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ABSTRACT Unlocking flexibility assets from the consumer side and developing a well-functioning flexi-
bility market (FM) is crucial to address the oncoming challenges in the EU power grid. In these conditions,
the coordination between distribution system operators (DSOs) and transmission system operators (TSOs)
remains a critical task for optimally harvesting flexibility services. For that reason, this paper focuses
on investigating the instruments for FM market design and modelling, which ensures proper TSO-DSO
coordination. First, the paper introduces the scheme and strategy for FM operation and coordination in
Norwegian conditions. After, the multi-period hybrid AC/DC-OPF model for FM modelling is presented.
This model combines optimal power flow (OPF) methods consisting of a second-order cone (SOC)-ACOPF,
which is applied for the distribution grid and DC-OPF for the transmission grid. Themodel was validated and
tested based on grid configurations from existing projects, where it showed high accuracy and applicability.
Finally, an example of solving grid challenges in a distribution grid with the help of flexibility services
was presented. The outcomes of this paper propose valuable tools for establishing an effective flexibility
exchange mechanism between TSO and DSO.

INDEX TERMS TSO-DSO interaction, power flow modeling, flexibility market, distributed energy
resources, distributed flexibility assets.

I. NOMENCLATURE
Indices and Sets
N/n Sets/index of nodes in DCOPF model.
M/m Sets/index of nodes in SOC-ACOPF

model.
T/t Sets/index of hours for the model.
U/u Sets/index of time units for the model.
j Index of receiving node, for both

DCOPF and SOC-ACOPF.
Parameters
Bnj B-matrix for DCOPF model.
Gmj G-matrix for SOC-ACOPF model.

The associate editor coordinating the review of this manuscript and

approving it for publication was Siqi Bu .

Bmj B-matrix for SOC-ACOPF model.
PL,AC Active load in SOC-ACOPF model.
QL,AC Reactive load in SOC-ACOPF model.
PG,AC,max Maximum active power production in SOC-

ACOPF.
PG,AC,min Minimum active power production in SOC-

ACOPF.
QG,AC,max Maximum reactive power production in SOC-

ACOPF.
QG,AC,min Minimum reactive power production in SOC-

ACOPF.
PL,DC Active load in DCOPF model.
PG,DC,max Maximum active power production in

DCOPF.
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PG,DC,min Minimum active power production in
DCOPF.

Pfl,max Maximum active power flow in DCOPF.
θ slack Voltage angle for slack bus in DCOPF.
PG,Flex,max Maximum flexible active power production.
PG,Flex,min Minimum flexible active power production.
PL,Flex,max Maximum flexible load.
PL,Flex,min Minimum flexible load.
PSoC,init Initial state of charge of the battery.
PSoC,max Maximum state of charge of the battery.
PSoC,min Minimum state of charge of the battery.
Pch,max Maximum charging of the battery.
Pdisch,max Maximum discharging of the battery.
ηch Charging efficiency of the battery.
ηdisch Discharging efficiency of the battery.
cG Production price.
cFlex Flexible price.
cBatt Battery price.
cLS Load Shedding price.

Variables

um Auxiliary variable for: V
2
m√
2
.

Rmj Auxiliary variable for: VmVjcos(θ ).
Imj Auxiliary variable for: VmVjsin(θmj).
PG,AC Active power production in SOC-ACOPF.
QG,AC Reactive power production in SOC-ACOPF.
PG,DC Active power production in DCOPF.
Pfl Active power flow in DCOPF.
θ Voltage angle in DCOPF.
PG,Flex Active flexible power production.
PL,Flex Active flexible load.
PLS Load shedding.
PSoC State of charge of the battery.
Pch Charging of the battery.
Pdisch Discharging of the battery.
δ Binary variable for battery operation.

II. INTRODUCTION
In recent years, the functioning of the European Union
(EU) energy systems has been characterized by the growing
electrification of society, the introduction of renewable and
distributed energy resources (DERs), the widespread use
of electric vehicles, and the transition from gas to electric
heating in buildings [1]. On the positive side, such energy
production and consumption transition lead to a more effi-
cient, sustainable, and low-carbon society. However, at the
same time, the rapid increase of these technologies poses sig-
nificant issues to transmission and distribution grids. Solving
the problems with congestion, frequency and voltage control,
balancing, and ensuring stable and safe power grid operation
are becoming more challenging and crucial tasks than ever
before.

The utilization of flexibility assets from the consumer
side is a key tool in resolving oncoming challenges in the

EU power grid. Such flexibility assets may include Demand
Response (DR), Energy Storage System (ESS), Electric Vehi-
cle (EV) charging load, load shifting, and load shedding
instruments etc. In order to reveal flexibility potential from
energy consumers and prosumers, the development of novel
market mechanisms for flexibility planning and procurement
is required [2]. In this marketplace, the new actor, called
the aggregator, will be responsible for combining flexibility
assets from multiple small-scale energy users, allowing them
to be involved in FM [3]. The Distribution System Operators
(DSOs) and Transmission System Operators (TSOs) will be
the main flexibility buyers and most prominent beneficiaries
of establishing the new Flexibility Market (FM).

Coordination between TSOs and DSOs is critical for
deploying flexibility services. A lack of coordination between
the TSOs and DSOs may decrease profit from flexibility
resources and have a negative effect on grid performance.
In this environment, the roles and responsibilities of partic-
ipants in the FM are identified in such a way that DSOs
and TSOs can support each other efficiently, provide cost-
effective operation of the grid, and properly utilise flexibility
resources.

The concepts and solutions for TSOs and DSOs coordi-
nation in the flexibility marketplace are still under devel-
opment [4], [5], [6]. The literature demonstrated several
possible schemes for TSO-DSO coordination [7], [8], [9].
The SmartNet project has summarized and suggested five
possible schemes for FM market operation and coordination,
which include centralized FM, local FM, shared balancing
responsibility FM, common TSO-DSO FM, and integrated
FM [10]. Roles and responsibilities between market partici-
pants and overall coordination depend on the chosen market
schemes [11]. The feasibility of a particular coordination
scheme is affected by the current organization and cooper-
ation of national TSOs and DSOs on one side and the local
initiatives to integrate ancillary services markets on the other
side. Therefore, it might be required to consider the different
schemes and select the best one for TSO-DSO coordination,
taking into account the national regulatory framework and
local conditions. In view of the Norwegian state of affairs,
the local FM coordination scheme was selected as a starting
point in our research.

