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Aggregation schemes provide a means to reduce the computational complexity of power system operation by
reducing the number of devices that are considered individually. This can be achieved with tools of computational
geometry, where the feasible set is projected onto the decision variables of the point of interconnection. Set
projection is computationally expensive, especially in the context of multi-period power system operation. This
calls for efficiency improvements via structure exploitation of set representations. This paper proposes efficient

flexibility aggregation via constrained zonotopes. We evaluate the performance of the proposed method on a 15-
bus distribution grid with time-dependent elements for up to 96 timesteps. The results suggest that the presented
method significantly improves computation times compared to classic polytope projection approaches.

1. Introduction

The increasing integrationof Distributed Energy Resources (DERs)
into modern power systems introduces new operational challenges for
both Transmission System Operators (TSOs) and Distribution System
Operators (DSOs). From the perspective of the TSO, higher volatil-
ity and the spatial distribution of generation increase the risk of volt-
age violations, line congestion, and inverted power flows. Moreover,
most flexible devices are located in distribution grids added at the
distribution level. The availability of DERs and storage solutions in
the distribution grid offers new opportunities for flexible grid oper-
ation, which in turn creates new coordination requirements between
the TSO and the DSOs to ensure reliable and efficient system perfor-
mance. These interactions can be modeled through a centralized Op-
timal Power Flow (OPF) formulation, in which all system data-such
as DER capacities, grid parameters, and asset locations-are collected
by a central operator that solves a single global optimization prob-
lem. However, to preserve data privacy, reduce computational com-
plexity and to simplify information exchange, such detailed informa-
tion from the distribution grids should not be directly shared with the
TSO.

To address these challenges, hierarchical optimization has been
widely adopted in the literature. In the first stage of the approach, flex-
ibility aggregation, the Feasible Operation Region (FOR) is computed.
The FOR describes the values of the shared variables, usually active and
reactive power, at the interconnection point that can be achieved with-
out compromising the feasibility of the optimization problem from the
DSO’s perspective. A survey of different methods can be found in [1].
The TSO can then use this information to determine the optimal utiliza-
tion of DER flexibility without requiring direct data from the distributed
grid assets.

The standard FOR estimation methods rely on sampling the region
and computing the convex hull of these points. The samples can be ran-
domly obtained [2] or calculated in a more structured manner, utilizing
knowledge of the grid and constraints to solve optimization problems
[3-5]. The methods above consider assumptions that can be quite lim-
iting. They assume a unique interconnection point between DSO and
TSO, the voltage at this point to be constant, and no time-dependent
elements, e.g., storage systems. To mitigate some of these limitations,
recent optimization-bases approaches compute inner-approximations of
the aggregated flexibility in multi-period settings [6,7]. Similar ap-
proaches extend this approach to consider uncertainties [8] or solve
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optimization problems to parameterize a virtual battery model consid-
ering time-dependent elements and network constraints [9], but these
inner approximation based methods remain inherently constrained by
the geometry of the chosen surrogates.

There is limited research on the flexibility aggregation in distribu-
tion grids that considers time-dependent elements. A survey of various
methods for aggregating batteries can be found in [10,11]. They offer
computational tractability but neglect grid constraints or rely on data-
driven formulations, which reduces their accuracy for grid-aware ap-
plications. Multi-period cost curve formulations [12] capture temporal
coupling but limits the FOR to only portraying active power.

Recently, set projection has been used for the computation of the
FOR [9,13]. The method has been extended to FORs, which include
time-dependent elements [14], but it requires solving multiple optimiza-
tion problems. For affine grid models, such as LinDistFlow [15], the pro-
jection can be obtained in one step via tools of computational geometry.
The downside of this technique is the computational burden of the set
projection operation, which limits its scalability [16].

One line of research addresses this computational burden of poly-
tope projection by applying zonotope approximations [17,18]. How-
ever, such approximations are not always accurate, particularly when
the underlying set is non-symmetric.

The present paper introduces a novel approach to compute time-
coupled and voltage dependent active and reactive power FORs by ex-
tending the non-iterative projection-based formulation [19] to multi-
period settings with time-dependent elements. To overcome computa-
tional bottlenecks that normally hinder the scalability of set projections,
we rely on Constrained Zonotopes (CZ) [20]. C Zs enable non-symmetric
set representation with efficient set projection properties. This results in
significant reduction of computation times without compromising rep-
resentation accuracy. Furthermore, most of the remaining computation
can be carried out offline, enabling the practical implementation for the
computation of FORs for a 15-bus distribution grid that include time-
dependent elements such as storage units for up to 96 timesteps.

