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Foreword

It is our pleasure to present the proceedings of the 8th Grid Services & Markets Conference
(GSM 2026), held on 29-30 June 2026 at the Culture and Convention Centre (KKL) in Lucerne,
Switzerland.

Europe's electricity system is undergoing one of the most profound transformations in its history.
The rapid integration of renewable generation, increasing electrification of transport, heating and
industry, and the digitalization of energy infrastructures are fundamentally changing the way power
systems are planned, operated and regulated. Maintaining system security while enabling the
efficient use of increasingly distributed resources requires new forms of coordination between
technical infrastructures, market mechanisms and regulatory frameworks.

In this context, GSM has established itself as an international conference where experts from
academia, industry, system operators, technology providers, regulators and public authorities
exchange ideas and experiences on the future of grid services and electricity markets. Rather than
focusing on individual technologies, GSM addresses the broader question of how technical
innovation, market design and business opportunities can jointly contribute to a reliable, resilient
and climate-neutral European power system. This objective is reflected in the conference motto:
Connecting Grid Flexibility Needs with Business Opportunities.

The 2026 conference covered six complementary thematic areas:
o Evolution of Grid Services & Markets
o European Projects & Collaboration
e Provision of Flexibility
e Operations of Grid Services
e Supporting Technologies
e Case Studies and Demonstrations

Together, these topics illustrate that flexibility is no longer a niche concept but an essential
characteristic of future power systems. The conference explored flexibility from multiple
perspectives, including market design, balancing services, congestion management, grid-forming
technologies, distributed energy resources, energy storage, artificial intelligence, planning
methodologies, and the role of large European research and innovation projects.

A particular strength of GSM has always been the close interaction between research and practical
implementation. The program combines keynote presentations from internationally recognised
experts with technical papers, industrial case studies and project presentations, enabling
participants to discuss both long-term developments and practical solutions already being
deployed across Europe. The contributions collected in these proceedings therefore reflect not only
scientific advances but also valuable operational experience from transmission and distribution
system operators, market participants, technology providers and collaborative research initiatives.

We are very grateful to all participants, speakers, and organisers for their contribution to the
success of the conference. Their commitment to innovation and collaboration is instrumental to the
progress needed to meet the energy challenges of tomorrow.

We hope you enjoy the proceedings of GSM 2026, and we look forward to welcoming you to future
events.

Sincerely
Prof. Christoph Imboden &  Dr. Michael Spirig
HSLU EFCF
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A specially formed International Advisory Board (IAB) assured constant high quality and
a strong focus on industry challenges. The members of the IAB 2026 are:

e Davor Bosnjak, HEP, Croatia

e Prof. Nikos Hatziargyriou, National Technical University of Athens, Greece

e Dr. Johannes Henkel, 50 Hertz, Germany

e Prof. Christoph Imboden, Lucerne University, Switzerland

e Dr. Ivana Kockar, University of Strathclyde, UK

e Thomas Kudela, Drsted A/S, Denmark

e Dr. Michael Moser, SFOE, Switzerland

e Prof. Carlo Alberto Nucci, Uni Bologna, Italy

e Dr. Bastian Schwark, Swissgrid AG, Switzerland

e Andreas Svendstrup-Bjerre, BattMan Energy ApS, Denmark

e Dr. Ksenia Tolstrup, Magnus Energy, Netherlands

The following pages contain the paper contributions accepted by the IAB.
The GSM 2026 was supported by:

e The Lucerne University of Applied Sciences and Arts UAS HSLU, www.HSLU.ch

e European Fuel Cell Forum AG, www.EFCF.com

e Netzoptimal, www.Netzoptimal.ch

e SwissGrid, www.Swissgrid.ch

e SmartEn, www.Smarten.eu

e Cigre, www.Cigre.org
e CKW, www.CKW.ch

e Primeo Energie, www.Primeo-Energie.ch
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G0403

Second-Life Batteries for Grid Flexibility and Renewable
Integration

Stefano Lilla, Martina Morini, Alberto Borghetti, Fabio Napolitano, Fabio Tossani,
Carlo Alberto Nucci
Department of Electrical, Electronic and Information Engineering, University of Bologna, Italy
stefano.lilla3@unibo.it, martina.morini5@studio.unibo.it, alberto.borghetti@unibo.it,
fabio.napolitano@unibo.it, fabio.tossani@unibo.it, carloalberto.nucci@unibo.it

Abstract

The increasing penetration of renewable energy sources in modern power systems
introduces significant operational and economic challenges, since solar and wind
generation are inherently variable and only partially dispatchable. Their fluctuating output
may contribute to network congestion, frequency stability issues, and increased electricity
price volatility. In this context, Battery Energy Storage Systems (BESS) represent an
important source of flexibility, enabling services such as energy time-shifting, frequency
and voltage support, congestion mitigation, and energy arbitrage.

At the same time, the rapid diffusion of electric vehicles (EVs) is expected to generate a
substantial number of end-of-life traction batteries in the coming years. Although these
batteries are no longer suitable for automotive applications, they typically retain 70-80% of
their original capacity and may therefore still provide valuable performance for stationary
storage applications.

This paper investigates the technical and economic potential of second-life batteries,
compared with conventional first-life BESS technologies, for grid-connected storage
systems, renewable energy integration, microgrids, and behind-the-meter applications. To
this aim, a two-stage mixed-integer linear programming (MILP) framework is proposed. In
the first stage, the optimal charging and discharging schedule of the BESS is determined
using historical load, renewable generation, and electricity market data. In the second
stage, the Net Present Value (NPV) of the investment is maximized in order to identify the
optimal storage sizing configuration.

The proposed methodology is validated through a real case study including photovoltaic
generation, electrical loads, and battery storage. The results show that the economic
viability of second-life batteries strongly depends on factors such as the cost difference
with respect to first-life batteries, the residual state of health, and the revenues achievable
through services including arbitrage, peak shaving, and flexibility support. The paper
highlights the conditions under which second-life batteries can represent a technically
feasible and economically attractive solution for stationary energy storage applications.

Keywords— second-life, energy battery storage system (BESS), optimal size, net present value
NPV, MILP optimization

GSM 2026 proceedings www.GSMconf.com 7178
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Nomenclature

T set of optimization periods t, each of duration A
V3 selling and purchasing energy prices

exp? ﬂ-in

P

grid _in

exchange meter, power injection—absorption

grid _ex?

P, grid power exchange, limited between P,

grid_min >

P

P,, power injection by PV production

P, ., power absorbed by the loads

BES** size of the BESS facility

Pys a0 Pus o discharge and charge BESS power
pP,.. BESS power, limited between P, P

BES, min * © BES, max

E s e BESS capacity
S0C BESS state of charge
N.cnc bidirectional grid interface converter efficiency

Ny Storage charging and discharging efficiency

c annual cost of electricity
c,, total annual cost of electricity with PV, without BESS

c,. total annual cost of electricity with PV and BESS

B

T,,. is the useful life of the BESS system in years
c ., annual cost for operations/maintenance of PV and BESS systems (OPEX)

o0&

c S total annual cost and marginal savings of electricity as a function of BESS size

BES _SIZE® " BES _SIZE

c, . ,c . initial cost to install PV/BESS system (CAPEX)

o_r O _BES

o, o2 constant annual degradation rate
» discount rate (e.g. Weighted Average Cost of Capital).

l. Introduction

The increasing penetration of intermittent renewable energy sources, such as wind and
solar, has introduced significant challenges in the operation of modern power systems [1].
In particular, maintaining voltage levels, frequency stability, and reactive power balance
requires fast and flexible resources capable of responding to rapid fluctuations in supply
and demand. Battery energy storage systems (BESS) can provide these ancillary services,
including frequency regulation, voltage support, and power smoothing [2]. They support
grid stability and allow profits by shifting energy use over time. They can be used for
multiple services at once [3].

The widespread adoption of electric vehicles (EVs) produces a rapidly growing stock of
lithium-ion batteries at the end of their automotive life. Typically, EV batteries are retired
when their capacity falls to around 70-80% of their original value, as this reduced
performance no longer meets the high power and energy demands required for mobility
applications [4]. However, this residual capacity remains substantial and can still be
effectively utilized in stationary applications. Repurposing these batteries for grid-scale

GSM 2026 proceedings www.GSMconf.com 8/78



http://www.gsmconf.com/DOI
https://www.gridservicemarket.com/Library
http://www.gsmconf.com/

aaaaaaaa

GRID SERVICES & MARKETS 29-30 June 2026 GSM DOI 10.5281/zenodo.21873053  ISBN 978-3-905592-84-9
8" Annual Conference Lucerne/Switzerland | conrerence www.GSMconf.com/DOI ....ILIBRARY

energy storage—commonly referred to as “second-life” applications—can extend their
useful lifetime, reducing costs and environmental impacts [5] [6].

Battery degradation plays a central role in this transition. Lithium-ion batteries
experience both calendar and cycle aging, due to mechanisms such as solid electrolyte
interphase (SEI) growth, lithium loss, and structural changes in electrode materials.
Degradation is strongly influenced by operating conditions, including temperature, depth of
discharge, and particularly the charge/discharge rate (C-rate). In EV applications, batteries
are often subjected to relatively high C-rates to meet acceleration and fast-charging
requirements, which can accelerate aging and capacity fade. In contrast, stationary grid
applications typically operate at lower and more stable C-rates, reducing stress on the
battery and slowing degradation processes [7][8]. Consequently, second-life batteries can
be cost-effective energy storage in power systems and an option for the sustainable
management of retired EV batteries.

The objective of this study is to evaluate the potential of a BESS, to increase local self-
consumption comparing the second-life BESS with a first life BESS (new battery). The new
configuration optimizes the use of locally generated solar energy and reduces the annual
electricity costs through more efficient management of both generation and consumption.
An energy management system (EMS) controls the daily scheduling of the BESS.

PV
INVERTER 1 - AC BUS

- - * ] GRID

.
Pgrid in
BESS
. Pgrid ex

LOAD

Pload

T ’ Ntoad
Fig. 1. One line diagram of the system.

The system illustrated in Fig. 1 considers the consumption of a non-residential building,
powered by a PV system that exchanges energy with the low-voltage external grid during
the day to export the excess energy and at night to withdraw the energy required by the
load. For this type of system, the optimal BESS capacity maximizes the Net Present Value
(NPV) of the savings resulting from the investment. The optimization is performed with
both the characteristic parameters of second-life batteries and those of new (first-life)
batteries. Furthermore, the same objective function (OF) and constraints used for the
annual scheduling will also be used for the daily EMS scheduling. The case study refers to
an integrated car dealership in the province of Bologna (ltaly). To compare different
operating conditions, the analysis is performed for three years: 2022, 2023, and 2024.
Each year exhibits different consumption patterns and electricity price profiles. For every
year, the optimization is carried out for both new-life batteries and second-life batteries.

The structure of the paper is the following. In Section Il the formulation of the optimal
BESS size problem and input data are presented and discussed in detail. Section Il
focuses on the implementation and test results. Section IV presents the model to be
included in the EMS. Section V concludes the paper.

Il. Optimization Model

GSM 2026 proceedings www.GSMconf.com 9/78


http://www.gsmconf.com/DOI
https://www.gridservicemarket.com/Library
http://www.gsmconf.com/

mmmmmmm

GRID SERVICES & MARKETS 29-30 June 2026 GSM DOI 10.5281/zenodo.21873053  ISBN 978-3-905592-84-9
8" Annual Conference Lucerne/Switzerland | conrerence www.GSMconf.com/DOI ....ILIBRARY

The algorithm consists of two stages. In the first stage, the optimal annual

scheduling of the BESS power (charging and discharging) is determined. To create the
cost curve as a function of BESS capacity, this scheduling problem is solved for different
capacities within the range 0—130 kWh, and the corresponding energy cost is computed. In
the second stage, an optimization is performed to maximize the NPV and identify the
optimal BESS size. This two-stage framework links operational performance to investment
decisions.
A Mixed-Integer Linear Programming (MILP) approach is used because it is robust,
straightforward to implement, and computationally efficient (e.g., [9]). The MILP model
determines the operational schedule of the BESS through minimizing the total cost of
energy procurement from the external grid, considering all the technical constraints
associated. The model has been adapted and improved from the one presented in [10].

A. Input Data

The simulations use on three main input datasets: PV generation, load consumption, and
the hourly National Single Price (NSP) for the selected years. The PV generation is
simulated using the PVGIS platform, which provides estimates of solar energy production
based on the geographic coordinates, panel tilt angles, and system losses of the specific
installation. PVGIS uses historical irradiance and meteorological data to model its
simulations. To account for radiation fluctuations from year to year, the average of hourly
data from 2005 to 2023 is considered.

The load consumption data are obtained directly from the historical data measured by the
energy meters (Fig. 2). The hourly energy price is sourced from the Gestore dei Mercati
Energetici [11], which publishes official data for the lItalian day-ahead electricity market

(Fig. 3).