Some publications propose to perform coordination
between TSO and DSO based on the Feasible Operating
Region (FOR), which represents the aggregated flexibility
potential of a distribution grid, by outlining the feasible
active and reactive power flows at the TSO-DSO inter-
connection [34]. The DSO can share the FOR with the
TSO to manage the operational issues of the transmission
grid.

The paper [36] proposes a linear OPF-based methodology
to provide aggregated information on flexibility at the TSO-
DSO interconnection point. This model aims to consider
flexibility using time series, while the aggregation process is
repeated for several time steps, which is essential for short-
term operation planning of power systems.
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The investigation [35] presents a nodal operating envelope
(NOE)modeling framework to assess various DERflexibility
features while also accounting for reactive power and network
constraints.

The publication [34] provides an in-depth comparison of
three different categories of methods for the identification of
FOR, which include Geometric methods, Random Sampling
(RS) methods, and Optimization-based (OB) methods. The
comparison of methods showed that each of them has cer-
tain advantages and disadvantages, and methods for better
estimation of FOR are still of great interest to researchers
worldwide [34].

Implementing reliable and accurate modelling approaches
is essential for the proper function of FM. In this concern,
the optimal power flow (OPF) is a powerful approach for
modelling and optimizing flexibility usage for both economic
and technical purposes. Traditionally, the OPF is used to find
the optimal settings of a given power grid that optimize a
specific objective function while satisfying its power flow
equations, system security, equipment operating limits, and
other system constraints [12].

There are several approaches for formulation and solving
the OPF problem, including AC-OPF, DC-OPF, DistFlow,
Linearized DistFlow, a semidefinite programming (SDP)
convex relaxation of the model, and a second-order cone
programming (SOCP). The in-depth overviews of the OPF
modelling techniques with their mathematical formulation
are presented [12]. Currently, a number of researchers are
investigating the application of OPF algorithms for power
market design and modelling. For example, the paper [13]
compares commonly used OPF formulations based on the
IEEE 33-bus test radial distribution system. The publication
shows that several methods and algorithms can be applied
for power flow calculation, each having its unique properties,
certain advantages, and disadvantages. When deciding upon
which OPF technique to use, it is vital to have these different
properties in mind depending on the system’s characteristics
one wants to solve [13]. It should be mentioned that most
of the existing publications consider OPF modelling in trans-
mission and distribution grids separately [14]. At the same
time, the TSO-DSO coordination in FM based on OPF still
requires additional investigation.

III. CONCEPT OF MULTI-PERIOD HYBRID AC/DC-OPF
MODEL
In our study, performing power flow analysis and coordi-
nation for both the distribution and transmission grid is of
interest. Between the two networks, the requirements for the
distribution grid are most complex when considering pro-
duction in sub-branches. A common feature in distribution
grids in Norway is the radial structure, where power provi-
sion occurs from a single substation and is transferred down
several branches and sub-branches to loads (consumers).

Distribution grids have certain difficulties that complicate
power flow modellings, such as high R/X ratio, significant
number of unbalanced loads, and integration of distributed

generation (DG) in sub-branches [15], [16]. These factors
may contribute to the radial system being ill-conditioned and
raise the convergence problem for AC-OPF [16]. One of the
methods that can handle this issue is the Backward-Forward
sweep method, which is commonly utilized when performing
power flow analysis. However, this method has poor capa-
bility in handling active distribution grids and multi-period
AC-OPF [16]. Thus, this method is not applicable in our
case due to the need to include flexibility assets down in the
distribution grid’s sub-branches. Therefore, the application of
convex approximation methods is required.

Since a TSO-DSO system can be too computationally
heavy to solve, the DC Power Flow (DC-OPF) approximation
method can simplify the task. DC-OPF is a non-iterative, lin-
earization of theAC-OPFmethodwhere specific assumptions
are made to ease the computational effort. Some of these
assumptions are neglect resistance leading to no power losses
and neglecting reactive power in the system [18]. However,
DC-OPF is only suitable for transmission grids due to the
distribution grid’s high R/X ratio. This method is not accu-
rate enough for an active distribution grid. For this reason,
DC-OPF can be applied for transmission grid modelling, and
another approach should be used for the distribution grid.

Instead of using approximation like the DC-OPF method,
the relaxation method of the AC-OPF shows its applicability
to the distribution grid. The relaxation extends the feasibility
area of the AC-OPF and gives a better convergence area
for the distribution grid than the DC-OPF [19]. The general
benefits for the convex relaxation methods are that they are
fast and stable, have better accuracy than the DC-OPF, and
always provide a lower or upper bound, which assures global
optimum or minimum for the objective function [20]. In order
to satisfy the needs of the active distribution grid, the choice
fell on the convex relaxation method based on second-order
cone programming. The Second-Order Cone AC Optimal
Power Flow (SOC-ACOPF) method has reasonably good
accuracy and does not require extensive computational power.

Thus, our investigation proposed the multi-period hybrid
AC/DC-OPF model, which combines SOC-ACOPF for dis-
tribution and DC-OPF for the transmission grid. The model
was developed in such a way that seamless coordination
between TSOs and DSOs can be achieved. A connection
constraint was formulated to combine SOC-ACOPF and DC-
OPF models, which defines the distribution grid as a load
for the transmission grid. Therefore, any changes occurring
in one grid will affect the performance of other grids. The
model was then further extended by formulating the power
balance equation to include flexibility assets in the distri-
bution grid and criteria for how the flexibility should be
activated. Moreover, the model was modified to perform opti-
mization for extended periods in a single simulation to per-
form multi-period simulations. This paper presents extended
results from [23] and [33].