The remainder of this paper is structured as follows: Section 2 elab-
orates the problem statement and recaps the flexibility aggregation via
polytope projection. In Section 3 we present how CZs can be utilized for
efficient flexibility aggregation over time, while Section 4 highlights the
potential of this method for dynamic problem settings. Section 5 com-
pares and discusses numerical results for the presented methods. The
paper concludes with Section 6.

2. Problem statement

We assume a tree-structured power system, divided into transmis-
sion and distribution grids, as shown in Fig. 1. Time coupled system
operation across multiple grid levels requires the solution of multi-stage
Optimal Power Flow (OPF) problems. Next, we introduce one variant of
this problem, which we later use as a basis for aggregation. We limit the
presentation to one distribution grid in order to simplify presentation.

The first step in flexibility aggregation via set projection is to define
the constraint set of the sub-problems, i.e. the distribution grids. We
represent the distribution grid as a graph G°® = (N, B,), where N, is
the set of all buses and B, C N, x N, is the set of branches, i.e., lines
and transformers.

We define the nodal active and reactive power p,, (k) and g,,(k) of

node m at each timestep k in the considered interval 7 = 1,..., N as
P = Y P (O = Y (), @
leNy leNy

with p,, (k) and g,,,(k) representing the active and reactive power flow
between nodes m and / at each timestep k. The net powers at each node
are

Pu(k) = P, () = pl () + p, (K, (2a)
4mk) = g5 (k) — g (K), (2b)
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Distribution Grid

Fig. 1. Tree-structured optimization of power system operation adapted from
[19].

where pf, (k) and g5 (k) are the active/reactive power generation and p
and q;’l(k) are the active/reactive power demand at node m € N,;. Fur-
thermore, p’ (k) is the battery’s active power. For nodes without a bat-
tery, p;, = 0, while for nodes with a battery, p}, is negative when charg-
ing and positive when discharging, i.e., providing the grid with power.

The active power generation for the flexible renewable generators
must stay within the bounds
0 < p8 (k) < fE(k), m €& G. 3
where G C N denotes the set of buses with controllable generators and
f%(k) represents the maximal active power generation given by irradia-
tion/wind forecast conditions at each timestep.

We limit the reactive power support from each renewable genera-
tor by constraining the maximum apparent power 3,,(k) and the power
factor limit cos(¢) at each timestep with the affine constraints [21]

pE (k) < 5,,(k) cos(¢h), (4a)
—p8 (k) tan(¢) < g5 (k) < p& (k) tan(¢). (4b)
Next, we formulate the active/reactive power flow p,, (k) and g,,, , (k)

on each line (m, /) € B, and the squared voltage v,, at each bus m € N
according to the DistFlow formulation for radial grids [22]

Pt R) =Y D j () + D) + 1y £ (K. (5a)
JENy
G0 =Y @ () + 0 () + X, (K, (5b)
JENy
Vin(K) = v (k) + 2(r . Py (K) + X 1 Gy 1 (K))
=+ X W (K), (5¢)

where, r,,, and x,,, are, respectively, the line resistance and reactance
and 7, (k) is the squared line current.

To obtain a polyhedral constraint set, it is common to neglect line
impedances. Then the squared branch current ¢, (k) does not need to
be calculated. As shown in [19], this results in a relatively good ap-
proximation of the true flexibility region with a slight offset due to the
neglected losses. Similar to [23-25] we use the first-order Taylor series
as linear approximation for the square current 7, ,(k) around the current
operational point t?ﬂ,l [24],

Emi k) % g (0 + 0 Lo 1y 3a(K) 6
where
Puna (k) = ),

St () = | (k) =g, | %)
vi(k) =0
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20
\/0
2qf)n1
Jm’1|,0, = 5 . (8)
. 1
)’
o)?
Additionally, we limit squared voltages and currents
Vo SVn(R) S Vs £, S (k) S s ©

Let S C N denote the set of buses equipped with storage units. Each
storage unit has a limited capacity e}, (k)

e <eb (k)< Efn, meS (10)

with bounded charge/discharge rate
P <pi(k)<p,, meS. an

For the sake of simplicity, we neglect the reactive power support of
storage systems as well as the charging and discharging efficiency of
the storage units.

