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Abstract

Battery energy storage systems (BESS), e.g., grid boosters, are
becoming increasingly important for the stable, robust, and
flexible operation of the transmission power grid. BESS can
decrease costly re-dispatch measures by providing additional
capacity in the grid. They can enhance congestion manage-
ment through peak shifting and even reduce the need for ex-
pensive new transmission lines. For these benefits, a critical
challenge is their efficient placement in the grid and their di-
mensioning. Our work adds to BESS placement evaluation
by proposing a novel utility measure for the use of a storage
unit. The proposed utility measure is based on the Shapley
value from cooperative game theory. As a storage shows its
benefit over time, the measure is evaluated on a horizon using
multi-period AC optimal power flow. We test our approach on
a radial five-node test grid and a modified IEEE case14 grid,
including storage units and renewable energy sources that can
be curtailed. The results show that the proposed method is able
to evaluate the BESS’ utility, including the provided reactive
power compensation.
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1 Introduction

The share of renewable energy sources (RES) in power grids
has increased rapidly in recent years, bringing new challenges:
volatility, high generation peaks, and a lack of grid inertia.
To prevent congestions and blackouts and, hence, to ensure
a stable operation, the transmission system operators (TSOs)
need to perform increasingly many redispatch measures, which
incur high costs.

To tackle these challenges, adding grid capacity to the grid
by building new transmission lines is a potential long-term
solution, however, expensive and slow. More flexibility and au-
tomated control are required. Battery Energy Storage Systems
(BESS) can provide all of these, including a range of ancillary
services [2, 9, 10], such as reactive power compensation [4].
BESS can alleviate transmission congestion [6] and enhance
overall grid stability [12]. Their optimal placement in the grid,
however, is a non-trivial task. The potential of BESS to reduce
overall operation costs raises a critical question — How much
does each BESS unit contribute to lowering the respective costs?

The present paper proposes a utility measure to quantify
each BESS unit’s contribution to the cost reduction in electric-
ity grids. Due to nonlinear grid dynamics, we cannot simply
apply the proportional method, i.e., their utility is proportional
to power output. We choose the Shapley value from collabora-
tive game theory [1], which gives a fair allocation. The Shapley
value has been used in various fields such as social networks
[11] and AI [16]. In the field of electricity grids, it has been
mainly applied to distribution grids [15, 18] with a different
focus, e.g., resource sharing [18]. In transmission grids, the
Shapley value has been used to allocate transmission usage or
network costs [14], e.g., grid-boosters, and, more recently, to
share congestion management costs among system operators,
both on a static Ac-opF [3] and on a multi-period bc-opF [19].
However, none of these works include BESS in the oPF, or a
multi-period oPF, and most papers use the approximate DC-OPF
formulation.

The novelty of this approach, compared to previous work
[3], is the extension of the Shapley value to a time horizon and
its application to BESS. This approach provides a transparent
and explainable way to assess the value of BESS in transmission


https://orcid.org/0000-0002-5260-1700
https://orcid.org/0000-0001-8669-7942
https://orcid.org/0000-0002-5704-056X
https://orcid.org/0000-0002-3572-9083
https://doi.org/10.1145/3679240.3734664
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.1145/3679240.3734664
http://crossmark.crossref.org/dialog/?doi=10.1145%2F3679240.3734664&domain=pdf&date_stamp=2025-06-16

E-ENERGY 25, June 17-20, 2025, Rotterdam, Netherlands

grid operations. The main contributions of the present paper
are:

o We extend the Shapley value to an OPF with multiple
time periods.

e We apply the Shapley value to BESS as a utility measure.

e We demonstrate the utility value on the radial IEEE
case5 and on the modified meshed IEEE case14.

o We show that the utility value reflects the BESS contri-
bution to reactive power compensation.

The paper is organized as follows: Section 2 discusses the
modeling of the grid, and the multi-period Ac-opF model in-
cluding BESS. Section 3 recalls the Shapley value and defines
its novel adaptation for BESS. Section 4 presents the simulation
results, and Section 5 concludes the work and gives an outlook
on future research.