The paper has the following structure. Chapter 3 intro-
duces the selected strategy for FM operation and coordina-
tion. Chapter 4 presents the mathematical formulation of the
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FIGURE 1. Coordination between different market participants in the
flexibility market.

multi-period hybrid AC/DC-OPF model. Chapter 5 demon-
strates the testing of the hybrid OPF model and solving
challenges in the distribution grid with the utilization of
flexibility assets. Finally, the main conclusions of the study
are emphasized in Chapter 6.

IV. FM OPERATION AND COORDINATION
This chapter consists of three sections. Each section presents
the particular aspects of FM operation and coordination.
Section 2.1 considers the coordination between market par-
ticipants. Section 2.2 introduces the planning and operation
phases in the FM platform. Finally, Section 2.3 discusses the
application of the OPF model for flexibility procurement.

A. THE MARKET COORDINATION SCHEME
Out of several possible market coordination schemes, the
local flexibility market (LFM) design has appeared to be the
most fitting for the conditions and tasks of our investigation.
LFM can be characterized as an electricity trading platform
to provide flexibility in geographically limited areas, such as
neighbourhoods, communities, towns, and small cities, which
is relevant for Norwegian society [17].

Fig. 1 shows the coordination between different market
participants in the proposed LFM platform. In this LFM, TSO
and DSO will operate as balancing responsible parties by
purchasing flexibility to solve grid problems [21]. The grid
problems include uncertain load variations, power shortages,
grid congestion, or voltage problems. DSO will prioritise
reserving distributed flexibility resources (DFR) to solve
potential grid constraints or load variation. The remaining
flexibility not needed by the DSO will be available for the
TSO to use, as long as the DFR activation respects DSO’s grid
constraints. The reservation of flexibility assets will be made
through an LFM established and controlled by a local market
operator according to [10]. In coordinating transmission and
distribution systems, we establish a position for the participa-
tion of an aggregator who represents decentralized resources
in the form of DFR from the end consumer or prosumer side.
In more detail, information about coordination between the
market participants is given in [22].

FIGURE 2. Flowchart showing the planning phase in the LFM.

The concept of LFM and ways for its coordination is
an ongoing field of development, and therefore adjustments
for Norwegian conditions are required [24]. If using the
Nord Pool Nordic market [25] as a reference, the timeframe
for when this market is to operate is between the intraday
and balancing markets. After day-ahead market clearing, the
planning process will commence, determining the operation
for the coming day. This operation is split into quarter-hour
time slots, and the whole process will last for 24 hours.

B. PLANNING AND THE OPERATION PHASES IN THE LFM
PLATFORM
The LFM strategy can be divided into two phases: the plan-
ning phase and the operation phase. The planning phase
attempts to proactively find possible grid problems that are
perceived to occur before physical operation and a potential
solution based on forecasted DFR availability. The operation
phase will consist of real-time DFR activation for different
periods, evaluating the system’s conditions based on the new
data, and procuring additional flexibility. Fig. 2 showcases the
whole planning phase in the LFM platform. The entire phase
starts after the day-ahead market is cleared. Aggregators then
identify available DFR capacity for the coming operation
and provide offers to the LFMO, which will forward this
information to the DSO. In the planning stage, aggregators
performflexibility forecasting, andDSO executes forecasting
of load scenarios. These scenarios are then used as input for
the OPF simulation, determining potential grid issues and the
necessary flexibility to alleviate them. DSO can then decide
the right course of action to either reserve this capacity or
wait to see how the situation unfolds. Any desire to reserve
flexibility will then be communicated back to the LFMO.
TSO will receive both the OPF result from DSO and the
information regarding the remaining flexibility. Based on this
data, TSO can evaluate reserving flexibility for their use.

According to the flexibility reservation from DSO and
TSO, LFMO will construct an operation schedule for the
coming day. This schedule will be provided to the aggre-
gators, informing them of their respective flexibility dis-
patch [33].
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FIGURE 3. Flowchart showing the operation phase in the LFM.

After the completion of the planning phase, the operation
phase will commence, as shown in Fig 3. Before activation,
DSO will evaluate the grid’s situation by performing moni-
toring and metering. This new information will be provided
as input to the OPF to acquire more accurate results for the
DFR activation, which will then be communicated to LFMO.
This is where the strategy of rolling horizon comes into play
by re-scheduling the operation based on the most updated
information to execute a more accurate and updated DFR
activation [33]. Information regarding DFR activation will
then be forwarded to aggregators, which will result in the
flexibility provision. In the case of insufficient DFR capacity
activation, LFMO will communicate this to TSO, who can
acquire additional capacity from the wholesale balancing
market. While conducting this activation, DSO will again
evaluate the grid’s situation. The process only applies for one
quarter-hour (15 minutes). When the following time frame
begins at 00:15, the whole process from 1 to 6 will start over.
This procedure repeats for each quarter of the entire day.

After the operation has concluded, the settlement process
begins. LFMO will receive information regarding the meter-
ing from the BRPs. Based on this information, LFMO will
confirm the proper activation of DFR. In the last step, aggre-
gators will receive their required payment from the LFMO
accordingly to the provided flexibility [33].

C. APPLICATION OF OPF MODEL FOR FLEXIBILITY
PROCUREMENT
In order to effectively determine and activate the necessary
flexible capacity, a hybrid multi-period AC/DC-OPF model
is deemed preferable for the LFM strategy. This OPF model
can be used for creating numerous scenarios representing
possible grid situations that may unfold during the coming
operation day, including their probability of occurrence [33].
The approach allows the market participants to prepare nec-
essary measures and react to challenges in advance, such as
proclaiming or reserving DFR to prevent grid problems that

FIGURE 4. Optimization procedure conducted by the multi-period hybrid
AC/DC-OPF model.

seem most likely to occur. The development of probabilistic
scenarios for FM operation is a complex and important prob-
lem. However, since this article is mainly focused on devel-
oping AC/DC-OPF model, the issues related to scenarios are
not presented in this investigation.

As we can see, the OPFmodel is an essential part of the FM
regarding planning and optimizing flexibility usage for both
economic and technical purposes. To achieve this, the optimal
power flow simulation needs to meet specific criteria:

• Must be able to solve power flow simulations for trans-
mission and distribution grids with different constraints.

• Need to run power flow for different scenarios for decid-
ing flexibility activation based on the outcome of said
scenario.