A simple discrete-time integrator dynamic models the State of Charge
(SOQ) of the storage units. Assuming a fixed timestep Ak and neglecting
losses, the SOC dynamic reads

ek +1) = e, (k) — Ak - p5.(k), e, (1) = 12)

with m € S. We define the resulting constraint set as
X={x; € R™i | (1)~(12) hold Vm € N,
Vk € I, and V(m,1) € B, }.

The vector of coupling variables with the TSO is defined as z] =
(p;; k), 4; ;(K)]; jeB, ket [Vi(k)JieJ\/;,kEZJ' These variables appear in both
the TSO and DSO optimization problems, representing the physical cou-
pling between the two grids. Here, NV denotes the set of nodes that serve
as coupling points between the transmission and distribution grids.

The resulting constraint set is a convex and bounded polyhedron, i.e.
a polytope. The set projection of X C Y x Z onto Z is defined as in [26]

projz(X) ={ze€ Z | Iy € Y with (z,y) € X} C Z. (13)

This gives the values for the coupling variables achievable without vio-
lating any of the constraints of the original set. Put differently, we can
compute the FOR F; as

F; = proni ;. a4

An example of the projection of a three-dimensional polytope onto the
xy-plane is shown in Fig. 2.

3. Complexity reduction using constrained zonotopes

Different set representations offer different trade-offs in terms of rep-
resentational accuracy, compactness, and suitability for certain opera-
tions, such as set projection, linear maps, and intersection. Therefore,
the conversion into an appropriate set representation is critical to per-
form projection, i.e. aggregation, in high-dimensional problems such as
multi-stage OPF.

3.1. Approximation of feasible operating region

Given an affine set representation of the multi-stage OPF, the feasible
set X; is a convex and bounded polytope in half-space representation (H-
rep) and can be expressed as

Ax < b},

with a constraint matrix A € R™" and a constraint vector b € R".
This formulation enables the projection of the feasible set onto cou-
pling variables using methods from computational geometry, such as

Pi{xeR”
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Fig. 2. Example of the projection proj(X) of a three dimensional polytope X on
the xy-plane.

Fourier-Motzkin elimination or vertex enumeration [[27], pp. 2-3].
However, for multi-stage flexibility aggregation with storage units, the
increased problem dimension renders these algorithms computationally
intractable.

3.2. Reformulation of the feasible set

Zonotopes are well suited for projections, also in high dimensions.
They are defined as

8§
Z= {c + ocl-G(A’,-)
i=1
with a center vector ¢ € R”, a generator matrix G € R"™"¢ and the scalar
internal factors a;. Zonotope projection is performed via a simple sparse
linear map and therefore can be computed very efficiently. In the follow-
ing, the shorthand notation Z = (c, G); is used for zonotopes. However,
zonotopes are limited to model centrally symmetric convex polytopes.
To address this limitation Constrained Zonotopes (CZs) extend zono-
topes by adding linear constraints to the internal factors «; [20]. This
results in the definition

ﬂg Vlg
cz= {c + ) G, | Y A, =b oel-l, 1]},
i=1 i=1

with center vector ¢ € R”, generator matrix G € R"™"s, constraint matrix
A € R™"  and constraint vector b € R™. In the following, the shorthand
notation CZ = (c, G, A, b).; is used for constrained zonotopes. Without
limitations on the number of generators n, and the number of constraints
m, CZs can express arbitrary convex polytopes and offer many of the
computational advantages of zonotopes, like projection via matrix mul-
tiplication [20].

The conversion of the feasible set X; of the multi-stage OPF intoa CZ
can be decomposed into three sequential stages, where the first two steps
can be considered as an offline computation to achieve the desired set
representation as CZ whereas the third step is set projection operation
itself.

n

a € [-1, 1]},

Determine a bounding zonotope

Given a feasible set as convex and bounded polytope one can deter-
mine upper and lower bounds for each variable by solving two Linear
Programms (LPs) for each variable X; ke This allows to determine the
vectors of upper and lower variable bounds ub, and /b,, which define
the bounding zonotope Z, with center ¢ and generator matrix G that
over-approximates the given polytope Z, = (¢,G), C P as

c=Yub, +1b,)

=2 (15a)
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(15b)
(15¢)

G = diag(5 (ub, — Ib,))
Zy, ={(c, G).

However, as shown in Section 5.2 selecting the variable bounds suffi-
ciently large is adequate without loss of accuracy, if for each variable x; ;
the approximated variable bounds ub,, /b, exceed the variable bounds
uEx, 1 l;x with

Iby g S1bg g < Xip Suby y Suby . (16)

While significantly reducing computation times in high dimensional
problems such as multi-stage OPF, this may result in a highly over-
approximative Z,. However, the following step of the conversion into
a CZ applies all constraints defining the feasible set X; to the internal
factors a of the CZ representation, i.e. effectively constraining the sym-
metric Z, to model the feasible set exactly.