2 Modelling

To assess a storage unit’s utility for the grid, its operation must
be evaluated over a time horizon 7~ = {1,...,T}. The problem
is solved on a grid G = (N, £), with bus set N = {1,..., Ny}
and branch set £ = {1,..., N;}, with number of buses N;, =
|N| and branches N; = |.£| The AC power flows are given by
the active power P; and reactive power Q; for every load d;
and generator g; at a bus i € N, and for the power flows f;;
on branch [ = (i, j) € L, as well as by the voltage magnitude
Vi and voltage angle 0;.

2.1 Multi-Period opF Formulation

To optimize storage schedules for active and reactive power,
as well as curtailment costs, we solve a multi-period optimal
power flow (MP-OPF) problem. Our formulation mostly follows
[8, 13]. The mp-opF is formulated as a nonlinear optimization
problem, which we describe in the following.

The objective function @ in (1) sums up all linear costs P
for generation and curtailment of RES over all buses N and
the time horizon 77, i.e.,

T N
t 0
O(P) = ZZCGI it CCurti Pcur“"'cSl PS,i+ci’ (1)
t=1i=
where P P(t: and P ; are the active power generation,
urt,i’

curtallment and storage 1n]ect10n at bus i, weighted with hnear
cost coefficients cg ;, ccyrs,i» a constant cost coefficient ci ,and
zero cost for storage use, i.e., csi =0.

The power flow equations in the MP-OPF problems can be
summarized as the active and reactive power nodal balances

ZVt (G”COSQ +B1]sm9 )

_ pt ¢ t ¢
—PG’I.—P i+ Pg +PCW“, (2a)
Np
Z Vitht (Gi]- sin ij - Bjj cos Hfj)
J=1
=06~ i + 95+ Qures (2b)
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Vi e N, Vt € T, where PtD!i, QtD’i are the active and reactive
power of the laod, Vit denotes the voltage magnitude at bus
i€ Nand ij = 0; — 0; denotes the voltage angle difference
between bus i and bus j along the branch (i, j) € £ at time
t. Variables B;j, G;; represent the real and imaginary parts
of the complex admittance matrix Y, respectively. Moreover,
Pt Péur L ,and Pt ; denote the active power injections at bus
i at time ¢ from storage renewable generation curtailment,
and RES, respectively. The corresponding power injections
are set to zero if no storage, renewable generation, or RES is
connected to bus i € N.
These variables are subject to their physical constraints:

Pi<Poi<Poi Qs <0QG;<Qn ()
V,<Vi<Vi 6 <60} < 0y, (3b)
~PCurti < Plyre; <0 (30)

|fi§-| < Fjj, (3d)

Vie N, Vt € T,V(i, j) € L, with the definition of the branch
flow magnitude | f;zl at time #:

1= @) + (L2

where (3a) give the capacity limits of active and reactive power
generation, (3b) the limits for voltage magnitude and voltage
angle, (3c) the maximum curtailment bounded by RES genera-
tion and (3d) the thermal branch limits.

The BESS model consists of the physical limits:

1 £, CH t,DC t,CH pt,DC _

pL = Pgc - pePC, P peDC =0 (4a)
0< Pt CH <Psi, 0< Pt be < Ps,;, (4b)
Q,, <0k <Ts, (40)
0 < SoC} < SoC, (4d)

as well as the charging and discharging relationship:

t_ t—1_SDC CH pt, CH t,DC
SoC; = SoC;™ g, + At(qs P DCPSz ), (4e)

S,i

Vi € N,Vt € 7. The corresponding variables are set to
zero if no storage is connected to bus i € N. In the present
paper, the charging and discharging are modeled by the two

variables Pt CH Pé’?c

adding to the storage power Pg ; with
the complementary constraint (4a) to prevent simultaneous
charging and discharging. The technical limits for the maximal
active and reactive power, charging and discharging, as well
as the maximum capacity as the state of charge, are given
by (4b)-(4d). The coupling constraint (4e) gives the state of
charge SoC f at time ¢, including the charging, discharging, and
self-discharging efficiencies ng{ , r]?lc, r]:g?c € (0,1].

Combining equations (1)-(4) we obtain the AC mp-OPF.