• Be able to performmulti-period simulations over several
time periods.

In our research, it is decided to perform the OPF modelling
in two stages [33]. The first optimization simulates the day-
ahead market and attempts to find the day-ahead dispatch.
The day-ahead generation is then provided to the model
as a parameter for the LFM optimization algorithm, where
the optimization. The results for both operations are then
stored in the files, which enables their further analysis. Fig. 4
presents a flowchart describing the model’s operation.

The mathematical formulation of the hybrid multi-period
AC/DC-OPF model, which satisfies all mentioned above cri-
teria and tasks, is presented in Chapter 3.

V. MATHEMATICAL FORMULATION OF THE HYBRID
AC/DC-OPF MODEL
The main goal of the developed OPF model is to explore
how flexibility in the distribution grid can benefit DSO and
TSO. Therefore, it is necessary that the OPF model could
take into account the impact of resource activation in the
distribution grid on the operation of the transmission grid.
Therefore, this chapter presents the hybrid OPFmodel, which
combines SOC-ACOPF formulation for the distribution grid
and DC-OPF for the transmission grid. Chapter 2 includes
two sections. Section 3.1 presents the mathematical formula-
tion of the OPF model, which can be used for the day ahead
market clearing. Section 3.2 shows the multi-period hybrid
AC/DC-OPF model for trading the flexibility assets between
the intraday and balancing markets.

A. FORMULATION OF THE POWER FLOW OPTIMIZATION
PROBLEM
As was mentioned before, the OPF problem for TSO-DSO
coordination consists of two power flow-solving methods.
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For the distribution grid, a SOC-ACOPF (also called Jabr’s
model) [26] is formulated and further customized [27] to
incorporate cost function and production in sub-feeder nodes.
For the transmission grid, a DC-OPF is formulated according
to [28].

Since the SOC-ACOPF method is more advanced than
DC-OPF, some additional information about SOC-ACOPF
should be given. The considered SOC-ACOPF method
includes three convexified equations with three auxiliary vari-
ables um, Rmj, and Imj, which define the power flow problem.
The two power balance equations (1) and (2) state that the
flow of power in and out of a given node should be equal to
the total amount of production and consumption on the said
node.

PL,AC
m − PG,AC

m =
√
2um

∑
j∈k(m)

Gmj

+

∑
j∈k(j)

(GmjRmj − BmjImj) (1)

The equation for reactive power balance:

QL,AC
m − QG,AC

m = −
√
2um

∑
j∈k(m)

Bmj

+

∑
j∈k(m)

(BmjRmj + GmjImj) (2)

The two power balance equations result in two equations
with three variables. To be able to solve this system, the third
equation (3) is needed. This equation comes in the form of a
squared voltage mismatch, which will approach zero as the
system converges.

2umuj ≥ R2mj + I2mj (3)

For both DC-OPF and SOC-ACOPF problems, the same
objective function was developed: procuring production
to the lowest overall cost while still satisfying grid con-
straints for both the distribution and transmission grids.
Thus, by combining DC-OPF and SOC-ACOPFmethods, the
hybrid optimization problem can be formulated, as shown in
Mathematical Formulation of Hybrid AC/DC-OPF model.

The power production variable and load parameters with
the mark ‘‘AC’’ refer to the distribution grid and ‘‘DC’’ to the
transmission grid. The combination of all the variables from
the SOC-ACOPF and DC-OPF leads to a system with eight
variables. These consist of auxiliary variables, active and
reactive production, power flow, and voltage angle. The opti-
mization objective will remain the same as for the standalone
SOC-ACOPF and DC-OPF methods. The two objectives (4)
will be combined to simultaneously minimize operational
costs for both the distribution and transmission grid.

One additional constraint introduced into the OPF problem
is the AC to DC connection constraint, which connects the
distribution grid to the transmission grid. This constraint
requires one distribution node to be defined as a feeder/slack
node that supplies the power to the grid.While the distribution
grid sees this node as a production node, it appears as a single

load from the transmission grid’s perspective. The criteria
for activation of this constraint is that the production for the
feeder node (PG,AC

m ) needs to be equal to the transmission
system’s load (PL,DC

n ) if a connection between these nodes is
established. This constraint resembles a DC power-balance
constrain, where the DC load parameter (PL,DC

n ) has been
replaced by the AC production variable (PG,AC

m ) in the dis-
tribution grid.

Mathematical Formulation of Hybrid AC/DC-OPF
model

Variables DC-OPF: PG,DC
n , Pflnj, θn

Variables SOC-ACOPF: um, Rmj, Imj, PG,AC
m , QG,AC

m

Minimize:∑
n=1...N

PG,DC
n · cGn +

∑
m=2...M

PG,AC
m · cGm (4)

Subject to SOC-ACOPF constraints:

(1), m = 1 . . .M (5a)

(2), m = 1 . . .M (5b)

(3), for all mj (5c)

Rmj ≥ 0, for all mj (5d)

u1 = V 2
1 /

√
2, um ≥ 0, m = 2 . . .M (5e)

PG,AC,min
m ≤ PG,AC

m ≤ PG,AC,max
m , m = 1 . . .M (5f)

QG,AC,min
m ≤ QG,AC

m ≤ QG,AC,max
m , m = 1 . . .M (5g)

Subject to AC to DC connection constraints:

PG,DC
n − PG,AC

m = −

∑
j∈k(n)

Bnjθj,
PG,AC
m =PL,DC

n
if

nDC = mAC
(6)

Subject to DC-OPF constraints:

PG,DC
n − PL,DC

m = −

∑
j∈k(n)

Bnjθj,
n = 1...N

∧
nDC ̸= mAC (7a)

Pflnj = Bnj(θn − θj), for all nj (7b)

−Pfl,max
nj ≤ Pflnj ≤ Pfl,max

nj , for all nj (7c)

PG,DC,min
n ≤ PG,DC

n ≤ PG,DC,max
n , n = 1 . . .N (7d)

θ slackn = 0,
∃! nDC

∧
nDC ̸= mAC

(7e)

Another modification is the reformulated constraint cri-
teria for the power balance equation and slack bus voltage
angle. The new criteria for the power balance constraint are
that activating this constraint will only happen as long as the
transmission node is not connected to a distribution node.
Moreover, the slack voltage angle can only be applied to a
node not connected to the distribution feeder/slack node.