Adding constraints to the bounding zonotope

Given the feasible set X; of the multi-stage OPF as polytope P in H-
rep, it is defined as an intersection of a finite number of halfspaces H; =
{x € R" | hTx < ¢). To reconstruct the polytope as CZ, the bounding
zonotope is successively intersected with each halfspace H,. Based on
the method in [28], each intersection updates the CZ as

CZy={c.[G 0], A4 D)y, a7

with

A= A 0 b= b (18)
B S N IS A

where d,, is given by

g
d,=C—hTc+ ) |hTg,l. 19
i=1
This step assumes that the provided polytope is irredundant, so that no
feasibility checks are required before intersection. Otherwise, it is ben-
eficial to keep the representation compact by solving an LP to check
whether a halfspace intersects the current CZ and therefore has to be
added to the representation [28]. The proposed approach for reformu-
lation of the feasible set as CZ is summarized in the offline step in Al-
gorithm 1.

Algorithm 1 Complexity reduction using CZs.

Require Bounding zonotope Z = (¢, G), halfspaces H = {H|, ...
defining polytope P
Ensure CZ = {c¢,G, A, b)
Initialize CZ = (c, G, A, b) with empty A, b
Offline computation:
1: for all H; modeling static constraints (1), (2), and (5)—(11) do
2: Compute (19)
3: Update CZ as described in (17) and (18)
4. end for

9Hm}s

Online computation:
1: for all H; modeling dynamic constraints like (3), (4), and (12) do
2 Compute (19)
3: Update CZ as described in (17) and (18)
4: end for
5: Compute (20)
Return proj(C2)

The addition of a zero column to G in (17) does not affect the result
of hTG. This allows to parallelize the calculation of the rows for A4, b of
the CZ, which greatly benefits the required computation time.
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Projection of the resulting constrained zonotope
Finally, once the CZ is constructed, projection onto the desired sub-
space is performed via the sparse linear map M, yielding

M,®CZ=(M,, M,G, A, b). (20)

This projection operation utilizes the computational benefits of the CZ
representation, enabling fast and scalable dimensionality reduction via
linear map. Thus, resulting in a computationally efficient online step of
Algorithm 1. The additional steps of the online computation for dynamic
sets are discussed in Section 5.2.

Unlike polytope projection that obscures details of sub-grids through
variable elimination, the CZ projection maintains potentially confiden-
tial grid information inside A and b of the equality constraints. In their
raw form the constraints might reflect local asset characteristics. How-
ever, the offline-online separation of the presented method allows for
the seamless integration of privacy-preserving transformations in the
offline step, i.e. with a non-singular private transformation matrix T
[29]

TAa =Tb,

which masks the underlying structural data without affecting the com-
municated FOR.

4. Intersection with additional linear constraints

For more dynamic use cases, it is essential to limit the computation
cost required to consider changes in the feasible set X; due to control
inputs or changing external conditions. Given the inherent separation
of the set reformulation from the projection in the presented method
shown in Algorithm 1, most of the computation can be performed of-
fline. Furthermore, we can utilize that CZs allow to calculate halfspace
and hyperplane intersections. This enables an efficient online update
strategy for increasing problem sizes, as the underlying topology of the
problem remains identical per time-step. We emphasize that, for dy-
namic use cases, the offline computation incorporates only the strictly
static constraints modeling static constraints (1), (2), and (5)—(11) in ;.
The offline step itself converts X; into an equivalent CZ, , ;, as elaborated
in the previous section. This offline conversion accounts for the majority
of the computational burden. During online operation the offline CZ,,,
serves as the baseline. Time-varying bounds, such as the integration of
revised forecast data in (3), changing power demands or updated set-
point constraints, are integrated by adding the respective constraints via
intersection to a copy of CZ, . This results in a new CZ,,, modeling the
feasible set for each iteration. Because CZ,, deliberately omits previ-
ous forecast data, there is no need to computationally remove or modify
existing constraints. This avoids a repetition of the offline step entirely.
The computational efficiency of adding constraints dynamically via in-
tersections is evaluated in Section 5.2.