3 Utility measure for BESS

With the storage schedules and generation costs from the mp-
OPF, we construct a utility measure that also considers the time
horizon 7. The utility measure is based on the Shapley value
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[1], which is based on a cost function, e.g., an opF, and defined
in Section 3.1. To apply it to a MP-OPF, we define the Shapley
value for BESS on multiple time periods ¢t = 1,..., T in Section
3.2.

3.1 The Shapley Value

The Shapley value is a cost allocation method that fairly dis-
tributes costs or profits among multiple actors. It is the only
allocation key that fulfills the fairness axioms [1]. In this con-
text, the profit represents the cost reduction through BESS.
Let (P, @) represent a game, where P is a set of players, i.e.,
BESS units, and @ is the objective function of the mp-opF that
assigns costs to different coalitions (subsets of players), i.e.,
D(Q), where Q refers to a group of players in collaboration,
i.e., simultaneously operating BESS units. In this paper, we use
the Shapley value to distribute the costs of the grand coalition
Q = P, i.e,, when all storage units are in use, to each player
p =si € S =P with a contribution of ¥.

The Shapley value is defined as the average marginal con-
tributions of p to all coalitions Q@ C P:

po- > BHEZEEY e @up -e @),
QeP\{p} ’

®)
where ® (Q U p) — & (Q) is the marginal contribution of the
player p, weighted with the chance of occurrence of the coali-
tion Q. This leads to a computational complexity of O(2") for
n = |P| players, making the Shapley value challenging for
large n > 10. In transmission grids, where only a few but large
BESS are installed, our approach still allows for evaluating
selected strategic BESS locations. If needed, several approxi-
mations exist for the Shapley [5, 7, 17].

In the following, we adapt this notation to BESS.

3.2 Adapting the Shapley Value to BESS

In our setting, the utility of a BESS unit is defined by the
individual contribution to the reduction of costs that the unit
achieves. As in the previous section, we set the storage units
S as the set of players P, and the mp-opF (1)-(4) as the cost
function ®. A coalition Q C S represents the simultaneous
activation of a subset of BESS.

To apply the Shapley value of a storage unit s; € S to a mp-
opF, we can take the cost value for each time step ®?, then sum
the values over 77, average them with T to avoid accumulation,
and multiply by —1 to turn the negative cost reduction into a
positive utility value:

WBESS (@) = —% Z‘ ! (@), ©)

This value quantifies the contribution of a BESS unit to the
overall cost reduction.

The notation can be simplified due to the linearity of the cost
function, i.e., the sum of the costs of each time step 3. ®* simply
yields the overall cost @ of the MP-0PF, and the additivity axiom
of the Shapley value [1] . Hence, equation (6) reduces to:

EESS (@) = - - ¥, (@) )
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The Shapley algorithm works as follows: Given a set of
storage units S = P (players), we compute the mpP-oPF with
the respective subset of storage units for all coalitions Q c P
and save the costs (generation and curtailment). With these
total costs, we can compute the Shapley value ¥, for each
player as the average sum of weighted marginal contributions
to all coalitions.

4 Simulation Results

We demonstrate our approach on a radial five-node test grid
and a modified meshed IEEE case14 standard grid with a time
horizon of 12 hours. Our computations for the Mp-OPF are
implemented in the Juria-language, using the packages Pow-
ERMODELS.JL and JuMP, combined with the solver IPOPT.

4.1 Baseline
As a baseline to evaluate the performance of a storage s;, we
take the active power injections summed over the horizon 7
t,DC
Bi= >y PgPC, (8)
teT

i € N. Note that this is equal to using Pg?H as the state of
charge must be the same in the beginning as in the end.

4.2 Load & RES Data Generation

For load and RES generation, we use synthetic data. The time
series for load and RES are constructed with sine curves to im-
itate periodic load and generation patterns. The load function
d;!a°d is given by

1 tmw
:d{oad._.load. in(—=))|, 9
j@load .~ . yload . (sin(Z )| ©
with initial load df"“d, scaling factor y/°%¢ € R, and froad,i = 0.
Its evaluation on the horizon 7~ yields the load vector d; =
fload,i|7— € RT. The function frEs.i for the RES (negative load)
is given by

ﬁoad,i

1 4t 3t

fres,i = ~ldi" -~y RES - sin( == +0.7) +sin(==) | |, (10)
’ 2 T T

with initial generation leES , scaling factor yRES € R and

fREsi <0 (negative load equals generation). Its evaluation on

the horizon 7" yields the RES generation vector diRESiT eRT.