B. FLEXIBILITY MODELING THROUGH A MULTI-PERIOD
POWER FLOW
Efficient optimization of flexibility use requires the system’s
operation to be determined for an extended period within a
single simulation. For this purpose, the hybrid AC/DC-OPF
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model has been expanded to include a multi-period optimiza-
tion approach. The periodswithin themodel are, t and u due to
the hourly nature of the day-ahead market and quarterly time
units of the flexibility market. This way, the model can find
the optimal objective value for a predefined period, which
included each variable across every hour and time unit within
each hour [33].

Multi-Period Flexibility Optimization Model

Flexibility Variables:
PG,Flex
m,t,u , PL,Flex

m,t,u , PLSm,t,u,

PSoCm,t,u, P
ch
m,t,u, P

disch
m,t,u

Minimize:∑
n=1...N

∑
t=1...T

∑
u=1...U

PG,DC
n,t,u · cGn,t,u

+

∑
m=2...M

∑
t=1...T

∑
u=1...U

(PG,AC
m,t,u · cGm,t,u

+ (PG,Flex
m,t,u − PL,Flex

m,t,u ) · cFlexm,t,u

+ (Pdischm,t,u − Pchm,t,u) · cbattm,t,u + PLSm,t,u · cLSm,t,u) (8)

Subject to SOC-ACOPF constraints:

PL,AC
m,t,u + PL,Flex

m,t,u − PG,AC
m,t,u

− PG,Flex
m,t,u + Pchm,t,u − Pdischm,t,u =

√
2um,t,u∑

j∈k(m)

Gmj +
∑
j∈k(m)

(GmjRmj,t,u − BmjImj,t,u) (9)

Subject to load shedding constraints:

PLSm,t,u = PL,AC
m,t,u (10)

Subject to flexible generation constraints:

PG,Flex,min
m,t,u ≤ PG,Flex

m,t,u ≤ PG,Flex,max
m,t,u (11)

Subject to flexible load constraints:

PL,Flex,min
m,t,u ≤ PL,Flex

m,t,u ≤ PL,Flex,max
m,t,u (12a)∑

m=2...M

∑
=1...T

∑
u=1...U

PL,Flex
m,t,u = 0 (12b)

Subject to battery constraints:

PSoC,min
m,t,u ≤ PSoCm,t,u ≤ PSoC,max

m,t,u (13a)

Pch,minm,t,u ≤ Pchm,t,u · (1 − δm,t,u) ≤ Pch,maxm,t,u (13b)

Pdisch,minm,t,u ≤ Pdischm,t,u · δm,t,u ≤ Pdisch,maxm,t,u (13c)

PSoCm,1,1 = PSoC,init
m + Pchm,1,1 · ηch −

Pdischm,1,1

ηdisch
(13d)

PSoCm,t,u = PSoCm,t,u−1 + Pchm,t,u · ηch −
Pdischm,t,u

ηdisch
(13e)

PSoCm,t,1 = PSoCm,t−1,U + Pchm,t,1 · ηch −
Pdischm,t,1

ηdisch
(13f)

PSoCm,T ,U = PSoC,init
m (13g)

For (9-13g):
m=2...M
t=1...T
u=1...U

Additional constraints, which define the flexibility assets
present in the distribution grid, such as generating units,

loads, and batteries have also been added to the model.
Equation (1) has been updated to include the contribution
from the flexibility sources, as shown by equation (9). The
production and load are constraints by their specified mini-
mum and maximum limits. In addition, a constraint is imple-
mented for the load (12b), which ensures that the total amount
of load used for flexibility purposes is equal to zero. This
constraint implements load shifting capability and secures
that the load flexibility is notmisused tominimize the costs by
minimizing the load. To ensure feasibility of the model, load
shedding has also been implemented (10), where the entire
load can be shed [33].

The battery is constrained by the minimal and maximum
state of charge, charge, and discharge capacity as shown by
equations (13a), (13b) and (13c). Equations (13b) and (13c)
have also been equipped with an expression that prevents
simultaneous charging and discharging of the battery. For
each time unit of the model, the state of charge of the battery
is calculated for the end of that time unit. This means that
the state of charge during the first time unit is equal to the
initial state of charge and the amount of capacity that has been
charged or discharged during that same time unit (13d). Each
consequent time unit is then linked to the previous one (13e).
If that unit is the first one of the hour, it is linked to the last
one of the previous hour (13f). Lastly, the state of charge of
the battery at the end of the simulation, is set to be equal to
the initial state of charge of the battery (13g).

The optimization function shown in (4) has been updated
to also include flexibility provided fromDFR as shown in (8).

With this mathematical formulation, optimal use of flex-
ibility can be determined for each simulation unit and the
whole simulation in its entirety. In addition, this hybrid model
will determine the OPF in both distribution and transmission
grids in one single simulation. In order to validate this model,
power flowmodelling was performed based on several differ-
ent test cases. The case of study, which was used to validate
and test the model, is presented in Chapter 4.

VI. SIMULATION AND TEST CASES
The developed multi-period hybrid AC/DC-OPF model has
been implemented in the Python programming language.
In order to formulate the optimization problem, an open-
source optimization modelling language called Pyomo has
been used [29]. For obtaining a solution in Pyomo, the Gurobi
solver was used. The developed optimization problem in
Pyomo was generalized for different distribution and trans-
mission grids, regardless of their structure. Therefore, this
chapter mainly shows the proof of concept rather than solving
one specific real-life case.

The configurations and parameters of the distribution and
transmission grids used for the test case are based on publi-
cally available and well-tested data from previous projects.
A typical radial grid has been chosen for the distribution grid
with 33 nodes based on the paper [30]. As designed, the trans-
mission gridwill use ameshed grid consisting of 9 nodes [31].
The average R/X ratios for transmission and distribution lines
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FIGURE 5. Grid configuration for the case of study.