2022-2023-2024

Energy Consumption (kWh)

Months

Fig. 2. Hourly energy load consumption profile measured in 2022,2023 and 2024.
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Fig. 3. NSP hourly profile in 2022, 2023 and 2024.
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Simulations are conducted for three consecutive years (2022, 2023 and 2024). Both
CAPEX and OPEX are taken into account. In the case of new BESS, CAPEX represents
the initial investment required for the procurement and installation of the BESS, summing
to an aggregate of 208 €/kWh for the installed capacity. The principal component is the
BESS Cost (DC battery system and inverter) including also construction costs, notably civil
engineering for site preparation and electrical engineering for the required interconnection
infrastructure. Initial expenditures include project management for oversight, the
communication/monitoring system for operational control, and transport (including taxes)
for logistics and statutory requirements. OPEX constitutes the recurring annual expenses
associated with the operation, maintenance, and long-term financial liabilities of the BESS,
totaling 10 €/kWh/year. This annual cost is composed of both percentage-based and
absolute components, where the percentages are derived from the total CAPEX. The
BESS O&M and warranty cost, calculated at 1.5% of the CAPEX, covers routine
maintenance and manufacturer guarantees. The long-term liability for system closure is
addressed by the decommissioning cost, set at 1.0% of the CAPEX. The remaining
operational expenses are fixed: insurance/asset management for risk mitigation and
financial administration, and auxiliaries’ consumption for support systems like thermal
management. Table | summarize the value used for the tests in the case of first life BESS.

To establish a realistic basis for cost assumptions regarding second-life batteries we
refer to the current resale values of older electric vehicles. For instance, several used
Nissan Leaf models from the 2014-2016 generation, which are equipped with 24-30 kWh
batteries, are currently listed in the Italian market at prices ranging from approximately 5,5
€ - 8 k€ [12] [13]. Assuming that the battery constitutes most of the remaining value of the
vehicle, an estimated value for the battery pack lies in the range of 180-270 €/kWh.

Table I. - BESS CAPEX and OPEX. Source: Toyota Motor Europe

CAPEX (€/kWh) OPEX

DC Battery System + Inverter (new) | 125 o

(/ Second life battery) | /104 BESS O&M 0.5 % of CAPEX
Project Management 10 Warranty 1 % of CAPEX

o . : Insurance/ Asset

Civil Engineering 27 management 500 €/MWh/year
Electrical Engineering 18 Auxiliaries’ consumption 8.5 €/ MWh
Communication/ Monitoring system 7.95 Decommissioning cost 1% of CAPEX
Transport + Taxes 20
Total (new) | 208
Total (second-life) | 1187 | Total 7 €/kWhiyear

This estimation is based solely on the residual market value of the vehicle, without
isolating specific components or accounting for additional costs associated with battery
extraction and refurbishment. The second-life battery (SLB) market, which focuses on
repurposing used EV batteries for stationary storage applications, exhibits trading prices
typically ranging from approximately from 37—-150 €/kWh [14][15]. These prices include the
costs of testing, refurbishment, and certification required to ensure safe and reliable
operation in stationary BESS. By considering both the residual vehicle value and current
market prices for second-life batteries, an estimate for the cost of a refurbished, certified
second-life battery pack can be set at 104 €/kWh. Under this assumption, a battery pack
with a nominal capacity of 30 kWh would correspond to a base cost of about 3,120 €.

B. Stage 1. OF and Optimization Constraints
The objective function is expressed as:

GSM 2026 proceedings www.GSMconf.com 11/78
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mlnc Z ( grid _in,t mt_Pgrtd ex,t evt) At (1)

with time horizon T equal to one year, divided into 8760 one-hour intervals.
The whole system is defined by a set of constraints that ensure the feasibility of the
optimization problem at each time step. These models typically assume perfect foresight of
electricity prices and renewable generation, which corresponds to a best-case operational
scenario. First, the instantaneous power balance must be defined. The following
constraints are considered. The AC bus power balance is expressed by (2):

+P =P + P (2)

load BES grid
The BESS power Pges is assumed to be positive during the charging phase.

To avoid simultaneous injection and absorption of power from the main grid in the same
period, a binary variable v is introduced:

grid _in S v I)grid_in_MAX
3)
Pgridiax < (1 v) Prld ex  MAX

Additional constraints for the BESS are introduced. Net power exchanged with the BESS
as in (4), where binary variables are included as in (5) to avoid charging and discharging in
the same period:

IJBES = IDBESJ‘hnBES _PBESJli /773155 (4)
{RQESd <u- PBES Cdi MAX
()
IDBES_ch <(-u)- })BES_ch_MAX

SOC constraint in (6) and its limits (7), with initial/final values, are included:

SOC, =SOC, | + (P, I E,. ) At (6)

0.1<S0C, <1, SOC, = SocC, =05 (7)

In this formulation, Py is positive during charging, whereas Pgnd is positive when power is

absorbed form the grid.
Furthermore, a constraint is imposed to perform one full charge/discharge cycle per day:

Zt =0 BES ChnBES +F, BES _di /77555 2'EVBES,rna.X -365 (8)

After solving the scheduling problem for each BESS capacity with increasing step of 5
kWh, the algorithm computes the corresponding annual energy cost. The resulting cost
curve (Fig. 4) is not linear, and this would make the optimization system non-linear. To
keep the linearity of the problem formulation, the cost curve is approximated by using a
piecewise linear model.

C. BESS Degradation Model
Accurate estimation of a battery’s internal states, particularly the SOC, is crucial when
evaluating cells for second-life applications [16]. As batteries age, they exhibit increased
nonlinear behavior and parameter drift. To support the economic assessment, a simplified
mathematical model of capacity degradation is adopted. Since the usable capacity of both

GSM 2026 proceedings www.GSMconf.com 12/78
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new and second-life batteries declines over time, the annual savings generated by the
BESS are adjusted accordingly.

Let EBES,maX denote the initial installed capacity of the battery. The effective capacity in

year t, denoted E(t), decreases according to the empirical degradation rates.

For new batteries, the following degradation pattern is assumed:

— no degradation in the first year,

— a degradation rate o, applied in the second year,

— a constant annual degradation rate ¢ applied from year three onward, and a minimum

allowable capacity equal to a fraction ymin of the BESS nominal capacity EBES,max )
Formally the capacity trajectory is expressed as:

E(0) = EBES,max t=0 ©)
E(1) = EBES,max (1- 52) t=1 (10)
E(t) =max(E(t -1)(1-9), 7minEBES,max V> 2 (11)

D. Cost Piecewise Linearization
This method approximates the non-linear relation between cost and storage size by
multiple linear segments. Each segment is characterized by a slope and an intercept

derived from the cost values computed for consecutive BESS sizes (Figure 2).
BES SIZE _ SIZE

Sl_ =m, - BES, q; (12)
For each segment i, slope (m) and intercept (q) are defined:
mi — (S iiS7SIZE—SfES7SIZE)/(BES?]ZE _BESISIZE)
qi < SS-‘IZE_mi ‘BES;SIZE (13)

Interval constraints are defined to guarantee that Szes size remains within the bounds of the
active segment. Specifically, Sges size must lie between the limits of the i-th segment of the

piecewise linear characteristic, selected by the binary variable b;
S 13.?1~TS7~S'IZI:‘2 BEStS‘IZE 'bi
SBESfS]ZE< BESS]ZE b +(1—b)M (14)

i - i+1 i i

To ensure that only one segment is active at a time, the following constraint is imposed:
{S PR m - BES™ +q +(1-b)-M

S J‘BES;S‘[ZEZ m, - BESiSIZE i q, - (1 _bi) M (15)

where M is a sufficiently large constant (Big-M method) and, to ensure that BESS size
stays in exactly one segment, the following constraint is added:

Y b =1 (16)

i=0 i
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Fig. 4. Example of Piecewise Linearization for BESS energy cost.

E. Stage 2. NPV Optimization and optimal BESS size

The economic value produced by the storage system scales directly with its usable
capacity. Since the annual economic savings are function of the usable battery capacity,

the savings in a year ¢, denoted as .S;, are computed as:
Sr - CPV - CBES (17)

where Cpy is the baseline energy bill without BESS and Cpgggs is the annual bill including a
specific size BESS.
The NPV calculated for a specific BESS size, including degradation, is then:

T_BES CPV — CBES — CO&M

1=0 (1+ r)t B CO_BES (18)

By specifying the calculation of NPV in a single function for all sizes included in the range,
the OF (19) is obtained:

NPV =)

T _BES CPV - CBES SIZE CO&M
max NPV = tho a -|: I”)t - CongS (19)

where Cogu is the maintenance cost (OPEX), Cy zgs is the initial investment (CAPEX) and
r is the discount rate. In this second stage, the piecewise linear cost model is applied to
Caes size and the economic performance of each BESS size is assessed.

The procedure iteratively evaluates the NPV for each size BESS included in the range (0O-
130 kWh, step 5 kWh) and finally selects the capacity that yields the highest NPV (Fig.5).

14000

@
12000

10000 65 kWh, € 12,830.49
8000

6000

NPV (€)

4000
2000

0
0 10 20 30 40 S50 60 70 80 90 100 110 120 130

BESS size (kWh)
Fig. 5. NPV as a function of BESS size.
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lll. Implementation and Test Results

The models have been implemented in Python and tested by applying the library
CVXPY [17], [18] and SCIPY [19] as a solver of the MILP program on a 4.7-GHz Intel-
i7 computer with 16 GB of RAM, running 64-bit Windows 11.

All the calculations for the annual scheduling of the BESS refer to a time window of
one year, split into 8760 periods of 1 hour each. The problem can be solved in less
than 250 s for NPV optimization, and in under 0.5 s for day-ahead scheduling.

The considered car dealership is equipped with a rooftop PV facility of 85.2 kWp,
covering a total surface area of approximately 1,200 m2. The system is composed of two
separate blocks and strings: the first one has slope of 11° and azimuth of 135°, while the
second block has slope of 15° and azimuth of -45°. These original design choices are
taken as the optimal solar exposure across the available roof area and will not be changed
for the sake of this project.

Table Il shows a summary on the parameters used in the simulations and Table IlI
shows the test results. The optimal size of the BESS corresponds to the maximum NPV in
the case of both new and second-life batteries.

TABLE Il. — MODEL OPTIMIZATION PARAMETER. TABLE lll. — NPV OPTIMIZATION RESULTS, BESS OPTIMAL SIZE.
Parameter | Parameter Parameter | Parameter
_ Tex = 2 -|CapEx Optimal | Optimal Optimal NPV | Difference
T=8760 |PV size = NPV second-life Year | Size NPV New- | Second-life (%)
185KWp  |fenwn)  |=187 €lkwh (kWh) |life(€) |(€)
At=1h r= 39 min = NPV | CapEx new 2022|155 71,648 87,866 +22 .64
. ° [E/KWh] = 208 €/kWh 2023|105 22,374 19,963 -10.78
E1E(?Se:|rf: & =2%lyear | 600, | OPEX= 2024100 | 16,392 14,696 -10.35
y g% /ye2a o y =9Y 7% 17 €KkWhlyear

A comparison between the NPVs obtained for new and second-life batteries shows
similar results , with only limited differences. Notably, in 2022—characterized by high
electricity prices and significant daily price spreads—the second-life battery achieves a
higher NPV, whereas in the other two years its performance is slightly lower. In the three
years , profitability decreases from 2022 to 2024, due to declining electricity prices and
reduced arbitrage opportunities. Nevertheless, the NPV remains positive in all cases.

These results indicate that market conditions play a dominant role in determining the
economic performance of a BESS, outweighing the influence of battery type or specific
operational strategies.

IV. Optimization Model to be Included in EMS

For the day-ahead scheduling optimization, the same objective function (1) adopted for
the annual scheduling is used, with constraints (2)—(8). The only difference is the reduced
time horizon, limited to 24 hours.

Taking 2022 as a representative case, the system operation is analyzed through daily
profiles to provide insight into the interaction between PV generation, load demand, grid
exchange, and BESS operation. As an illustrative example, Fig. 6 reports the profiles for
July 8, 2022. During nighttime hours, there is a low but continuous demand, mainly due to
showroom lighting. PV generation begins around 4:30 a.m., while a sharp increase in load
occurs at approximately 7:00 a.m., corresponding to the start of daily activities. PV
production peaks around midday, whereas a temporary reduction in demand is observed
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between 1:00 p.m. and 3:00 p.m. due to the lunch break. A second demand peak occurs
around 5:00 p.m., followed by a gradual decrease as solar generation diminishes toward
sunset (around 7:00 p.m.), with consumption returning to its minimum level by late evening.

8™ July 2022

Fig. 6. Optimal BESS power scheduling for a summer day. In the upper graph the behavior of the SOC (green
line) and in the bottom graph BESS power (green line), grid exchange power (blue line), PV power
production (orange line) and power load (purple line).

V. Conclusion

This paper evaluates the techno-economic feasibility of integrating a battery energy
storage system into low-voltage photovoltaic systems, with a focus on optimal sizing
and operation aimed at maximizing the Net Present Value. The analysis is based on
real hourly load profiles, PV generation data, and market electricity prices, and includes
a comparison between new and second-life batteries.

A two-step optimization framework was developed to determine the optimal BESS
capacity and operating strategy. The results show that the integration of a BESS
significantly affects system operation, primarily by reducing electricity procurement
costs and enabling energy arbitrage. However, economic performance is strongly
dependent on market conditions: the high price volatility observed in 2022 leads to
substantially higher NPVs, while the more stable price patterns of 2023 and 2024 result
in reduced profitability.