4.3 Radial Five-Node Test Grid

g1 dlluud s1 dZRI‘S 59

1 2 3 4 5

Figure 1: Grid topology and bus types for case5.

The five-node test grid is shown in Figure 1. The grid con-
sists of five nodes and four branches, with one generator lo-
cated at one end, followed by a load, a storage unit, renewable
generation, and a second storage unit at the other end. The
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Figure 2: OPF results of case5 for the grand coalition Q = {3,5}.

o
3

o
>

o
&

i
oo oo
SRS

i)

o

@
=]

=

3 5
BESS at bus ¢

3 5
BESS at bus ¢

(a) Shapley values. (b) Baseline.
Figure 3: Shapley values and the summed active power
injections for the three storage units s3 and s;5 of case5.

branch capacity is 100, and reduced to 40 MWA at branch (2, 3)
to create a congestion. The load is 40 MW/20 MWh, RES is 30
MW/10 MWHh, the generation cost is €40, and the curtailment
cost is €60 per MWh. Storage limits for units s3 and s5 are 20
MWh and 10 MWHh, respectively, with reactive power limits of
[-50, 70] MVA and efficiencies of 0.9.

The opF results of case5 of the grand coalition Q = {3, 5}
with both storage units at node i = 3 and node i = 5 active are
depicted in Figure 2. We can see that the RES generation covers
the entire load with some curtailment so that no conventional
generation is required. Both storage units are charged and
discharged repeatedly, while s3 has twice as much capacity and
stores more energy. Without storage (empty coalition Q = {}),
conventional generation ramps up.

Table 1: Costs of coalitions for case5.

Coaliion® {} {3} {5} {35}
Cost<I>(€) 87.8 55.8 66.2 44.0

Looking at the costs in Table 1, we can see that both storage
units together give a reduction in costs of 49.8%, while storage
unit 3 reduces the Mp-OPF costs a little more. Hence, storage
s3 seems more beneficial.

The Shapley values in Figure 3a confirm this expectation. We
can see that the storage unit s3 has a higher utility value of 2.26
than s5 with a value of 1.39. This is in accordance with the mp-
oPF results and with the fact that storage s3 lies in the middle
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of the grid and is of larger size. However, checking the sum of
the total active power injections in Figure 3b— on which the
objective function builds —we see that the injections of storage
s5 with 56.6 MW are higher than those of s3 with 54.8 MW.
Hence, storage s3 must provide some additional contribution.

= E
E 0 o E
Pl /\ 2
z -0 — 10 @
< Ps Storage (MW) 13
Qs Storage (MWA) ~

20 b , . . \ ) "0

1 2 3 1 5 6 7
Hours 7 (h)
(a) Storage unit ss3.
0FT o
\ -
\ =
20 \ 20 =
- =
0 \ . <
\\ a
\ 0 E
0 \ Ps Storage (MW) —20 rf
\ Qs Storage (MWA)
—40 ko L . %7/ o,
1 2 3 4 5 6 7
Hours 7 (h)

(b) Storage unit ss.

Figure 4: Active (green) and reactive power input (red)
of the BESS units of case5.

A closer look at the storage variables explains this obser-
vation. Figure 4 shows the active power and reactive power
of both storage units. We can see that the active power goes
hand in hand with the state of charge in Figure 2, as it is its
derivative. The reactive power, however, provides additional
information. We can see that for storage unit s3 it somewhat
follows the state of charge in between the interval [-20,0] MVA.
For storage unit s5, however, it dis-/charges a lot more reactive
power in the interval [-40,45] MVA, which is reactive power
compensation. Hence, the contribution reactive power is cap-
tured by the Shapley value as it influences power generation
through line losses and voltage angles.