TABLE 1. Basic grid data for distribution and transmission grids.

are 0.11 and 1.44. Detailed information about the parameters
of the distribution and transmission grids, including R and X
values, are presented in [30] and [31].

Since the TSO-DSO coordination problem in FM is a
unique concept, specific customizations have been made to
the existing gridmodels [33]. These changes come in the form
of DFR and bidirectional power flow in the grid. The DFR
used in this grid include load-shifting, DGs, and batteries. The
grid configuration with DFR is shown in Fig 5.
The connection between grids is established by merging

two nodes, one from the transmission and the other from
the distribution grid. In Fig 5, node two of the transmission
and node one of the distribution grids were connected. This
way, node one becomes the feeder node for the distribution
grid, while transmission’s grid node two can be viewed in the
distribution grid as a new load. Table 1 presents an overview
of the basic data for these two grids.

Additionally, to perform multi-period simulations with
varying load profiles and ensure that test cases reflect realistic
load scenarios, the data regarding prices and loads from the
Nordic power market Nord Pool was taken into account.
Table 2 describes the process behind acquiring different DFR
prices. For each asset, day ahead price (pt ) has been used as
a starting point. This price has then been multiplied with a
price factor for each particular type of DFR. This approach
allowed determining the price of all DFRs for each time unit
while ensuring the relationship between price and demand.

TABLE 2. Price determination for each specific DFR.

TABLE 3. Result comparison between the combined hybrid AC/DC-OPF
model and the standalone DC-OPF and SOC-ACOPF models.

The chosen approach for generating prices and load data
has brought certain simplifications when compared to a real-
life scenario. However, the proposed test case is realistic
and adequate enough to showcase the multi-period hybrid
AC/DC-OPF model as proof of concept.

The validation and testing results for solving challenges
in the distribution grid will be presented below in the
Sections IV-A-VI-D of this chapter. As can be seen from
Table 3, there are some minor deviations between the values
produced by these models. The only new concept is the con-
nection constraint. Thus, the comparison demonstrates that
the connection between the two methods by setting the feeder
node’s production equal to the transmission node’s load is
correct.

A. FLEXIBILITY OPTIMIZATION IN DISTRIBUTION GRID
The use of flexibility assets to optimize the grid operation
may result in a more evenly distributed power flow between
nodes, reduction of power losses, and voltage drops across
the distribution grid. In order to explore how the distribution
grid could benefit from flexibility, a case is designed based
on optimizing operation with the use of flexibility. The same
grid will be simulated in two scenarios, where the flexibility
is excluded and included to establish a comparison.

Table 4 shows a comparison of the operation cost in the
transmission and distribution grids with and without the use
of flexibility assets. As we can see from Table 4, introducing
flexibility trading allows us to decrease costs for both transi-
tion and distribution systems.

Fig. 6 presents the resulting voltage magnitudes for both
cases. The voltage plot in Fig. 6 shows that the case with
included flexibility results in a voltage closer to the nominal
value of 1 pu, which is the optimal outcome. The most
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TABLE 4. Comparing the operation cost of the transmission and
distribution grids in a case of flexibility optimization.

FIGURE 6. The resulting voltage magnitude for all nodes.

FIGURE 7. Load and battery flexibility is used to optimize the grid.

significant benefits occur between nodes 6 and 18, where the
voltage has increased by up to 0.032 pu. Another noticeable
improvement is for the nodes 29 to 32, where previously
close to minimum bounds voltages are now well above their
required limits.

Fig. 7 shows the flexibility used from batteries to opti-
mize the grid operation. From Fig. 7, the flexibility response
presents a load increase and charging of batteries during the
load’s off-peak hours. When the peak hour occurs, an oppo-
site response transpires where the load decreases and batteries
are discharged. An important observation is that power pro-
duction can cover the load since no load shedding has been
used.

Fig. 8 analyzes the power injected from transmission to
the distribution grid and the resulting change in active power
losses. A considerable decrease in the imported active power
from the transmission grid has occurred with the inclusion of
flexibility in the optimization model, as shown in Fig. 8. This
result could be a significant step towards future distribution
grid self-sufficiency. A slight decrease in power losses has
also occurred due to the reduced current flows within the
distribution grid. The result of optimizing distribution opera-
tion with flexibility for this case is a decrease of 40 percent
in imported active power from the transmission grid and a
7.5 percent decrease in active power losses for the distribution
grid [33].

FIGURE 8. Imported active power from the transmission grid and power
losses for both cases.

TABLE 5. Comparing the operation cost of the transmission and
distribution grids in a case of voltage problems.

B. SOLVING VOLTAGE PROBLEMS IN DISTRIBUTION GRID
This test case presents the model’s capability to provide
voltage regulation. Voltage problems will occur by creating a
peak-hour active power consumption in the distribution grid,
leading to voltage magnitude below the allowed limits.

According to [32], the minimum criteria are 10 percent
above or below nominal voltage value for 10 minutes dura-
tion. In our example, the voltage magnitude variation will
occur at 08:15. The goal in this test case will focus on solving
the voltage magnitude problem in two different ways. One
is to restore the voltage magnitude without flexibility, while
the second will include it. In order to achieve this voltage
regulation, a voltage optimization constraint is implemented
in the multi-period hybrid AC/DC-OPF model. This con-
straint maintains the voltagemagnitude within a range of±10
percent of the nominal voltage, where the nominal voltage
is 1.0 pu. This constraint will force the model to use more
of the active power from the DFR to maintain the voltage
magnitudes.

Table 5 shows comparison of the operation cost in the
transmission and distribution grids in a case of voltage prob-
lems. The costs for the distribution grid are increased when
voltage regulations are included. It because voltage regulation
restricts the feasibility region of the problem by adding addi-
tional constraints on the voltage magnitude. Using flexibility
assets in the distribution grid allows us to reduce the increase
in costs caused by voltage problems.

Fig. 9 presents the voltage magnitude for all nodes.
Fig. 9 shows that voltage profile across all nodes has

improved when flexibility assets have been used. To cope
with low voltage magnitudes on nodes 28 to 33 due to
peak hour consumption, the model has performed different
measures for the case with and without flexibility. Without
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FIGURE 9. Voltage magnitude for all nodes with voltage regulation on
node 33.