The comparison between new and second-life batteries indicates similar economic
performance, with relatively small differences in NPV across all scenarios. BESS costs
have declined rapidly in recent years, apparently, more than compensating for the
residual value loss of batteries recovered from EVs purchased when battery prices
were significantly higher. This suggests that, from a purely economic perspective,
second-life batteries can represent a viable alternative. Nevertheless, the present
analysis does not account for additional environmental and lifecycle benefits associated
with second-life applications, such as avoided disposal costs and reduced demand for
raw materials, which could further enhance their overall value.

Overall, the results highlight that market dynamics play a dominant role in
determining the profitability of BESS investments, while technology choice has a
comparatively limited impact under the considered assumptions. Future work will focus
on incorporating degradation-aware operational strategies and broader lifecycle
assessments to provide a more comprehensive evaluation.
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Abstract

The growing incorporation of distributed energy resources (DERs), together with the
electrification of transport, heating and cooling, is making distribution networks more
dynamic and more exposed to local congestion and voltage problems. In this context,
system operators are considering a range of flexibility acquisition mechanisms, including
network tariffs, local flexibility markets (LFMs), and flexible connection agreements
(FCAs), to address these network challenges. However, these mechanisms are often
designed independently, even though they can coexist and act on the same customers.
Depending on their design and how their signals interact, these acquisition mechanisms
may reinforce each other, enabling more effective customer responses to meet network
requirements, or, conversely, lead to redundant or conflicting signals that undermine their
joint efficiency.

Thus, this work presents a based-model assessment, developed within the BeFlexible
project, to analyse how multiple mechanisms for acquiring flexibility interact when
implemented jointly in distribution networks with high shares of DERs and flexible demand.
The study examines how price signals from network tariffs, local flexibility markets, and
flexible connection agreements jointly influence the behaviour of flexible loads, such as
electric vehicles (EVs), heat pumps (HPs), and water heaters (WHs), and how these
responses translate into network impacts. Four case studies are considered to assess: (i)
the interaction between network tariff designs (national and local) and LFMs; (ii) the role of
temperature-driven demand variation under these acquisition mechanisms and network
impacts; (iii) the effect of changes in regulated tariff components; and (iv) the interplay
between FCAs, network tariffs, and LFMs.

The results show that predictable system-wide tariff signals may synchronise flexible
demand and unintentionally create local congestion, particularly for highly price-responsive
resources. LFMs improve congestion management by introducing locational corrective
signals, while ex-post local tariffs help reduce excessive predictability, gaming
opportunities, and local market power concentration. Flexible connection agreements
further complement tariff- and market-based mechanisms by limiting coincident demand
during constrained hours. Overall, the findings highlight that a coordinated acquisition
mechanism design is essential to align incentives with local grid constraints, reduce
inefficient or conflicting signals, and support the secure and cost-effective operation of
active distribution networks.
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Introduction

The transition towards decarbonised and electrified energy systems is increasing the
complexity of power systems, particularly at the distribution level [1], [2]. The electrification
of key sectors, such as mobility and heating, together with the growing integration of
decentralised renewable generation, is reshaping traditional demand and generation
patterns and altering power flows across electrical grids, increasing the likelihood of
congestion and voltage problems [3], [4]. These changes introduce greater variability and
uncertainty into network operations and planning, creating new challenges for distribution
system operators (DSOs) [3], [5]. However, beyond these concerns, these transitions can
also provide opportunities for exploiting the inherent flexibility of power systems [1]. In this
context, flexibility is increasingly recognised as a valuable tool to support DSO decision-
making, complement conventional network management practices, facilitate the integration
of distributed energy resources (DERSs), defer or reduce the need for grid reinforcement
investments, and improve overall power system efficiency.

To procure flexibility, several mechanisms are currently being developed and implemented
across Europe. These mechanisms include network tariffs with time-varying components,
local flexibility markets (LFMs), and flexible connection agreements (FCAs) [2], [5], [6].
While these mechanisms pursue similar objectives, they rely on several designs and
operational principles and may deliver different signals for customers and flexible service
providers. Nevertheless, when they coexist and act simultaneously on the same flexible
resources, this may lead to complementary effects, but also to conflicting incentives or
inefficient responses if they are not properly coordinated [5].

This work is developed within the Horizon Europe BeFlexible project [5], [7], [8], which
aims to facilitate the large-scale integration of flexibility services into electricity distribution
networks through coordinated market, regulatory, and technological solutions. The project
includes 11 pilots across four European countries (ltaly, Sweden, and Spain&France),
organised into three demonstrators covering different climatic and operational conditions in
Southern, Northern, and Southwestern Europe. These pilots provide real, diverse
environments to evaluate flexibility solutions across different network characteristics,
regulatory frameworks, and customer behaviours.

This paper presents a first synthesis of the quantitative assessment developed in [8]. The
focus is on the interaction between tariff-based signals with LFMs-based activations, and
on further joint analysis of these acquisition mechanisms with FCAs-based capacity
limitations. The central question concerns how flexibility acquisition mechanisms, beyond
their effectiveness in isolation, interact when they coexist and how their joint set of signals
impacts flexible resource responses, and translates into technical and economic impacts,
in terms of network performance, and flexibility procurement needs and costs.

1. Requirements for Grid Services - Technical & Market Conditions

Flexibility-acquisition mechanisms are becoming increasingly important as electrical grids
must accommodate larger and more variable electricity flows. On the demand side, there
is growing interest in electrifying end uses, particularly through flexible devices such as
electric vehicles (EVs), heat pumps (HPs), and electric water heaters (WHSs). In the context
of flexibility provision, these types of resources can be strategically employed due to their
capability to respond to external signals and adapt their consumption patterns over time.
However, high concentrations of these resources in specific local areas may also pose
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significant operational challenges for distribution networks. For instance, when large
numbers of flexible devices respond simultaneously to the same signal, such as those
embedded in network tariffs, their consumption may become synchronised, potentially
leading to operational problems [9], including line and transformer overloads and voltage
violations across network buses. Table 1 summarises the main characteristics of the
flexibility-acquisition mechanisms considered in this work, including the type of signal they
provide, key design aspects, and some of the potential operational risks associated with
their implementation and interaction with flexible resources.

Mechanism Main signal Relevant design Potential risk
dimension
Network tariffs Price signal Temporal granularity, | Synchronised demand
(Implicit) spatial granularity, | shifts; uncertain
predictability, cost | customer
allocation responsiveness
Local flexibility | Market Bidding, activation, A Residual needs if
markets activation settlement, liquidity flexibility = volume s
(Explicit) limited; Strategic

bidding and gaming
opportunities

Flexible connection | Capacity Curtailment Peak reduction may
agreements limitation conditions, extend consumption
(Explicit) predictability, over time; secondary
compensation peaks; rebound effects.

principles.

Table 1. Design dimensions affecting the interaction of flexibility acquisition mechanisms.

The flexibility-acquisition mechanisms considered in this work differ in their operational
principles and design dimensions (key characteristics) [5], [8]. Network tariffs are implicit,
price-based mechanisms intended to allocate network costs while influencing customer
behaviour through economic signals [10]. Across Europe, tariff structures are evolving to
better reflect network conditions and incentivise flexibility provision [11], [12], particularly
through time-varying components such as time-of-use tariffs. Nevertheless, many existing
tariff designs still rely on relatively static, predictable temporal signals, which may
unintentionally lead to synchronised customer responses and limit their effectiveness in
addressing local network constraints [2], [13].

Local flexibility markets (LFMs) and flexible connection agreements (FCAs), in contrast,
are explicit mechanisms for acquiring flexibility [14]. LFMs are market-based procurement
mechanisms in which flexibility service providers submit offers that can be activated by
system operators to address locational operational needs, such as congestion
management or voltage control [15], [16]. Although LFMs are still at different stages of
maturity across Europe, several countries and research initiatives are actively developing
and testing these mechanisms through pilot projects and demonstrators [17]. On the other
hand, FCAs are contractual agreements that define conditional or limited access to
network capacity during constrained periods [18]. Under these arrangements, connected
users agree to temporary operational restrictions, such as limits on power import or export
during network stress conditions, in exchange for faster, more flexible, or lower-cost
network connections [19].

These mechanisms are receiving increasing attention as potential alternatives to costly,
time-consuming network reinforcements [4], [6], particularly for integrating new demand-

GSM 2026 proceedings www.GSMconf.com 21/78



http://www.gsmconf.com/DOI
https://www.gridservicemarket.com/Library
http://www.gsmconf.com/

ssssssss

GRID SERVICES & MARKETS 29-30 June 2026 GSM DOI 10.5281/zenodo.21873053  ISBN 978-3-905592-84-9
8" Annual Conference Lucerne/Switzerland | conrerence www.GSMconf.com/DOI ....ILIBRARY

side technologies. However, their implementation still faces important regulatory,
operational, and customer-acceptance challenges, particularly regarding the clear
definition of roles and responsibilities among stakeholders, the design of fair and
transparent activation and remuneration schemes, interoperability and coordination with
existing market structures, data exchange and communication requirements, and the need
to ensure customer trust and participation [2], [13].

A key assumption behind this analysis is that the coexistence of flexibility-acquisition
mechanisms may generate complementarities or conflicts, particularly when they operate
uncoordinatedly. For example, a tariff can shift demand away from system-level peak
periods, but if large numbers of flexible resources are deployed in a specific area, either
through autonomous customer response or coordinated aggregation strategies that react
simultaneously to the same predictable low-price signal, local congestion may emerge
[20]. Thus, LFMs can procure flexibility to resolve the resulting network constraints.
However, inefficient or unfair outcomes may arise if the same resources contributing to the
congestion are also allowed to participate in the market to solve the problem they helped
create. Moreover, tariff-based signals alone may be ineffective in the presence of local
network bottlenecks, where broader system-level incentives do not necessarily reflect local
operational conditions. Similarly, flexible connection agreements can help reduce local
network stress by limiting the simultaneous use of flexible resources during constrained or
critical operating periods. However, overly restrictive limits under predictable baseline
conditions may impact the operation of flexible resources, potentially shifting congestion to
other time periods, causing rebound effects or secondary peaks. By contrast, activation in
less predictable, system-driven conditions, such as contingency or N-1, may reduce
opportunities for strategic behaviour and gaming.

2. Interplay and coordination of mechanisms for acquiring DSO services

The proposed approach follows the sequential modelling framework depicted in Figure 1.
Harmonised input data are prepared first, including network topology, load and generation
profiles, service provider information and acquisition mechanism design parameters.
These inputs are used to represent a synthetic MV/LV network and the responses of
flexible resources. The flexible resources considered are EVs, HPs, and WHs, as they are
price-responsive technologies and can significantly impact local network operations under
high-penetration conditions. Together, these resources provide a complementary set of
flexibility characteristics for the analysis. EVs mainly respond to price signals; HPs
respond to prices while also being constrained by external variables such as ambient
temperature, and WHs are additionally affected by hot water consumption patterns and
thermal storage dynamics. This diversity is important for assessing how different flexibility-
acquisition mechanisms interact under heterogeneous flexibility behaviours and
operational constraints.

The first modelling step captures the cost-minimising responses of flexible loads under
different network tariff designs. In simplified form, each flexible resource minimises
electricity cost by determining its electricity consumption over the considered time horizon,
while respecting technical and comfort constraints. For EVs, the constraints include
connection windows, battery capacity and state-of-charge requirements. For HPs and
WHs, the constraints represent thermal comfort, conversion efficiency, thermal features of
building or tank storage, and temperature-dependent demand. In the FCA analysis, EV
charging is additionally constrained by contractual maximum power limits.
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The second modelling step represents the LFM for congestion management with active
power provision (CM-P). In this work, only this type of LFMs has been considered. Other
flexibility services and products, such as voltage control service or the procurement of
reactive power (Q) products, which have also been analysed in projects such as
EUniversal [21] and OneNet [22], are outside the scope of this study. This simplification is
mainly driven by the focus of the considered demonstrators, which only included
congestion management services based on active power flexibility. The LFM model
minimises the cost of upward and downward active-power flexibility, while satisfying the
DSO flexibility needs identified from the power-flow analysis. The flexibility needs are
determined by validating each load profile through power-flow simulations, during which
line and transformer overloads and voltage deviations are identified. The resulting
configurations are evaluated through KPls covering congestion reduction, remaining
flexibility needs, voltage violations and cost impacts.

1 INPUT DATA

DSOs SERVICES
NEEDS

Flexibility needs
calculation to solve
out-of-bounds
conditions

ACQUISITION
2 MECHANISM DESIGN TECHNO-ECONOMIC
NETWORK MODEL 3roWERFLOW ANALYSIS 4 MODEL (s) 5  assessment

Representation of the é Detection of out-of-bounds + Optimisation model for + Feasibility check of the
electrical network conditions (overloads and the joint design of acquisition mechanism
according to the selected over/under voltages) of mechanisms to acquire solution
pilots network components DSO services
(lines/trafos/buses) for each Key performance
scenario and time-step Sensitivity analysis indicator (KPI) calculation

and result visualisation
SERVICE
PROVIDER BIDS
Upwards and

downwards bids
> considering capacity
and location of SPs

NETWORK DATA
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« Type

« Nominal power capacity

« Nodal location (bus)

« Costs (P, Q, upwards and
downwards)

Scenario parameterisation

USE CASE INFORMATION
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* Services and products
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evaluation criteria needed

« Study scenarios
information

Toww

Figure 1. Sequential modelling framework for combined acquisition mechanism designs.