5. Numerical case study

All numerical results in this section are performed on a system with
an eight core and 16 thread Ryzen 9800X3D CPU paired with 64GB of
6000MHz RAM. Provided computation times are the average of ten ex-
ecutions. We use JuMP. j1 [30] and MOSEK [31] to solve optimization
problems. For convex sets, Polyhedra. j1 allows to extract the set di-
rectly form the JuMP. j1 model as polytope in H-representation. For the
problem formulation, we consider LinDistFlow with loss linearization as
elaborated in Section 2. This allows to achieve a convex approximation
while maintaining the crucial information of reactive power and volt-
age magnitude in the DSO grid model. As the underlying problem, we
consider a multi-stage Optimal Power Flow (MS-OPF) problem, which
allows flexibililty aggregation across multiple time steps and serves to
evaluate computational scalability for horizons of up to N = 96.
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Table 1

Computation times of the presented method and polytope projec-
tion on the 4-bus distribution grid model for up to N = 4 timesteps.
Fastest computation times in bold.

Horizon N Approach  Offline [s] Online [s] Total [s]
1 cZ 6.57-10~* 1.43-10° 6.59-10~*
Polytope 8.22-1073 8.22-1073
2 cz 296103 7.80 - 1077 296103
Polytope 5.81-1072 5.81-1072
3 cZ 7.28-1073 1.02-10° 7.28-1073
Polytope 2.13- 107! 2.13- 107!
4 cZ 1.14-102 1.03-10°° 1.14-1072
Polytope 4.63- 107! 4.63-107!

5.1. Comparison of computation times

First, we consider a small-scale, 4-bus radial distribution grid
adapted from MATPOWER, called case4dist [32]. The grid has been ex-
tended to include two additional renewable generators at buses three
and four, thereby increasing the system’s overall active and reactive
power flexibility. This small test case allows the comparison of the pre-
sented method with the baseline approach of polytope projection, which
can still be evaluated over a short varying time horizon of the MS-OPF.
While this projection-based approach does not scale well to larger grids,
it remains suitable for evaluating performance in this compact setting.

Table 1 shows the computation times for the multi-stage OPF on
the 4-bus distribution grid model for up to N = 4 timesteps. The results
highlight that for small problem sizes, the presented method achieves
significantly faster computation times, especially for the online compu-
tation of the set projection onto the coupling variables of active and re-
active power at point of interconnection. While both methods model the
convex feasible set of the multi-stage OPF based on the LinDistFlow for-
mulation with loss linearization, the presented method achieves faster
total computation times for all time horizon lengths depicted in Table 1
as the polytope projection, where no offline computation time is needed.
This highlights, that for small problem sizes even the set conversion it-
self can be performed online, as its computation time is sufficiently fast.

5.2. Evaluation on 15-bus feeder

Next, we analyze how the presented method performs on a medium-
sized distribution grid model.

Therefore, we consider the 15-bus grid model case15nbr from [32,
331, where the loads on buses 8,10 and 13 are replaced by renewable
generators with double the active power limit and an added storage unit
at bus 3 with a capacity of 1 MWh, active power of 1 MW, and an initial
SOC of 100 %. The adapted grid is depicted in Fig. 3. Fig. 4 illustrates
the scaling of the optimization problem as the time horizon N increases.
While the underlying 15-bus grid model can be considered as a rather
small MV network, the scaling of the problem size with increasing time
horizon length highlights the applicability of the approach to large-scale
problems.

Approximation quality of reformulation based approaches

First, we demonstrate the equivalence of the reformulation of the
feasible set as CZ. Fig. 5 shows that approximating the variable bounds
does not impact the accuracy of the resulting CZ. The FOR modeled as
CZ TP is equivalent to the respective FOR modeled as polytope
FLDF-LL Ag described in Section 3.2, this holds as long as the bounding
zonotope over-approximates the polytope and all constraints defining
the polytope are added to the CZ representation in the next step of
the conversion. Hence, all following computations use sufficiently large
variable bounds to decrease computation time. For a comparison of the
approximation quality of FLPF-LL with the true flexibility region we
refer to [19].
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]

Fig. 3. Topology of the 15-bus radial distribution grid with battery highlighted
in green.
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Fig. 4. Scaling of dimensionality and number of constraints of the 15-bus grid
model with time horizon length N.
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Fig. 5. FOR at the slack bus modeled as polytope and as CZ using sufficiently
large variable bounds.
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Fig. 6. Dependency of p, ,(1) FOR of active and reactive power at the following
timestep.

Table 2
Computation times of the presented method on the 15-
bus distribution grid model for up to N = 96 timesteps.