FIGURE 10. The total amount of load-shifting and battery response to the
total load in the distribution grid.

flexibility, the optimization model has taken the action of
shedding part of the load on nodes 29 to 33 by 0.008 pu, which
is not a desirable outcome. This action has led to reduced
power injection from the feeder node, resulting in a lower
power flow and reduced voltage drop. Such response from the
system hasmade it possible to contain the voltagemagnitudes
within their allowed limits. For the other case, the capac-
ity provided from flexible assets has allowed maintaining a
proper voltage without shedding the load, which is a much
more suitable outcome [33].

From Fig. 10, battery charging and load increase occur
at the start of the operation. When the peak hour occurs
later that day, the battery discharge and load shifting reduce
consumption to contain the increased load during that period.

C. SOLVING CONGESTION IN THE DISTRIBUTION GRID
One of the serious problems that can occur in the distribution
grid is potential congestion within the grid. When such an
unexpected event occurs, the use of flexibility to alleviate
this issue can be highly beneficial. Therefore, for this section,
a hypothetical lost grid capacity that occurs due to the appear-
ance of an unforeseen event after the day ahead of production
has been modelled in the line between nodes 26 and 27.

Three cases have been simulated to answer how the model
would respond to the congestion. The first case is modelled
without any flexibility present in the system, manifesting
what actions are necessary to acquire feasibility. In the second

TABLE 6. Comparing the operation cost of the transmission and
distribution grids in a case of congestion in the distribution grid.

FIGURE 11. Voltage magnitudes for all nodes for all three cases.

case, flexibility is included in the grid to alter the power
flows and satisfy the new line constraint. In addition to the
flexibility, voltage regulation is also introduced for the third
case.

Table 6 shows the comparison of the operation cost in the
transmission and distribution grids in the case of congestion
in the distribution grid. From Table 6, we can see that the
congestion leads to a significant increase in cost for the
distribution grid. In the case of voltage regulation, these costs
are increasing even more. Flexibility assets are an effective
tool for deal with these problems. Therefore, using flexibility
assets leads to a reduction of the costs for the distribution grid.

The case starts by analyzing the voltage to determine its
magnitudes and the effect flexibility has on it, as shown in
Fig. 11.
With no flexibility or voltage regulation presented, low

voltage magnitudes can be seen close to the lower bounds
for nodes 31, 32, and 33. For this case, where no flexibility
is present, load shedding is the only available omodeled
acquire feasibility in this grid situation. Due to its high costs,
this is a highly inefficient solution and DSO’s last resort to
handle such an modeled The second case improves these
results with the inclusion of flexibility provided by DFR.
These improved voltage results are due to the lower voltage
drops caused by a more localized production from DFR.
Although the new power flow constraint has been satisfied,
flexibility has introduced a new issue. During 09:00, nodes
13 to 18 experience overvoltages due to the high production
from DFR, leading to voltage violation. In order to counter
this issue, case 3 presents a solution where flexibility is also
supplemented by voltage regulation. The resulting voltage
has a similar profile across the grid compared to case 2,
with voltage magnitude on nodes 13 to 18 now below the
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FIGURE 12. Flexibility and load shedding is used to handle the
congestion for case 2.

upper voltage bound. The previous issue with low voltages
for nodes 31, 32, and 33 is also alleviated, resulting in a far
better voltage profile.

Fig. 12 presents the required flexibility dispatch to handle
the occurring congestion in the grid. The flexible load has
been increased at the simulation start and decreased accord-
ingly during peak load hours when the congestion occurs.
The battery has a similar response, where it is charged at the
beginning of the simulation and discharged during peak load
hours. A short charging period also takes place during the last
hour of the simulation. This interval results from the battery’s
need to end the simulation with the same charge as the initial
one. From the model, it is also apparent that no load shedding
is required to acquire feasibility, which is a highly desirable
outcome [33].

D. SOLVING CONGESTION IN TRANSMISSION GRID
The potential to use flexibility in providing ancillary services
is not limited to the distribution grid only [33]. Activating
a sufficient amount of DFR can impact the imported power
from the transmission grid and alter its flow. With enough
capacity, the power flow may also change its direction, feed-
ing power into the transmission grid. Such a case occurs here,
where unexpected congestion transpires in the transmission
grid after the day-aheadmarket has already been cleared. This
congestion occurs between nodes 7 and 8 of the transmission
grid shown in the Fig 5, which limits its transfer capacity to
0.33 pu. Three cases are simulated to showcase the distribu-
tion grid’s possibilities in supporting the transmission grid.
The first case presents the dispatch for a healthy transmission
grid, where no congestion has yet occurred. The second case
presents the same transmission grid as for case 1, but with
congestion of line between nodes 8 and 7. Lastly, in addition
to congestion, the last case also includes voltage regulation
for all distribution grid nodes.

Table 7 shows the comparison of the operation cost in the
transmission and distribution grids in the case of congestion
in the transmission grid. From Table 7, we can assume that
using flexibility assets leads to a reduction of the costs for
both the transmission and distribution grids.

To begin with, voltages for all nodes for operation time
03:30-03:45 are presented in the Fig 13.

TABLE 7. Comparing the operation cost of the transmission and
distribution grids in a case of congestion in the transmission grid.

FIGURE 13. Voltage magnitude for all 3 cases for operation time between
03:30 and 03:45.

FIGURE 14. Flexibility and load shedding are used in the distribution grid
before congestion in the transmission grid has occurred.

From the Fig. 13, case 1 portrays a healthy transmission
grid where the voltage magnitudes are within their limits
in the distribution grid. For case 2, a significant increase in
overall voltages magnitude has occurred. This increase is due
to the higher power production in the distribution grid caused
by the congestion in the transmission grid. This development
has led to over-voltages for nodes 13 to 18 between 03:30
and 03:45. This issue has been alleviated with the inclusion
of voltage regulation, resulting in voltage magnitude within
boundary limits, as shown by case 3. Fig. 14 presents the
total flexibility used for the first case. These results allow
the comparison of how the flexibility dispatch has changed
due to congestion for cases 2 and 3 in Fig. 15 and Fig 16,
respectively.