This sequence is designed to capture feedback and interdependence across different
flexibility acquisition mechanisms. First, the model identifies the demand profiles resulting
from the combined effect of system-wide tariff signals and, when applicable, FCA
constraints imposed on flexible resources. Secondly, the LFM quantifies the flexibility
procurement required to resolve the local grid constraints created by these responses. The
framework, therefore, enables the assessment of how tariff-based incentives, market-
based flexibility activation, and contractual capacity limitations interact under realistic
operating conditions.

3. Case studies and assessment framework

Four case studies are developed to isolate the effect of different design dimensions under
comparable network conditions, as shown in Table 2. Cases 1 to 3 focus on the interaction
between tariff-based signals and LFM activations. Case 4 extends the analysis to FCA.
The same simplified synthetic network is used across cases to avoid attributing changes in
performance to different grid topologies rather than to the acquisition mechanism design.
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In this work, global tariffs refer to country-level electricity tariffs that provide system-wide
price signals to consumers, typically through time-dependent or volumetric tariff structures.
Local tariffs are introduced as ex post corrective signals derived from local congestion
conditions assessed during an LFM clearing step, with the objective of reducing
synchronised demand responses and better reflecting local network constraints. By
introducing locational and less predictable signals, ex-post local tariffs aim to reduce the
excessive predictability associated with global tariffs, which may otherwise encourage
strategic behaviour, synchronised responses, gaming opportunities, or local market power
concentration. The LFM is used to procure active-power flexibility from DERs to mitigate
residual network problems identified after responding to tariff signals. The coordinated use
of LFMs and ex-post local tariffs is particularly relevant under conditions of limited flexibility
availability. Correspondingly, FCAs impose contractual operational limits on flexible
resources, particularly EV charging, during constrained periods to directly adapt their
consumption to local network conditions. A detailed description of the modelling and
simulation process can be found in Deliverable D7.1 of the BeFlexible project [23].

Network | Electricity Tempe- | Acquisition
Case . . Purpose
model price rature | mechanisms
Spain Compare time-
Case 1: (time blocks) Global tariff + block, flatter and
Impact of Italy Same LFM + ex- volumetric tariff
network tariff (flatter tariff) for all post local designs under
designs Sweden tariff identical operating
(volumetric) conditions
Spain . Assess whether
Case 2 (time blocks) SPAN | Global tariff + temperature
Temperature- .
. Italy LFM + ex- changes modify the
driven — , Italy . .
S (flatter tariff) post local structural interaction
demand . )
o 5 Sweden tariff between tariffs and
variation = . Sweden
o (volumetric) LFMs
% Global tariff Evaluate how
Case 3 n Spai (without changes in system
pain :
Impact of (time blocks) Spain charges) + charges affect
tariff taxes LFM + local DERs behaviour
tariff and grid constraints
Analyse the
Case 4 coordinated
Flexible Sweden Sweden Global tariff + | operation of tariffs,
connection (volumetric) FCA + LFM LFMs, and flexible
agreements connection
agreements

Table 2. Case studies used to assess the interaction of flexibility acquisition mechanisms

4. Results and Discussion: Network Tariffs + LFM

The results show that tariff design is a dominant driver of flexible-resource responses.
Predictable national tariff signals can lead to many price-responsive loads shifting
consumption into the same low-price periods. This effect is particularly relevant for
concentrated, flexible resources with relatively high-power requirements, whose operations
are strongly influenced by the network tariff signal. Under these conditions, a tariff
intended to reduce system-level costs may unintentionally generate local congestion in
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areas with high DER deployment. The assessment also shows that, under the analysed
network conditions, preheating capabilities represented in the optimisation model reduce
the direct effect of temperature on HPs and WHSs, making price signals the main driver of
DER responses. Although different regional temperature profiles were analysed to
represent distinct climatic conditions, temperature primarily increases overall electricity
consumption and may amplify the magnitude of overload and voltage problems, rather
than substantially modifying their temporal patterns. In most cases, the synchronisation of
flexible-resource responses continues to be primarily driven by tariff signals, since flexible
resources remain strongly concentrated around predictable low-price periods. As a result,
temperature mainly scales the severity of the impacts, which may require greater flexibility,
whereas network tariff design determines when and how those impacts appear in the
network.

Furthermore, when the LFM is applied after the tariff-driven response, congestion can be
reduced as flexibility availability increases. In the developed assessment, the combined
tariff + LFM configuration reduces congestion by approximately 15-77%, depending on the
tariff design and the available flexibility volume. However, the results also show that the
LFM may be insufficient when synchronisation is strong and local flexibility available is
limited. This highlights the potential value of coordinating LFMs and network tariff design.

The introduction of an ex-post local tariff improves interaction for solving local network
constraints under limited flexibility. Its role is to complement the national tariff and LFM,
translating electricity costs into a less predictable, more locationally targeted signal. This
reduces the risk that all flexible resources react in the same way to a fully predictable
national tariff design. In the simulations, the combination of tariffs, LFM, and ex-post local
tariffs fully resolves congestion in the analysed configurations, achieving 100% congestion
resolution.

Additional sensitivity analyses on regulated system charges within time-block tariffs
indicate that modifications in these tariff components can reshape flexible-resource
responses and interact with local corrective mechanisms. This highlights the need to
assess tariff modifications jointly with local flexibility mechanisms.

Nevertheless, two limitations are important. First, if the corrective local signal becomes
predictable, it can create new synchronisation patterns and shift problems to adjacent
hours. Second, the LFM model in this analysis focuses on active-power congestion
management. As a consequence, congestion-oriented measures do not fully solve
voltage-related problems. The results indicate that active-power-only mechanisms solve
only part of the voltage problems, with voltage-problem resolution ranging from 1.29% to
55.06%. This reinforces the need to complement congestion management with voltage-
control services, including reactive-power products or other voltage-targeted mechanisms.
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5. Results and Discussion: Network tariff + LFM + FCA

Flexible connection agreements provide a more direct network-driven signal than network
tariffs. Instead of relying only on price response, they impose a maximum operating limit
during constrained periods or under specific network conditions. In the case analysed,
FCAs are applied only to EV charging. This is a relevant application because EV demand
is both flexible and potentially highly coincident, especially when many users respond to
the same tariff incentives.

The coordinated design of FCAs with the LFM produces strong improvements. The final-
event synthesis reports congestion reductions between 46.51% and 100% when both
mechanisms are coordinated. In addition, total costs decreased by 67.14-98.8% compared
with the tariff + LFM baseline. These results indicate that contractual capacity limits can
reduce the amount of flexibility required through the LFM, lowering congestion-
management costs and increasing the effective hosting capacity of the network.

However, the results also show that contract design is critical. Moderately restrictive limits
reduce instantaneous EV charging peaks and therefore help prevent overloads. Overly
restrictive limits can have the opposite effect: they reduce charging power but increase
charging duration, causing many EVs to continue charging in later periods. If this delayed
charging becomes synchronised, congestion is shifted rather than solved. In this context,
the predictability of FCA activation conditions also becomes relevant. Highly predictable
capacity restrictions may lead to synchronised or strategic behavioural responses, while
activation linked to less predictable, more system-driven conditions, such as contingency
or N-1 situations, may reduce the likelihood of rebound effects and gaming opportunities.
These results reinforce that FCA effectiveness depends on how curtailment conditions are
defined and coordinated with other flexibility-acquisition mechanisms.

6. Added Values and Conclusions

The analysis confirms that the mechanisms for acquiring flexibility for DSO services cannot
be considered in isolation. Their effects are assessed by the responses of flexible
resources, and the same resource may simultaneously respond to tariff signals, market
opportunities and contractual capacity limits. Coordinated design is therefore essential to
avoid conflicting incentives, rebound effects and inefficient flexibility procurement.

* Predictable system-wide tariff signals are a key driver of synchronised demand
response. They can reduce costs for customers, but may create local congestion
when a high concentration of flexible resources clusters in the same low-price
windows in a specific area.

* LFMs provide an effective corrective mechanism, but their performance depends on
available flexibility volumes and the demand responses driven by tariff signals. The
LFM should therefore be aligned with explicit knowledge of tariff limitations to avoid
inefficient situations in which the LFM is used to mitigate network problems caused
by tariff-driven responses.

+ Ex-post local tariffs can complement limited global tariff designs by introducing
more locational and corrective signals. They may improve cost causality and reduce
gaming risks, though their effectiveness depends on maintaining sufficient
uncertainty to avoid creating additional predictable synchronisation patterns.
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* FCAs can complement tariffs and LFMs, particularly under high DER deployment
and limited flexibility availability, by reducing simultaneous demand peaks and
lowering the need for corrective flexibility procurement. However, FCA design
conditions should carefully evaluate the signals sent to flexible resources, since
overly restrictive or highly predictable curtailment conditions may shift congestion.
These results reinforce the importance of coordinating FCAs, network tariffs, and
LFMs within an integrated flexibility acquisition.

» Active-power congestion management alone is not sufficient to solve all network
problems. Voltage deviations require complementary voltage-control services or
products.

For stakeholders, regulators and DSOs, the main implication is that flexibility mechanisms
should be coordinated across temporal granularity, spatial granularity, and contractual and
activation conditions. A well-designed portfolio of flexibility acquisition mechanisms can
increase hosting capacity and reduce the need for network reinforcement, while a poorly
coordinated portfolio can shift problems across time periods, network elements, or
mechanism layers. Future work should extend the framework to include uncertainty,
additional voltage-control services and products, strategic bidding behaviour and a broader
range of network configurations.
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Abstract

Participation of energy storage systems in electricity markets is a rapidly growing research
area, in response to increasing renewable energy penetration and evolving market
designs. Greece has recently set in place the regulatory framework for storage
participation in both the Day-Ahead and Balancing Markets. As interest in storage
deployment increases, it is imperative for investors to be aware of the relevant potential
revenues.

This paper is based on the authors’ optimization model which maximizes revenues from
storage participation in the Day-Ahead and Balancing Markets, considering both capacity
and energy products in upward and downward directions, in line with Greek market rules.
Indicative results on past research from the authors highlight the role of the Balancing
Market in storage-related investments, with a significant increase in annual revenues
compared to participation only in DAM. However, such results have not considered the
competition that will be introduced in case of increased storage installation in Greece.

This paper considers the impact of increasing penetration of energy storage assets in
market results, particularly with potential reductions in Balancing Market prices. Moreover,
the paper examines a potential reduction in the amount of balancing energy that an
examined storage asset will have access to due to increased competition. The resulting
revenue streams are used to perform an economic assessment based on the Modified
Internal Rate of Return (MIRR), enabling an evaluation of the economic viability of storage
investments under different price dynamics.
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1. Introduction

Energy storage systems are increasingly recognized as a key source of flexibility in power
systems under high renewable energy penetration, with studies focusing on arbitrage
models, bidding strategies, uncertainty and risk treatments, as well as multi-market
coordination [1]-[9]. Although participation in the balancing market can offer significant
revenues [10], literature studies usually focus only on the participation of energy storage in
the Day-Ahead Market (DAM) [1]-[3]. Studies that also include co-optimization of DAM and
real-time balancing, however, focus on non-Greek markets (e.g. Belgium, Germany,
California, UK) and do not capture the specifics of the Greek balancing framework [4]-[8].
The few studies centered on Greece either limit analysis to DAM arbitrage or consider
FCR participation, while not specifically addressing the manual frequency Restoration
Reserves (mfRR) [1], [9].

Greece has recently advanced the regulatory framework for electricity storage. Law
4951/2022 introduced licensing provisions for storage projects, while Ministerial Decision
YTEN/AAMNEEK/53563/1556 (2023) specified maximum injection restrictions. Law
5151/2024 and Ministerial Decision YTEN/I'AE/28255/1143 (2025), formalized the
procedure for issuing grid-connection offers for storage systems. In parallel, RAAEY
Decisions E-14/2026 and E-15/2026 amended the Balancing Market Regulation and the
Day-Ahead/Intraday Market Regulation, respectively, enabling storage participation in
electricity markets.

With the regulatory framework for storage participation set in place, interest in deploying
storage systems across Greece grows. In this scope it is important for the investors to
estimate the potential viability of ESS projects. Although literature studies have indicated
that significant revenues can be achieved with the participation of storage in the energy
markets (balancing and DAM), they do not specifically consider the impact of increased
storage installation [10]. For instance, the game-theoretic approach in [11]-[12] suggests
that a large amount of storage in the market will impact the energy price and reduce
potential revenues. Moreover, [13] recognizes the potential of revenues cannibalisation in
balancing markets. In case such effects of energy storage on market prices are overlooked
by investors, they may lead to overly optimistic revenue projections and, consequently,
increase the risk of financial distress or project failure [12]-[13].

This paper evaluates the economic feasibility of a battery energy storage system (BESS)
project, participating in the Greek electricity market. The analysis is based on the
optimization model developed by the authors in [10], which is is applied over a 20-year
project lifetime. The analysis considers revenues from DAM arbitrage and from the
Balancing Market, focusing on mFRR capacity and energy products in both upward and
downward directions. In contrast to approaches that evaluate storage profitability under
fixed historical price conditions, the paper also examines how increased storage
deployment may affect the underlying revenue drivers. In particular, the analysis considers
the potential impact of higher storage penetration on DAM price spreads, balancing
capacity and energy prices, and the amount of balancing energy available for reserve
activation.