Horizon N Offline [s] Online [s] Total [s]
12 1.18 - 10° 2.95-1073 1.18 - 10°
24 5.49 - 10° 1.14- 1074 5.49 - 10°
36 2.38- 10! 1.11-107* 2.38- 10!
48 6.19 - 10 1.45-1074 6.19 - 10!
60 1.24-10% 1.50- 1073 1.24 - 10%
72 2.68 - 10% 3.23.1073 2.68 - 10%
84 3.12-10% 2231073 3.12-10%
96 5.35-10% 2.85-1073 5.35-10%
Table 3

Computation times required to add an
additional constraint to an existing CZ
for up to N = 96 timesteps.

Horizon N Computation time [s]
12 3.35-1072

24 2.46- 107!

36 2.57-107!

48 4.42-107!

60 1.38-10°

72 3.70 - 10°

84 4.82-10°

96 6.56 - 10°

Table 2 shows the respective timeseries of required computation
times for the reformulation of the feasible set as CZ. For the given re-
sults, the constraint intersection is performed in parallel. The results
clearly show that despite the fact that the computation time scales no-
ticeably, it remains suitable for offline computation on the used test
problem, even for a considered time horizon length of N = 96. Further,
CZ projection can be performed in sub-second times on the 15-bus dis-
tribution grid case, even for large time horizons N. This highlight the
suitability for the presented method to reduce complexity in grid oper-
ation via aggregation. Paired with acceptable conversion computation
times, this allows the application of aggregation to considerably larger
problem sizes, by using the presented method to model the feasible sets
of the sub problems as CZ.

Computation times for set modification
To reduce the repeated necessity of performing the set conversion
due to small changes in the feasible set, e.g. set point alterations, this
section briefly evaluates the modification of an existing CZ with addi-
tional halfspace or hyperplane intersection as discussed in Section 4.
Table 3 depicts the time necessary to add an individual affine con-
straint to a CZ modeling the multi-stage OPF for increasing time horizon
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lengths N. The results show, that adding additional affine constraints is
in fact viable as the required computation time remains sufficiently low,
i.e. far below the considered time step size of fifteen minutes, even for
large problem size.

These result highlight the potential use of these set representations
for dynamic sets. For instance, this can be used in ADP to model a feasi-
ble set for a fixed set of constraints and add more dynamic constraints,
e.g. time-varying generator setpoints, via further intersection as neces-
sary.

Time-dependent feasible operating region

Given the significantly reduced computation times, we can now con-
sider a MS-OPF problem on the 15-bus distribution grid case and there-
fore the FOR at point of interconnection for the coupling variables of
active and reactive power along the time horizon. Fig. 6 shows the avail-
able active and reactive power values of the multidimensional FOR at
time step k = 2, denoted by p;,(2) and ¢, ,(2), depending on the pro-
vided active power at the point of interconnection at k = 1, p; ,(1). One
can see that the p;,(2)/q;,,(2) area becomes significantly smaller with
increasing p; ,(1). This is due to the battery dynamics (12), i.e. the avail-
able energy in the battery is lowered for timestep k =2 depending on
the power drawn in timestep k = 1. Otherwise, the available flexibility
remains consistent as the loads as well as generation units in the 15-bus
distribution grid model are considered to be static over time.

This highlights the necessity to consider the multi-stage OPF for the
DSO subproblems in order to ensure a feasible solution for consecutive
timesteps and to improve flexibilty utilization.

6. Conclusion and future work

This paper addresses the central computational bottleneck arising
in projection-based determination of the FOR for affine grid models
via tools of computational geometry. By utilizing CZs as beneficial set
representations we can significantly reduce the computation times re-
quired for flexibility aggregation via set projection of convex feasible
sets while achieving the same accuracy of original polytope based ap-
proaches. Hence, this approach combines the computational efficiency
of zonotope based approximations for set projection with the capabil-
ity to model non-symmetric polytopes. The computational efficiency of
the presented method allows to perform time-dependent flexibility ag-
gregation in the setting of multi-stage OPF and on large-scale problems
without loss of accuracy. Further we show that most of the computa-
tion can be performed offline and set modifications can be considered
efficiently.

Future work will focus on further application in the proposed use
cases and a more detailed numerical comparison of the representa-
tional accuracy to alternative approaches like original zonotope pro-
jection. Additionally future work will focus on the extension of the pre-
sented method to non-convex OPF formulations as well as the charging-
discharging efficiency of batteries and their nonlinear dynamics.
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