicates that these
scenarios impose higher stress on specific regions of the
distribution system, resulting in tighter DER activation and
reduced operating margin. Despite the increased loading,
no violations occur.

Fig. 18 presents the total earnings achieved by each
aggregator across the three simulated market cases, illus-
trating how variations in DSO service requests, available
DER capacity, and operating conditions influence overall
revenue potential. In Case I (mid-day hours), Aggregators 1-
4 earn between $21 and $79, driven mainly by high PV
availability and moderate network constraints while in Case
II (evening peak), Aggregator 4 and Aggregator 5 dominate
with $74 and $46 respectively, as their flexible assets and
higher load alignment allow them to respond effectively to
DSO demand. Case III shows mixed activity and moderate
DSO export requirements. Overall, the figure highlights the
strong dependence of aggregator earnings on temporal system
conditions and localized network capabilities.

V. DISCUSSION AND CONCLUSION
The proposed framework bridges the gap between economic
coordination and network operation. The introduction of

MILP-based DA and ID market clearing for aggregator
selection and redispatch, combined with predictive control at
the DER level, provides a systematic method for adaptive,
multi-timescale decision-making. Simulation studies on the
modified IEEE-123 Bus test system reveal three major
findings:

• The network-aware coordination enables the DSO to
enforce network-certified export limits and maintain
feeder operation within allowable limits across all
studied cases.

• MPC-based control shows the capacity to coordinate
BESS, PV, and load resources to track assigned sched-
ules under varying seasonal and operational conditions.

• The unified settlement mechanism provides a consistent
compensation structure across the DA, ID, and local
DER dispatch layers.

Collectively, these results demonstrate that the framework
provides an operationally robust and economically meaning-
ful foundation for future transactive and distribution-level DA
and ID market architectures. The case studies further show
that the framework can capture different operating conditions,
including summer mid-day PV curtailment, winter evening
peak support, and spring intra-day redispatch, while keeping
aggregator operation within certified network-aware bounds.
The novelty of this work lies in the formulation of a unified,
multi-timescale TE framework that integrates network-aware
market coordination with MPC-based DER management.
Unlike approaches that treat market clearing and local control
as separate problems, the proposed structure establishes a
hierarchical interaction among the DSO, aggregators, and
individual DERs across DA and ID markets. This integration
allows the DSO to enforce operational limits while aggre-
gators dynamically optimize DER dispatch through MPC,
thereby supporting both market coordination and system
reliability.

Although the proposed framework maintains tractability
and operational clarity, it adopts a sequential structure in
which network feasibility is first certified through three-phase
power-flow validation and then enforced through DA and ID
market bounds. In addition, the present work considers only
active-power scheduling; reactive-power support, inverter
control modes, and explicit voltage-control optimization are
left for future work. Future research will also consider richer
bidding structures, broader DER uncertainty treatment, and
comparison against fully integrated or distributed coordina-
tion approaches.
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