In addition to market revenues, the analysis accounts for key economic and financial
parameters. Regarding the financial feasibility of the examined BESS projects, the
conventional Internal Rate of Return (IRR) can be misleading in cases that multiple sign
changes occur in the cash flows, or when intermediate positive cash flows are implicitly
assumed to be reinvested at the IRR [14]-[15]. These issues are relevant for storage
projects, which are linked with high early revenues and battery replacement costs during
the mid-life of the project. For this reason, the analysis considers the Modified Internal
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Rate of Return (MIRR), which is also commonly used in financial studies for energy and
RES-related projects [14]-[17]. The MIRR allows the reinvestment and finance rates to be
explicitly defined [14]-[17], providing a better profitability indicator for the examined BESS
cases.

The description of the optimization model for energy storage participation in the Greek
markets is provided in Section-2. The expected impact of increased energy storage
installation on DAM prices and reserve prices (energy and capacity) is analysed in
Section-3. Section-4 provides the considerations related to the economic evaluation of an
ESS project in Greece, including the calculation of the MIRR. The examined study-cases
are outlined in Section-5, including scenarios with different assumptions for the evolution
of energy storage deployment in Greece. The results of the analysis are presented and
discussed in Section-6, while conclusions are drawn in Section-7.

2. Optimization Model for Energy Storage Participation in the Greek
Markets

The optimization model used to simulate the participation of a grid-connected battery
energy storage system (BESS) in the Greek electricity markets was originally developed to
evaluate the ideal revenue potential of storage participation in the Greek Day-Ahead
Market (DAM) and Balancing Market, with explicit consideration of manual frequency
Restoration Reserve (mfRR) capacity and energy products in both upward and downward
directions [10]. In the present work, this model is used as the operational revenue-
estimation layer that provides the annual cash-flow inputs for the subsequent economic
assessment.

The optimization problem in [10] is formulated as a daily scheduling problem over a 24-
hour horizon, with a 15-minute temporal resolution. The objective function maximizes total
daily revenues, defined as the sum of revenues from DAM energy sales,
upward/downward mfRR capacity and upward mfRR energy activation, minus the costs
associated with DAM charging and downward balancing energy.

The model in [10] considers technical constraints linked to the BESS and the relevant
inverter, while a daily cycling constraint is also included to limit the total charged and
discharged energy (reducing excessive cycling that would otherwise overestimate
revenues and neglect battery degradation effects). The DAM-related constraints in [10]
ensure that the scheduled charging and discharging power does not exceed the available
battery power, the converter limits, or the regulatory restrictions applied to storage injection
in the Greek market. The balancing-market constraints define the maximum upward and
downward mfRR capacity and energy that can be provided, subject to the requested
reserve quantities by the system operator, minimum bid-size requirements under the
Greek regulations, battery power limits, and available stored energy.

The model produces detailed operational schedules and market revenues for each day,
which can be aggregated over the full year. In the present paper, this optimization
framework is used as the basis for estimating the operational revenues of the storage
project under different future scenarios.

3. Impact of Increased Energy Storage Installation

To account for the potential impact of increased energy storage deployment on market
conditions, this study considers a set of assumptions affecting reserve prices, reserve
activation volumes, and Day-Ahead Market prices.
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Firstly, increased storage penetration may affect the prices of balancing energy reserves.
Higher competition among storage participants may decrease the mfRR prices for up
reserves (or similarly increase the down reserves prices). Moreover, as the installation of
energy storage in the system considerably increases, the reserve prices may get closer to
the DAM prices. This effect is represented through a coefficient a,,szg, Which indicates the
degree of convergence between mfRR energy prices and DAM prices. When a,sgg = 0,
no modifications are applied in the energy reserve prices, while a,,rgr = 1 represents that
mfRR energy prices become equal to the corresponding DAM price.

A similar effect is considered for the mfRR Capacity Reserve Prices. As the installed
storage capacity in Greece increases, the prices for offering capacity in mfRR are
expected to decrease. The same coefficient a,,¢rz is also used to indicate the reduction in
the capacity reserve prices (if a,,;rrg = 0 no modifications are applied in the capacity
reserve prices, while a,,srr = 1, suggests that the relevant prices are equal to zero).

In addition to mfRR price effects, increased storage participation is also expected to
reduce the amount of mfRR _enerqgy activated from each individual storage unit. In this
study, the mfRR energy activated from the examined BESS is assumed to correspond to a
share, agnerqy, Of the total MfRR energy requested by the TSO. This share agpergy is
defined as the percentage of the examined energy storage system’s inverter capability (in
MW) over the total installed Capacity in Greece (in MW).

Finally, the analysis considers the potential effect of increased storage deployment on
DAM prices. In cases of very large-scale storage operation, the effective utilization of the
reserve capabilities of energy storage systems may contribute to reducing spikes in the
DAM prices. In the extreme case where the relevant reserve capabilities are fully exploited
and optimally coordinated with DAM operation, the DAM prices could be nearly uniform
throughout the day. This effect is represented through the coefficient apay, Which indicates
how close the DAM prices are to a flat average daily price: ap,y = 1, indicates that
storage has no effect on DAM prices, while a4, = 0, indicates the extreme case of a fully
flat daily price profile.

4. Economic Evaluation of an ESS Project

To evaluate the economic feasibility of an energy storage system (ESS) project, the
proposed optimization model is applied over an N-year project lifetime. The annual
revenues obtained from the participation of the ESS in the examined electricity markets
are then incorporated into a broader financial assessment framework. In addition to market
revenues, the calculation of annual cash flows accounts for key financial parameters,
including the cost of debt, inflation, taxation, capital expenditures, operating and
maintenance costs, etc..

The Internal Rate of Return (IRR) is commonly used as an indicator of project profitability
and provides a useful measure for assessing the economic viability of the examined ESS
investment. However, the conventional IRR may present limitations in the context of the
present analysis. In particular, the project may exhibit relatively high cash flows during the
first years of operation. Under the conventional IRR formulation, interim positive cash flows
are implicitly assumed to be reinvested at the IRR itself. This may overstate the profitability
of the project when the IRR is high, especially if the increased early revenues are driven
by temporary market conditions, limited storage penetration, or initially high reserve and
DAM price spreads. Additionally, the annual cash-flow profile may include multiple
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changes in sign over the project lifetime, which can lead to ambiguity in the interpretation
of the conventional IRR and, in some cases, multiple IRR solutions.

For this reason, the Modified Internal Rate of Return (MIRR) is used in this analysis. MIRR
is defined as the discount rate that equates the present value of negative cash flows,
discounted at the financing rate, r,, with the future value of positive cash flows,
compounded at a reinvestment rate, r,.. This formulation addresses the multiple-solution
problem associated with conventional IRR and replaces the implicit reinvestment
assumption of IRR with an explicitly defined, reinvestment rate, ., reflecting a more
realistic or market-consistent return on interim positive cash flows.

The MIRR is defined as the rate that equates the present value of negative cash flows,
PV,eq, with the future value of positive cash flows, FV,,, over the project lifetime
(expressed as N years):

—PVeg(1+ MIRR)N = FV,,ys

The present value of all negative cash flows, PV, , discounted at the financing rate r, is
calculated as:

CFy

t
0(1 +rf)

The future value of all positive cash flows, compounded to the end of the project lifetime at
the reinvestment rate r,., is calculated as:

N
PVneg =
t=

N
Fpos = z CFF(1+ )Nt
t=0

In this study, the project’s Weighted Average Cost of Capital (WACC) is used both as the
finance rate and as the reinvestment rate in the MIRR calculation. The WACC is calculated
as the weighted average of the cost of equity and the after-tax cost of debt, according to
their respective shares in the total capital structure:

WACC = ra(1—T)

D+E* DTE
where E / D denote the amount of equity/debt financing (in %), r. is the cost of equity, 7, is
the pre-tax cost of debt, and T is the tax rate.

The use of WACC as the finance rate reflects the assumption that negative project cash
flows are financed through the overall capital structure of the project. Therefore, the
finance rate captures the weighted cost of both equity and debt financing, including the tax
benefit associated with interest payments. The use of WACC as the reinvestment rate
assumes that positive intermediate cash flows can be redeployed in investment
opportunities with a risk-return profile comparable to that of the examined project. Under
this assumption, the MIRR provides a market-consistent profitability measure based on the
project’s opportunity cost of capital.
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5. Study Cases

The parameters assumed for the relevant project investment are listed in Table-1.

ISBN 978-3-905592-84-9
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Parameter Value Parameter Value
Capacity investment cost Loan repayment period

(€/MWh) 150,000 (vears) 10
Power-related investment cost Tax rate, T (%)

(€/MW), including inverter cost 100,000 27%
Battery replacement cost in year Project Lifetime, N (years)

10 (€/MWh) 75,000 20
O&M Costs (% of investment) 2.5% Special municipal fee (%) 3%
Nominal loan interest rate, r; (%) 8% || Inflation (%) 3%
Equity, E (% of the investment) 25% Nominal cost of equity, r, 10.14%
Debt, D (% of the investment) 75% Nominal WACC 6.92%

Table-1: Parameters linked to project investment

In this study, the cost of equity is estimated using a Capital Asset Pricing Model (CAPM)
formulation adjusted for country risk, following Damodaran’s approach [18]. Considering a
value of 4.23% as the mature-market equity risk premium [19], 2.85% as the country risk
premium for Greece [19], and a euro-area risk-free rate of 3.06%!, the nominal cost of
equity is calculated as r, = 10.14%. Considering a nominal loan interest rate (or the cost of
debt, r;) equal to 8% and a tax rate, T, equal to 27%, as indicated in Table-1, the nominal
WACC is calculated as 6.92%.

Historical data for the year 2024 have been considered for the DAM prices, mfRR upward
and downward capacity requirements and prices, and mfRR upward and downward
balancing-energy activation requirements and prices. The relevant data have been
received from the DIEM platform?.

Storage in DAM prices mfRR En. price | mfRR Cap. Price |Cross-selling in
Year |Greece (MW) | Compression -ap,, | Conv. - a,sgg Red. - a,,srr DAM and Bal.
2027 1000 N/A 0.10 0.10 YES
2034 2700 0.90 0.90 0.90 Not Allowed
2041 2700 0.00 0.90 0.90 Not Allowed

(a)

Storage in DAM prices mfRR En. price | mfRR Cap. Price  |Cross-selling in
Year |Greece (MW) | Compression -ap,, | Conv. - a,sge Red. - a,,srr DAM and Bal.
2027 1000 N/A 0.10 0.10 Not Allowed
2032 2700 0.90 0.90 0.90 Not Allowed
2037 2700 0.00 0.90 0.90 Not Allowed

(b)

Storage in DAM prices mfRR En. price | mfRR Cap. Price |Cross-selling in
Year|Greece (MW) | Compression -a;,, | CONVv. - @, gg Red. - a,,rr DAM and Bal.
2027 1500 N/A 0.10 0.10 Not Allowed
2029 2700 0.90 0.90 0.90 Not Allowed
2031 3600 0.00 0.93 0.93 Not Allowed
2035 5400 0.00 1.00 1.00 Not Allowed
' https://www.bloomberg.com/markets/rates-bonds/government-bonds/germany, as of 28/04/2026
2 https://diem-platform.com/
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(c)
Table-2: Parameters and key events considered for the examined Scenarios: (a) Optimistic, (b)
Intermediate and (c) Aggressive.

Three main scenarios are examined, representing different assumptions for the evolution
of energy storage deployment in Greece and its potential impact on market revenues:

» Optimistic Scenario: reflects a favorable case for energy storage profitability, with a
limited impact of the additional storage capacity on Day-Ahead Market price
spreads and balancing market revenues. During the first year (2027), favorable
cross-selling conditions between the Day-Ahead Market (DAM) and the mfRR
market are also assumed to be possible. More specifically, the battery is allowed to
request charging (or discharging) energy in the DAM, while simultaneously offering
upward (or downward) mfRR energy reserves.

» Aggressive Scenario: In comparison to the Optimistic Scenario, no favorable cross-
selling conditions are assumed in this case. This scenario assumes a rapid and
substantial increase in installed energy storage capacity in Greece in the near term.
Under this assumption, the large-scale deployment of storage is expected to
significantly affect market conditions, leading to important reductions in mfRR-
related revenues and a stronger compression of Day-Ahead Market price spreads.

» Intermediate Scenario: This scenario lies between the optimistic and aggressive
cases. It assumes a moderate increase in installed storage capacity and a
corresponding medium-level impact on Day-Ahead Market and mfRR revenues.

The overview of the key assumptions considered for the above-mentioned scenarios are
summarized in Table-2.