4.4 Modified IEEE casel4

A more complex example is the IEEE case14, which has more
nodes and is a meshed grid; see Figure 6. The loads and RES are
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Figure 5: OPF results of case5 for the grand coalition Q = {3, 5}.
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Figure 6: Scenario for IEEE case14.

Table 2: Costs of coalitions for casel4.

Q {} {6} {7} {12} {6,7} {6,12} {7,12} {6,712}

D (€) 81.8 68.0 69.4 63.8 632 51.2 51.7 48.9

concentrated in order to make the power flows more under-
standable and to imitate real-world situations. The most impor-
tant parameters different to case5 are: The loads da, d3, d4, d13
are set to 45 MW/14 MWA, 30 MW/10 MWA, 70 MW/25 MWA,
and 13 MW/6 MWA, respectively, and RES dszS, dffs to 30
MW/10 MWA and 20 MW/7 MWA, respectively. Generation
costs are €20, €30, €35, €40, and €50 for plants g1, g1, g2, g8, g6
respectively. Branches (4,9), (5, 6), (6,12), (7, 8), (12, 13) have
a reduced capacity of 30 MWA, and the storage capacities are
all 10 MWh.

The opr results of casel4 are given in Figure 5. We can see
that the RES generation is insufficient for the load, as conven-
tional generation fills in. Several storage units are charged,
discharged, and charged again during the second peak. Re-
moving the BESS results in a significantly higher conventional
generation, while some curtailment still occurs during peak
periods, which is likely due to the restricted line capacity from
north to south.
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Figure 7: Shapley values for three storage units s¢, s7 and
s1o2 for casel4.

Looking at the costs in Table 2, it seems that storage si2
contributes most to cost reduction on its own, followed by sg
and sy last. The overall cost reduction from 81.8€ to 48.9€ is
approximately 40%. This is fairly similar to the case5 scenario,
presumably due to the chosen cost values.

The Shapley values in Figure 7 confirm this observation,
as unit sq2 has the largest contribution of 1.38, followed by
storage units s¢ and s; with 0.72 and 0.64. In this example,
the Shapley values roughly correspond to the summed active
power up to size. Still, we need to check the reactive power.

In Figure 8 we see that units s¢ and s7 significantly con-
tribute to reactive power compensation up to 70 MVAr. De-
spite s12 having lower values in the range of [-5,10], its Shapley
value is greater. The probable explanation is that active power
contributes more to cost reduction than reactive power.

4.5 Insights

From these two use cases, we can conclude two main results.

(1) The contribution of one storage unit cannot be directly
derived from the active power injections resulting from
the mp-opF, for neither the radial nor the meshed grid.

(2) The Shapley value captures the effect of reactive power
compensation from BESS, even though the costs of the
MP-OPF only include active power generation.

From the preceding points, it becomes clear that the Shapley
value can contribute to increased transparency regarding the
utility of BESS units for the power grid.
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Figure 8: Active (green) and reactive power input (red)
of the BESS units of case14.

5

Conclusion

The increasingly complex and growing power systems call for

greater transparency and explainability of their inner workings
and increased control. This paper introduces a new utility
measure for Battery Energy Storage Systems (BESS) using the
Shapley value based on multi-period optimal power flow. It
provides greater transparency regarding the functionality of a
BESS unit in the power grid. This can help TSOs decide where
to place storage units and how to develop pricing incentives
for BESS. The paper presents a proof-of-concept on two test
grids: a radial five-node test grid for simplicity and a modified
IEEE 14-case grid. Results show that comparably large BESS
units can significantly reduce costs and contribute to reactive

power compensation.

In future work, we plan to analyze the utility measure fur-

ther in terms of robustness and sensitivity based on variations
in several parameters, such as storage size, location, or the
amount of renewable energy. Also, exploring the optimal hori-
zon length required to achieve a stable Shapley value may be

worthwhile. Furthermore, we plan to explore further how the

Shapley value captures reactive power compensation and how
it can be used for optimal placement analysis of BESS in the
grid, especially regarding scalability. And lastly, the question
arises whether we can apply the Shapley value to other mp-
OPF outputs, such as solely reactive power or curtailment, to
enhance transparency in the power grid further.
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