By comparing Fig. 14 and Fig. 15, a significant change in
DFR dispatch has occurred. Due to congestion, a reduction
occurs in flexibility provision from the flexible load and
batteries, compared to the Fig. 14. In the following Fig. 16,
simulation of the same situation with voltage regulation rep-
resents DFR dispatch for case 3.
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FIGURE 15. Flexibility and load shedding are used in the distribution grid
after congestion in the transmission grid has occurred, excluding voltage
regulation.

FIGURE 16. Flexibility and load shedding are used in the distribution grid
after congestion in the transmission grid has occurred, including voltage
regulation.

By including voltage regulation in the distribution grid,
flexibility dispatch has been affected by a sizable change,
as shown by the Fig. 16. An interesting outcome can be seen
in this case, between 02:00 and 03:00. During that period,
load shifting has resulted in a contradicting response across
the system [33]. To support the transmission system while
satisfying voltage constraints, node 10 has increased its con-
sumption, while nodes 5 and 26 have reduced it accordingly.
This action is due to the need to reduce the voltages, as shown
previously in the Fig. 13. The battery’s discharge also occurs
during this period before being recharged at the end of the
simulation.

The Fig. 17 illustrates the resulting power flow between
nodes 7 and 8 as a result of the scheduled power production in
the day-ahead market. Here, the green, blue, and yellow lines
represent power flow capacity with different measures taken.
The black dashed line is the maximum transfer capacity for
the line connecting nodes 7 and 8. Case 1 has not taken any
measures to meet the congestion requirements, resulting in
power flow exceeding the line’s transfer capacity, as shown
through the blue line. In order to satisfy the transfer capacity
in cases 2 and 3, reverse power flow is obtained in the distri-
bution grid by increasing the DFR usage from 02:00 to 06:00.
This reverse power flow from the distribution grid results in a
power flow reduction between nodes 7 and 8 [33]. The green
and yellow lines in the Fig 17 display how the power flow
does not exceed the congestion limit in cases 2 and 3.

FIGURE 17. The planned power flow for lines 7-8 for case 1, where
congestion has not been taken into account.

FIGURE 18. Power flow through the slack distribution node.

The Fig. 18 below shows how power flow through the
feeder node is effect by the measures taken to counter the
congestion in the transmission grid.

For case one in the Fig. 18, a positive flow can be seen,
representing a downstream power flow from the transmission
to the distribution grid. This flow is also relatively constant
throughout the simulation period. This changes when con-
gestion for case 2 occurs, where between 02:00 to 05:00,
a negative flow of power emerges. During this period, the
active power flows from distribution to the transmission grid.
This power flow is necessary to solve the congestion between
nodes 7 and 8 of the transmission grid. During these hours, the
distribution grid supports the operation of the transmission
grid. Case 3 shows a similar result, where the power flow
between 02:00 to 05:00 overlaps with case 2. These results
also show that the difference in flexibility dispatch between
cases 2 and 3 only influences the situation in the distribution
grid.

VII. CONCLUSION
The paper explores twomain objectives. The first is a theoret-
ical approach regarding FM strategy and design. The second
is the development of the multi-period hybrid DC/ACOPF
model for seamless TSO-DSO coordination in FM. The con-
sidered LFM design presents a solution for improving TSO-
TSO/TSO-DSO interaction to unlock, in a cost-effective
way, the zero-emission flexibility which is available in assets
connected to the transmission and distribution grid. The LFM

40104 VOLUME 11, 2023



D. Sieraszewski et al.: Multi-Period Hybrid AC/DC-OPF Model for FM Clearing

strategy also sets criteria for the functionality of the multi-
period hybrid AC/DC-OPF model.

The idea behind the multi-period hybrid AC/DC-OPF
model was to combine OPF formulations for distribution and
transmission grids into one single problem, which unlocks
flexibility exchange between these grids. For this purpose,
the model applied the SOC-ACOPF for the distribution grid
and the DC-OPF method for the transmission grid. These
two methods were combined by mathematically formulating
the transmission grid and the distribution grid connection
constraint. The proposed hybrid AC/DC-OPF model was
tested and verified based on widely used network configu-
rations. After this verification, further model expansion took
place by including flexibility assets in the distribution grid
and the multi-period optimization technique. These measures
allowed the development of a multi-period hybrid AC/DC-
OPF model capable of simultaneously performing multiple
optimal power flow simulations for both the transmission and
distribution grid.

In order to demonstrate the applicability of the multi-
period hybrid AC/DC-OPF model, test cases with different
grid problems were designed. Due to their lower prices,
battery and flexible load capacity were the preferred choices
for all performed test cases. The flexibility from DG was
also used to some extent due to its local placement. Only
when grid problems like congestion or voltage problems
occurred did DGs increase their power output significantly.
This increase in power output is presumably due to the
high capacity and location of the DG. When adopting
DG to solve voltage or congestion problems, the cost of
operation increased significantly. This increase in cost is
still a much more preferable and cheaper choice than load
shedding.

The test case showed that the potential benefits of using
flexibility services are not limited to the distribution grid
only. Activating a sufficient amount of flexibility assets
can help to solve problems in the transmission grid as
well.

Further work that builds upon our investigation will
enhance the developed multi-period hybrid AC/DC-OPF
model and will focus on the more realistic and complex grid
configurations and scenarios of energy use. The proposed
Hybrid AC/DC-OPF model in this article is solved as a single
optimization problem. In the case of coordination between
TSO and several DSOs, in a single optimization problem,
the computational complexity will increase significantly. For
this reason, as the next step of our investigation, the Hybrid
AC/DC-OPF model is extended with the Alternating Direc-
tion Method of Multipliers (ADMM). Using the ADMM
method allowed us to large-scale problems is decoupled
into smaller subproblems for TSOs and DSOs. The Hybrid
AC/DC-OPF model for coordination of TSO with multiple
DSOs can be solved iteratively by updating Lagrange multi-
pliers according to the ADMMmethod. In addition, in future
work, the reactive power flexibility exchange between TSO
and DSO will be considered.
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