6. Results

Indicative results for the Optimistic scenario are presented in Figure-1, considering a 50
MW ESS and different storage-duration cases. The MIRR-values displayed in the figure
correspond to the nominal levered MIRR. The results indicate that the MIRR decreases as
the storage duration increases, from 12.34% for the 1-hour case to 7.94% for the 4-hour
case. This trend is mainly attributed to the way the activated mfRR energy is represented
in the examined scenario. In the present formulation, the mfRR energy requested for
activation by the TSO is defined as a percentage of the total installed ESS power in
Greece. Therefore, since all three cases are assumed to have the same inverter capacity
of 50 MW, the requested activated energy in each time interval is the same for the 1-hour,
2-hour and 4-hour storage-duration cases. As a result, the revenue potential associated
with mfRR activation does not increase proportionally with the installed storage capacity in
MWh. At the same time, longer storage durations require higher energy capacity and,
consequently, higher initial investment costs. Under these assumptions, shorter-duration
systems benefit from a more favorable balance between revenues and investment cost,
leading to higher MIRR values.
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MIRR (nominal / levered) for the Optimistic Scenario

12.34%
12% 10.75%

7.94%

1h 2h 4h
Duration (hours)

Figure-1: Nominal, levered MIRR for the optimistic scenario — 50MW ESS

This does not necessarily imply that shorter-duration storage is generally superior, but
rather reflects the specific assumptions in this study. Different results could be obtained if
the mfRR energy requested for activation by the TSO was linked to the percentage of the
total installed ESS energy capacity in Greece, expressed in MWh, rather than the
percentage of the total installed ESS power in MW.

The nominal levered MIRR results for all the examined scenarios are presented in Figure-
2. The results highlight the strong dependence of the investment performance on the
assumed market evolution and, in particular, on the degree and timing of revenue
cannibalization caused by increasing storage penetration.

MIRR (nominal / levered)

14% 15 39
12% 10.7%

10%

8%

6%

4%

2%

0%

-2 1h 2h 4h
-4%

7.9%
6.5% 6.1%

4.2%

MIRR

1h 2h 4h

I -3.1% I

6% -4.0% -4.5%
Optimistic Intermediate Aggressive
Scenario Scenario Scenario

Figure-2: Nominal, levered MIRR for all the examined scenarios — 50MW ESS

In the Optimistic scenario, the examined ESS investment remains financially attractive for
the shorter-duration configurations. The 1-hour and 2-hour cases achieve nominal levered
MIRR values of 12.34% and 10.75%, respectively, indicating acceptable profitability under
the assumed market conditions.

In the Intermediate scenario, the MIRR values are substantially reduced. The calculated
nominal levered MIRR ranges from 4.21% to 6.46%, depending on the storage duration.
These values are below the nominal WACC considered for the examined cases, which is
equal to 6.92%. Therefore, under the intermediate scenario assumptions, the project does
not provide sufficient return relative to its estimated cost of capital. This indicates that,
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although the investment may still generate positive cash flows, its risk-adjusted financial
attractiveness is limited.

In the Aggressive scenario, the financial performance declines further, with negative MIRR
values for all examined storage durations. This reflects the effect of early cannibalization of
energy-market revenues, which substantially reduces the project’'s revenue potential.
Under these assumptions, the investment is not financially viable, as it fails to recover an
adequate return on the invested equity capital.

7. Conclusions

This paper presents an economic assessment framework for an energy storage system
participating in the Greek energy markets, considering revenues from the Day-Ahead
Market and mfRR balancing market. The analysis is performed over a long-term
investment horizon and incorporates key financial parameters, including investment cost,
operating expenses, debt financing, taxation and inflation. Unlike the conventional IRR, the
MIRR was calculated in order to provide a better profitability indicator, since the project
cash-flow profile includes large variations and multiple sign changes over the examined
period.

The long-term profitability assessment explicitly accounts for the expected impact of
increasing ESS penetration on market revenues. The impact on DAM revenues is
represented through a gradual compression of the daily price spread, reflecting the
expected reduction of arbitrage opportunities as storage capacity increases. Similarly, the
impact on mfRR capacity revenues is modelled through a reduction of balancing capacity
prices, while the impact on mfRR energy revenues is captured by considering the
convergence of balancing energy prices towards DAM price levels. Finally, the requested
mfRR energy activation is represented as a function of the total installed ESS power in
Greece, allowing the analysis to reflect how the participation of storage in balancing
energy provision may evolve under different market-penetration assumptions.

The results show that the economic viability of ESS projects is highly sensitive to market-
price evolution, storage penetration and the resulting reduction of arbitrage and balancing-
market revenues. Shorter-duration configurations appear more favourable under the
present modelling assumptions, primarily because the modelled mfRR activation
requirements are linked to installed ESS power rather than installed ESS energy capacity.

Under the Optimistic scenario, the investment achieves acceptable nominal levered MIRR
values for the shorter-duration configurations. In the Intermediate scenario, the MIRR
values are significantly reduced while indicating that the project does not generate
sufficient return relative to its cost of capital. Under the Aggressive scenario, negative
nominal levered MIRR values are obtained for all examined storage durations, reflecting
the impact of rapid storage deployment and early revenue cannibalization.
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Abstract

The deployment of electric vehicles (EVs), photovoltaics (PVs), and heat pumps (HPs) is
rapidly growing. This is challenging for electrical distribution grids, as increased supply or
demand in low- and medium-voltage grids can lead to voltage violations, branch
overloads, and transformer aging. To ensure secure and optimal operation of the grid, the
Distribution System Operators (DSOs) seek flexibility in energy production and
consumption from assets connected to the grid. Sector coupling with the thermal systems
could provide such flexibility by shifting and modulating the heating demand of industrial or
residential buildings within a District Energy Network (DEN). In this paper, the flexibility
potential of a DEN in Western Switzerland, integrating a 2 MW heat-pump system (HPS),
is analyzed. The DEN is structured as a mixed-use peri-urban multi-energy system
combining several electrical and thermal assets that are operated on site, including
photovoltaic (PV) generation, HPS power modulation, with stratified high- and low-
temperature storage tanks (HT and LT), through which strong opportunities for sector
coupling and multi-energy coordination are provided. The district infrastructure under study
is therefore considered a relevant example of multi-energy sector coupling applied at scale
for grid-support service design. The main objective of this paper is to quantify the available
flexibility from the HPS. To this end, a data-driven method is proposed to quantify the
available upward and downward power flexibility (AP*/AP~) by estimating the feasible
load-shifting range over different time windows (15 minutes to 24 hours), without
compromising comfort requirements and operational constraints of the DEN. The proposed
method requires standard monitoring and measurement data for electrical and thermal
variables which are available from conventional SCADA systems implying replicability to
other DENs is possible. When applied to a Swiss peri-urban district, the method reveals an
operational flexibility envelope of around 100 kWel across time horizons ranging from 15
minutes to 4 hours.
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Introduction

The electrification of mobility and heating, in conjunction with the decentralization of
renewable generation, is fundamentally reshaping the operational landscape of distribution
grids. These trends have the effect of intensifying the constraints experienced by DSOs,
who are required to balance supply and demand in real-time to prevent technical
violations. In response to these challenges, flexibility mechanisms, defined as temporary,
controlled deviations in consumption or production, are emerging as critical tools to relieve
grid constraints while minimizing capital expenditure on reinforcement. While electrification
represents a pivotal strategy for decarbonization it can introduce a significant challenge
regarding grid stability and infrastructure adequacy. In Switzerland, the Energy Strategy
2050 anticipates moderate growth in consumption, with the electrification of heating and
transport being largely offset by efficiency gains. At the same time, the strategy aims to
replace nuclear energy with renewable energy sources, in particular solar photovoltaics
(PV). This shift, due to significantly lower capacity factors for PV (about seven times lower
in 2025 in Switzerland3, implies a sharp increase in installed capacity. Three scenarios
proposed by Swissolar predict capacity growth of between +8 GW (Bremsszenario) and
+13 GW (Expressszenario) by 2030 [1]. It should be noted that the production targets by
2035 as set by the energy law (Art. 2, al. 1, LEne) can only be reached by pursuing the
most ambitious scenario.

The temporal and spatial mismatch between variable renewable influx and demand peaks
is likely to create critical bottlenecks in the distribution grids. That means a significant
increase in solar PV power will need to be accommodated at the distribution level as the
country transitions to electric mobility and residential & district heating systems [1, 2]. The
Federal Act on a Secure Electricity Supply Based on Renewable Energies*, which came
into effect on 1 January 2025, sets out more ambitious targets for domestic production and
consumption along with the deployment of local energy communities and improved
demand-side management strategies.

In this electrification context, heat pump systems (HPS) have emerged as a pivotal
element in the decarbonization of heating. The proportion of residential buildings
constructed between 1991 and 2000 that were heated by a heat pump was 26.8 %. This
figure rose to 74% for buildings constructed between 2011 and 2024°.

In light of the foregoing, it appears that a successful decarbonization strategy is contingent
upon the integration of distributed low-carbon energy resources deployment enhanced
self-consumption management, and deployment of flexibilities for economic and secure
operation of distribution grids under uncertainties [5, 6].

Modern district energy networks (DEN) are being developed to play a key role in the
energy transition by providing a sustainable energy source to the final consumption. They
can also deliver system-level flexibility to the electricity grid through sector coupling
(power-to-heat) and thermal storage. However, recent tracking by the International Energy
Agency (IEA) highlights both the potential and the shortfall of DEN deployments. For
instance, district heating only meets 10 % of the global heat demand® (only around 4 % for
Switzerland), but decarbonization remains limited because fossil fuels still dominate final
energy supplies [7, 8]. To unlock flexibility, storage, low-temperature operation and large-
scale HPS will be required. In Europe, policy and market signals since 2022 have
increased interest in DEN modernization and the use of flexible technologies to integrate
variable renewables and reduce emissions and costs [9, 10].

3 https://energy-charts.info/charts/installed_power/chart.htm?l=en&c=CH

4 https://www.admin.ch/fr/nsb?id=104172

5 https://www.bfs.admin.ch/bfs/en/home/statistics/construction-housing/buildings/energy-sector.html

6 https://www.iea.org/commentaries/opportunities-for-district-heating-in-the-changing-energy-landscape
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As HPS are integral to the functioning of electrified heating systems, they have the
capacity to redistribute electrical load by capitalizing on the thermal inertia present in
buildings and buffer/storage tanks. However, despite the progress of DEN and the
economic viability of such technology, three main gaps persist. Firstly, the quantification of
operational flexibility often relies on model-heavy approaches that are difficult to scale up
to existing DEN assets. Robust, data-driven methods that reconstruct thermal
accumulator’s (storage tank) state-of-charge (SoC) from routinely available sensors (e.g.
stratified tank thermocouples) and impose physics-consistent energy limits are still scarce
in the literature for industrial HPS [10]. Secondly, while many studies optimize single
trajectories [11], grid stakeholders and aggregators require time-coupled power bounds —
i.e. flexibility corridors — over multiple horizons (quarters of an hour to day-ahead) that
remain feasible under thermal constraints and operational policies. Multi-timescale
methods exist in integrated energy systems but are rarely translated into compact
operationally interpretable interfaces for DEN operators and DSOs. Thirdly, market
coordination is in flux: DSOs/TSOs are codifying demand-response access and local
flexibility procurement, but standard products and data exchanges for HPS resources in
DENs are not yet mature, raising a need for methodologies that produce shareable
artefacts (e.g. flexibility corridors) compatible with evolving grid codes and DSO decision
frameworks.

In this context, the operational electric power flexibility of a DEN can be quantified by (i)
reconstructing a reliable, physics-bounded thermal SoC from stratified measurements, (ii)
propagating an SoC static model toward a data-driven dynamic approach to compute
upward/downward electric power bounds across user-relevant horizons (15 minutes to
4 hours during a 24 hours time-slot), and (iii) exposing results as an operationally
interpretable corridor that DSOs/aggregators can incorporate into planning and service
evaluation. This paper will present the results of the research, development and analysis
carried out.

Context and case study background

As outlined in the previous section, the electrification of thermal energy systems and their
integration into power systems raise significant challenges but also offer promising
opportunities for flexibility provision. DEN equipped with large-scale heat pumps and
thermal storage are increasingly recognized as key assets for sector coupling, capable of
shifting and modulating electrical demand while preserving thermal service quality. The
present study focuses on the identification and quantification of flexibility potential in such
systems under real operating conditions.

The analysis is grounded in a peri-urban pilot district characterized by a mix of residential,
industrial, and commercial buildings. New heating infrastructures in this context typically
integrate large heat pump systems (HPS), with installed capacities ranging from 1 to 6
MW. The site also hosts approximately 2 MWp of photovoltaic generation, with a
substantial remaining available surface area (around 50,000 m?), highlighting a strong
growth potential for local renewable generation and, consequently, an increasing need for
flexibility to maximize self-consumption and grid compatibility. The electrical infrastructure
relies on an 18 kV medium-voltage distribution network, with full smart metering coverage
for industrial and public buildings, enabling detailed monitoring of loads and energy flows.
Within this pilot area, the distribution system operator manages a highly integrated, sector-
coupled energy system ideally designed to exploit operational flexibility. The thermal
backbone of the district consists of a district heating and cooling network primarily supplied
by heat pumps, representing the dominant electrical load of the site (approximately 3 GWh
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per year). The present study focuses on the operation of a 2.2 MW heat pump system,
analyzed at the level of measurements available to the district heating network operator.
The district energy network operates as a tri-thermal system based on two identical
1.1 MW heat pumps. These units simultaneously serve two temperature levels: a “low-
temperature loop” (50-70 C) and a cold loop (5-9 C) for industrial cooling. The cold loop is
not considered in this study. An additional high temperature supply (80 C) provided by
back-up gas boiler is also available but was not used as a source for the “low-temperature
loop” during the period of reference of the study. Short-term mismatches between
production and demand are mitigated through three stratified thermal storage tanks — two
hot water tanks of 40 m3® each and one cold storage tank of 60 m3 — which provide
buffering capacity and operational inertia. The simplified description of the system is
presented in Fig. 1. However, the system exhibits high sensitivity: each kWh of thermal
energy injected raises the SoC by 0.12%, suggesting that the storage capacity may be
undersized relative to the dynamics of the HPS.

DUAL-TEMPERATURE HEATING SYSTEM

High-temperature and low-temperature supply circuits with boilers, heat pumps and storage

Consumer type HT

. Consumer type LT

x

LT network substation
«-» «=»
o o @ @
\
T —

— HT T e HT LT X Onewsy === external Storage o Gas @ Heat
s B tank boiler pump

supply supply return return ource

Fig. 1 — District heat-pump system representation.

Thermal demand within the district exhibits strong daily and seasonal variability, reflecting
the heterogeneous profiles of residential and industrial consumers. The heat pump system
is therefore operated with significant modulation capabilities, bounded by its installed
electrical power, admissible ramp rates, as well as energy and thermal constraints
associated with storage and network operation. The combination of controllable heat pump
loads and stratified thermal storage enables temporal decoupling between heat production
and heat demand, creating opportunities to adjust electrical consumption without
compromising user comfort or system reliability. Electrical flexibility can thus be extracted
while strictly enforcing operational limits.

Building on these characteristics, this paper proposes a complementary approach to
flexibility assessment that relies exclusively on observed operational data. Rather than
developing a fully detailed physical model, flexibility is inferred directly from historical
SCADA measurements, enriched with a limited set of explicit operational constraints. This
approach allows the derivation of feasible flexibility margins from existing heat pump
power time series and indicators of thermal storage state. For selected representative
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operating days, flexibility corridors with amplitudes of several hundred kilowatts around the
electrical load baseline are identified.

Because the proposed method requires only commonly available measurements from
systems already in operation, it can be readily transferred to other multi-energy districts
equipped with large-scale heat pumps and stratified thermal storage. The resulting
flexibility corridor provides a transparent interface between thermal system operation and
power system services, enabling the quantification and evaluation of flexibility
contributions arising from sector coupling.

In the following section, the methodology underpinning this analysis is presented in detail.
It describes the data sources, the operational constraints applied to represent realistic heat
pump and storage behavior, and the procedure used to extract post-operation flexibility
information from measured system performance.

Methodology

The proposed methodology relies exclusively on standard data available within district
heating and cooling Supervisory control and data acquisition (SCADA) systems. This
ensures high replicability without the need for complex additional metering infrastructure.
The input dataset consists of high-resolution time series data, ranging from one-minute to
fiteen-minute intervals The dataset includes the electrical power that we note in kW,; and
thermal power in kW, of the HPS. In addition, to these power metrics, the storage state is
monitored via stratified temperature profiles obtained from multiple sensors distributed
along the vertical axis of the accumulator tanks (e.g., six sensors per tank). A lower-
resolution State of Charge (SoC) proxy, such as the low-temperature tank level (LT%), is
kept solely for validation purposes. The analyzed dataset encompasses several months of
uninterrupted HPS operation, encompassing a wide array of seasonal conditions and load
profiles necessary to reliably reconstruct flexibility corridors.
Prior to the quantification of flexibility, a baseline characterization of the district's operation
dynamics was conducted to identify distinct seasonal regimes. The data reveals the
presence of three distinct profiles:
) Winter regime: The HPS operates at a high load factor, often at near continuous
capacity, yet at a lower relative power modulation due to sustained base demand.
) Intermediate (mid-season) regime: Exhibits moderate load factors and power levels,
driven by significant diurnal variations in heating demand.
»  Summer regime: The seasonal cycle is characterized by low load factors, with
domestic hot water requirements serving as the primary driving force.
This empirically derived baseline trajectory functions as the reference point (Py,s.) from
which flexibility is defined as the feasible envelope of upward and downward deviations
that are subject to physical and operational constraints. Specifically, this analysis
examines the static upward and downward flexibility corridors of HPS over a 120-day
study period (2024-12-01 — 2025-03-31).

Flexibility corridor characterization

The methodology developed in this research overcomes the frequent absence of direct,
high-resolution energy metering on thermal storage tanks; the methodology employs a
data-driven reconstruction of the SoC using stratified temperature measurements. The
static reconstruction of the SoC model that maps the temperature readings from N =6
sensors is defined in Eq. (1), where T(t) is weighted average temperature of the stratified
tank of the HPS, as a state, of the fluid at a specific heat m-C, with C, = 4.185 -

10% JK1kg!. In order to ensure physical consistency, the reconstructed SoC value should
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be strictly constrained within the operational bounds of the accumulator SoC,,;, and SoC,,.,
— typically defined by the hydraulic limits of the stratified tank in Eq. (2). Subsequently, the
conversion from a percentage-based SoC to thermal energy is achieved by deriving an
aggregate temperature sensitivity factor.

THERMAL FLEXIBILITY PIPELINE

From accumulator probes to time-power flexibility corridors

ACCUMULATOR

® Probes

SOC Data

soc Power Flexibility

Estimation

Temperature Data

Flexibility
Calculation Corridors

by Time-Power Pairs

Fig. 2 — District heat-pump system thermal flexibility.

To ensure thermodynamic consistency and replicability across different DENs, a first
principles equivalent storage model is proposed. This approach treats the stratified water
tank as virtual storage, where the state variable is derived directly from the temperature of
the fluid. The thermal storage system is characterized and defined through Eq. (3) and for
operation temperature bounds T.x — Tmin- The instantaneous stored thermal energy
E..(t) is consequently given in Eq. (4).

_ T()—T

SoC(t) = (O = Tmax € [0 %, 100 %] (1)
Tmax - Tmin

SoCpin < SoC(t) < SoCppax (2)

Ehvom =m- Cp- (Tmax — Tmin) (3)

Estor(t) = S/O\C(t) ' Enom (4)

Using this physically grounded SoC, a static flexibility corridor has been defined with a set
of feasible power deviations AP(t) from a baseline trajectory P,...(t) over a time horizon.
The corridor width is constrained by two independent manifolds expressed through
Eq. (5)—(6) where A(t) = (teng — t)/(tend — tstart) € [0,1] is @ temporal shrinking factor. This
factor defines a clear physical slope ensuring the system can return to its baseline
trajectory without violating SoC boundaries and thermal payback to the thermal network
demand. In other words, this shrinking factor is the key physical constraint that ensures the
feasibility of flexibility bids. When applied, the parameter guarantees that flexible
exploitation of the HPS (within the range of AP(t) ) remains viable by securing the
necessary payback power while maximizing potential.

The energy bounds E,,;, and E,.x, defined in Eq. (5)-(6), represent the minimum and
maximum thermal energy that can be stored in or withdrawn from the accumulator
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(Egor(t)) under normal operating conditions. These elements directly determine the
available energy headroom for upward flexibility (absorption capacity before E,.;) and
downward flexibility (delivery capacity before E.;,). Since the E;, and E,.x limits are
calculated based on the SoC value at the end of the time slot, an additional constraint is
added to ensure that the available flexibility does not cause the SoC,,;, and SoC,,,; values
to be exceeded at t + 1.

(Emax - Estor(t)) ' A(t)

AP+(t) = min Pmax - Pbase(t) ’ At ’ APralmp per step (5)
Power limit —
Energy limit

(Estor(t) - Emin) ’ }\(t)

AP~ (t) = min Ppase (t) = Pmin» At ’ APramp per step (6)
Power limit —
Energy limit

Consequently, AP*(t) and AP~ (t) define the available operational flexibility envelope at
time t. Specifically, AP*(t) quantifies the maximum upward power deviation (additional
consumption) the HPS can sustain without violating power ratings or overfilling the
accumulator. Meanwhile, AP~(t) quantifies the maximum downward deviation (load
reduction) feasible before hitting minimum power limits or depleting the thermal reserve.
These two variables can easily be monitored by the DSO or energy system operator as a
binding offer.

Physical constraints of thermal units

The physical constraints that limit HPS are defined by B, and P;,. The additional power
ramp for each time step AP.ump perstep NEIPS to limit the corridor margins of available power
flexibility — for both upward and downward changes, thereby protecting the HPS from
sudden changes in operating mode. It is based on an empirical analysis of observed HPS
power step changes.

The HPS baseline P,,.(t) =Y, B, (t) integrates thermal power across all active units u
and functions as the reference trajectory for flexibility deviations. Flexibility is evaluated
over time slots of configurable horizon with t.,4, ranging from 15 minutes to 24 hours with
A(t) driving the decreasing time available for energy compensation as the slot progresses.
The four constraints employed in this research were not chosen arbitrarily: each reflects a
physical or operational limit identified in the preceding analysis of the pilot site. The upper
and lower limits of the system are 20 % and 100 %, respectively. The upper bound
corresponds to the physical saturation of the LT accumulator. The lower bound of 20 % is
enforced because, below this load level, the operator considers that user comfort is at risk.
Aggregate HPS power bounds [Py, = 600 kW, = 250 kW,; Ppax = 1800 kW, =
750 kW,,] define the operational range within which the two HPS maintain their designated
COP. Operating within the specific range guarantees that any flexibility activation does not
compromise efficiency and their optimal operation. The thermal power ramp has a capacity
of 50 kW/min. This rate is set to extend the lifespan of the HPS by avoiding sudden and
frequent changes in operating conditions. These constraints can be adjusted based on the
characteristics of the facilities and the operator’s requirements.
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Results & discussion

The measurement-based reconstruction method yielded a high-resolution SoC estimate
that showed a strong alignment with the measured accumulator charge indicator (LT%). In
the context of representative periods, the reconstructed trajectory has been shown to
accurately capture charge and discharge dynamics. This finding serves to validate the
hypothesis that standard stratified temperature sensors hold sufficient information to
reliably infer the state of storage. This finding substantiates the replicability of the method
for districts that lack dedicated energy meters for storage.

BT window 2024-12-01-2025-03-31 (t_Opct=55.0°C) — Measured vs Reconstructed SOC

Train — R2 = 0.964 (n =9,219) Test — R?2 = 0.962 (n = 2,305)

100 4 100 4

801 801

55.0°C) reconstructed [%]
55.0°C) reconstructed [%]
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60 q 60 q
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.

BT window 2024-12-01-2025-03-31 (t_Opct:
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Fig. 3— Measurement-based reconstruction result between to predict SoC.

An analysis of flexibility across various time horizons, ranging from 15 minutes to 24 hours,
was conducted. Short horizons (15-60 min): As indicated by the data, there is higher
instantaneous flexibility, which is limited primarily by ramp rates and immediate power
bounds. This is because neutrality constraints are less restrictive. Intermediate horizons
(4-6 h): The objective is to ascertain the predominant influence of SoC dynamics.
Sustained deviations necessitate meticulous energy management, and the tapering effect
becomes pronounced. In the long term, ranging from 12 to 24 hours, it is imperative to
underscore the limitation of flexibility due to the necessity of preserving feasible thermal
operation across daily demand cycles. Consequently, neutrality constraints emerge as the
prevailing limiting factor. This multi-horizon perspective facilitates the mapping of thermal
assets to diverse grid-service products, encompassing rapid congestion relief and long-
term peak shaving.

As illustrated in Fig. 4, three main clusters representing seasonality and typical daily
profile have been identified based on k-Means algorithm. It partitions data into k groups
(here 3 groups) by minimizing the within-cluster variance [12]. The following packages and
libraries were used for the complete data analysis: Python 3.12, pandas, scikit-learn,
polars, matplotlib, and plotly. The HPS operation closely follows the district's thermal
demand coupled with storage management logic. Typical daily profiles (Fig. 4) display
morning and evening peaks, which correlate with a discharge in storage SoC and a
concurrent rise in HPS thermal power. Conversely, midday periods frequently exhibit a
demand plateau, thereby enabling storage replenishment. A significant hysteresis is
evident in the relationship between the HPS power response and the SoC trajectory. This
lag suggests that the accumulator's state of charge serves as the primary governing
variable for power dispatch decisions. Across representative days, the system operates
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around a thermal baseline of approximately 1 MW, deviating toward upper or lower bounds
only during peak demand events, maintenance cycles, or specific control modes.

The result is a data-driven seasonal segmentation that can be observed in a calendar view
(see Fig. 5) and used to confirm known seasonal thermal behaviors. Clusters 1, 2 and 3
represent the intermediate (or mid-season), winter and summer seasons, respectively.
During the winter, the storage tank is usually at its lowest level, as thermal demand (mainly
for heating) drives the main dynamics of the SoC. It should be noted that DEN produces
cooling that can benefit various on-site applications in the medium to long term, and this
needs to be recognized. Also, on-site PV surplus, which isn't part of the analysis in this
paper, can enable the matching of cooling production. Finally, the intermediate seasons of
fall and spring are encompassed in one cluster, where the dynamics depend mainly on the
weather and temperature of each season.

Typical Daily Profiles - HP (dashed, kW) & Accumulator (solid, %)
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Fig. 4 — Heat-pump power profiles (time-series view).
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Fig. 5 — Profiles of heat-pump power systems (calendar view).
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Flexibility potential and operating constraints

Fig. 6 shows the HPS flexibility envelope for a typical winter day (2025-01-23) expressed
in electric power with a fixed COP of 2.4. This low value mainly results from the large
temperature lift required between the heat source (approximately 10 °C from the river) and
the supply temperature (around 70 °C), which significantly reduces heat pump efficiency.
(if only heating is considered). Both figures illustrate the instantaneous flexibility corridor
(the green band), which outlines the measured aggregate HPS power output over a 24-
hour period. The accumulator SoC is overlaid on a secondary axis. These results can be
used to predict the expected daily average flexibility expected on a given day. This
prediction can be refined further by adding parameters such as the day of the week,
outside temperature or other variables. It can therefore be observed that ~100 kW is a
significant power flexibility at the MV/LV distribution grid level. Aggregation of this flexibility
with similar HPS and other distributed resources could provide MW-scale flexibility for
participation in ancillary service markets.

Fig. 7 illustrates how to allocate each unit of flexibility, in both the upward and downward
directions, to its respective binding constraints. This breakdown highlights the specific
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constraints whose relaxation would maximize flexibility potential. For example, this could
be achieved by installing additional HPS or increasing storage capacity.

Tab. 1 summarizes the different operational limitations observed through this dataset. The
results show that, during the winter season, the upward flexibility is mainly limited by the
additional energy that can be stored in the hot water tank whereas the downward flexibility
is limited first by the lower limit of the SoC and second, by the energy that can be
retrieved. The maximal power of the HPS is only a limiting factor in 2024-12 (21,5% of the
time). These results indicate that one could probably increase flexibility or balance it more
evenly by increasing the HPS regime and the mean SoC.

Flexibility power corridor — 2025-01-23 — slot = 4h 100

—— HP_sum (electric)

Flexibility power corridor (ramp-limited)
~-- Power bounds
700 SoC

|
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w
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Fig. 6 — Electric power with flexibility corridor and physical boundaries.
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Fig. 7 — Electric power with flexibility corridor and limiting constraints for a typical winter
day.

Flexibility UP and DOWN (2024-12 -» 2025-03, electric power)

UP — Shrinki DOWN — Shrinki
UP — SoC Shrinking |\, _ pamp DOWN — € Shrinking |5\ — Ramp
factor factor

2024-12 8'928 2.8% 75.7% 0.0% 21.5% 49.2% 49.6% 0.0% 1.1%

2025-01 8'928 0.9% 98.4% 0.0% 0.7% 62.5% 37.2% 0.0% 0.3%

2025-02 8’064 1.2% 98.6% 0.0% 0.2% 58.9% 36.4% 0.0% 4.7%

2025-03 8’916 10.2% 82.2% 0.0% 7.6% 40.3% 55.8% 0.0% 3.9%
Legend: Soc |____Ramp | _HPS__

Tab. 1 — Flexibility corridor results summarized for the analyzed dataset.
Replicability & limitations

A key strength of this approach is that it relies on standard signals, such as HPS power
and stratified accumulator temperatures. No detailed thermodynamic modelling or
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extensive calibration is necessary. Consequently, any district heating network equipped
with conventional SCADA sensors can apply this methodology directly to quantify its
electric flexibility potential.

The method presupposes that stratified temperature sensors adequately represent the
storage layers; poor sensor placement could degrade SoC reconstruction accuracy.
Furthermore, the conversion of electrical modulation to storage energy change implicitly
assumes a relatively stable COP and neglects minor thermal losses. While the corridor is
indicative of a robust operational envelope, it does not serve as a comprehensive
thermodynamic predictor. Finally, this work quantifies feasible bounds; the actual control
implementation to track these bounds is outside the current scope.

Conclusion and perspectives

This research article presents the methodology and calculations of the heat pump system
(HPS) flexibility corridor. This methodology is a data-driven technique applied to a real
district energy network (DEN) pilot. It quantifies the operational electric flexibility of HPS
and stratified thermal storage units. The method employs standard SCADA and monitoring
signals to reconstruct the accumulator SoC via physical thermal sensors. Furthermore, the
system incorporates time-dependent flexibility corridors, which narrow towards the SoC
limits and slot ends. This method relies on widely available measurements and can be
replicated in similar districts. The flexible corridor transparently connects thermal
operations and distribution grid services, allowing district stakeholders to evaluate and
integrate sector-coupled flexibility at the district level.

The flexibility of the grid depends on the optimal control strategy of the distribution system
operator (DSO). It is crucial for the DSO to continue developing and implementing
modeling techniques for HPS and to fully integrate them into a comprehensive, multi-
energy approach. This will ensure suitable dynamics and grid performance for providing
distributed energy resources to residents and industries. This approach establishes a solid
foundation for a balanced, low-carbon thermal supply roadmap that respects DSO
constraints. In ongoing work, the methodology is being extended with forecasting and
optimization algorithms that anticipate DEN demand and storage dynamics, and compute
day-ahead flexibility schedules. This will enable grid operators and other stakeholders,
such as flexibility aggregators, to request and activate tailored flexibility envelopes that are
compatible with thermal comfort and operational constraints. Regarding the deployment of
such flexibility in near real-time, a dynamic and hybrid methodology combining a data-
driven approach with integration into a digital twin concept encompassing electrical and
thermal power simulations is being developed. To this end, various measurement and
verification techniques will be employed in the selected pilot district.
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Abstract

Meeting the EU's ambitious energy savings targets under the Energy Efficiency Directive
(EED) requires exploiting all viable measures, including the accelerated replacement of
ageing, inefficient distribution transformers. This paper presents initial insights from the
LIFE-supported EU-TRACE project, which started in September 2025 and will run until
March 2028. EU-TRACE seeks to develop policy recommendations to unlock the
substantial energy savings potential of replacing legacy transformers with Ecodesign-
compliant units.

Modern, Ecodesign compliant distribution transformers offer significantly reduced energy
losses through advances in core materials, winding design, and cooling systems. Despite
the clear benefit, current EU regulatory frameworks do not explicitly incentivise early
replacement. For DSO-owned transformers, revenue-cap mechanisms may discourage
capital expenditure where efficiency benefits are not adequately reflected in remuneration.
For transformers owned by electricity end-users, split incentives and limited awareness —
among other barriers — hinder a swift uptake of Ecodesign compliant units. Closing this
gap requires targeted regulatory adjustments for DSOs (supported by art. 27 of the EED),
and dedicated incentive mechanisms for electricity end-users (under art. 8 of the EED).
Impact estimates based on available data suggest that accelerating replacement from a
2.2% to a 3.5% annual rate could deliver additional electricity savings of 2.1 TWh per year
over a 20-year horizon.

The EU-TRACE project will address the challenges through the following actions:

e Gather data on EU transformer fleets and model different policy scenarios and
their outcomes in terms of energy savings and emissions abatement.

¢ Promote knowledge exchange across distribution system operators, regulatory
authorities, electricity end-users and energy agencies.

¢ Propose appropriate policies aimed at accelerating the uptake of energy efficient
transformers and assisting Member States in achieving their energy saving targets.

e Analyse the impact of replacement policies on the EU circular economy goals.

e Analyse the impact of replacement policies on the transformer market, involving
the entire value chain (raw material providers, OEMs, end-users)
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Introduction

The Energy Efficiency Directive (EED) mandates that EU Member States achieve an
average annual energy savings rate of 1.49% between 2024 and 2030 — nearly double
the 0.8% requirement that applied from 2021 to 2023. Meeting this significantly more
ambitious target will demand that all viable energy-saving measures be thoroughly
explored. One promising avenue is the accelerated replacement of ageing, inefficient
distribution transformers with modern units that comply with the minimum energy
performance standards (MEPS) set out in Ecodesign Regulation (EU) 2019/1783.

The 2011 Ecodesign preparatory study on power transformers [1] identified units owned by
distribution system operators (DSOs) and industry as the primary sources of potential
savings, at 11 TWh/year and 6 TWh/year respectively. Given transformers' long
operational lifespan, it is estimated that only 25-30% of this potential been realised to date
through natural fleet replacement. Assuming the full replacement of legacy fleets would
otherwise take approximately 20 years — as projected in [1] — an accelerated
replacement policy compressing this period to 15 years could deliver average additional
electricity savings exceeding 2 TWh/year over 20 years, equivalent to 42.5 TWh on a
cumulative basis.

The LIFE project EU-TRACE (European Transformers Accelerated Efficiency) seeks to
develop policy frameworks that drive such an accelerated replacement. It will focus on
distribution transformers, defined as units that:

« fall within the scope of Ecodesign Regulation (EU) 2019/1783;

e are three-phase units rated between 1 and 3,150 kVA,;

e have a primary winding voltage U1m < 36 kV and secondary U2m < 1.1 kV;

e are owned by distribution system operators (DSOs) or electricity end-users.

While EU-TRACE proposals will primarily target transformers within this scope, the policy
guidelines for regulated DSO-owned units may yield positive spillover effects on higher-
power, higher-voltage transformers, such as those installed in primary substations.

The EU-TRACE project runs from September 2025 to February 2028, yet its intended
measures are not expected to enter into force for at least two years and are designed to
influence transformer replacement practices over a 15-year horizon. This longer-term
outlook makes short-term raw material supply constraints less critical to the project's
objectives — though they are by no means dismissed, and are being examined in detail.
On the question of material use, it is essential to adopt a system-level perspective.
Electrical energy losses carry a significant embedded material cost, as they necessitate
additional generation and transmission infrastructure. Accelerating the deployment of new
transformers would reduce these losses, thereby flattening energy demand and relieving
pressure on generation and transmission infrastructure, which would offset the additional
material use of increased transformer manufacturing.

While policymakers widely recognise the potential of accelerated transformer replacement,
they often struggle to implement measures that effectively unlock the projected energy
savings, and lack the tools to accurately estimate that potential and monitor real-world
impact. EU-TRACE will address these challenges through a coordinated action structured
around the following workstreams:
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e Data collection and modelling. EU-TRACE will gather comprehensive data on
transformer fleets across both DSOs and electricity end-users. This dataset will
underpin a modelling framework used to assess the potential impact of various
policy scenarios in terms of energy savings and greenhouse gas emission
reductions.

e Knowledge exchange and stakeholder engagement. EU-TRACE will facilitate
knowledge exchange among key stakeholders to ensure that policy development is
informed by diverse perspectives and real-world experience. This includes actors
involved in regulated assets, such as DSOs, national regulatory authorities, and
CEER, as well as stakeholders linked to privately owned assets, such as electricity
end-users, national energy agencies, and the European Energy Network (EnR).

e Policy development. Drawing on a systematic assessment of existing national
policy frameworks, EU-TRACE will propose targeted policy measures designed to
support EU Member States in meeting their energy-saving obligations.

e Circular economy impact evaluation. EU-TRACE will promote design-for-
recycling principles and the use of recyclable, high-value materials in transformer
manufacturing, ensuring that replacement programmes contribute to the EU's
circular economy objectives.

e Market and value chain impact assessment. EU-TRACE will evaluate the wider
impacts of replacement policies on the transformer market and the full value chain,
including original equipment manufacturers (OEMs) and raw material suppliers.

EU-TRACE examines the specific challenges and opportunities in seven EU Member
States, with each country’s national activities lead by its respective project partner(s):
Belgium (E.DSO and ICA Europe), Germany (Fraunhofer ISI and ICA Europe), Greece
(CRES), Italy (ECD), Portugal (ISR-UC), Spain (Comillas University), and the Netherlands
(IEECP). Broader perspectives from additional EU Member States, pan-EU policy
considerations, and best practices from outside the EU will also be incorporated into the
final policy recommendations.

This paper provides an overview of three interconnected themes: the regulatory landscape
and its associated challenges and opportunities for accelerated transformer replacement;
the additional benefits offered by innovative transformer technologies as candidates for
replacing ageing units; and the modelling approach EU-TRACE will employ to quantify
impacts at the level of individual companies, Member State energy-saving and carbon
reduction targets, and society at large.

1. Modern Distribution Transformers

A distribution transformer is the final stage in the power supply chain, stepping down
medium-voltage electricity to the low-voltage levels required by end-users such as
households, commercial buildings, and small industrial consumers. Modern distribution
transformers have undergone considerable technical evolution, driven by increasingly
stringent Ecodesign requirements, the integration of distributed energy resources (DERSs),
growing system flexibility demands, and digitalisation. While the core operating principle —
electromagnetic energy conversion — remains unchanged, advances have concentrated
on materials, design optimisation, and seamless integration into smart grid architectures.

GSM 2026 proceedings www.GSMconf.com 56/78



http://www.gsmconf.com/DOI
https://www.gridservicemarket.com/Library
http://www.gsmconf.com/

uuuuuuu

GRID SERVICES & MARKETS 29-30 June 2026 GSM DOI 10.5281/zenodo.21873053  ISBN 978-3-905592-84-9
8" Annual Conference Lucerne/Switzerland | conrerence www.GSMconf.com/DOI ....ILIBRARY

1.1. Loss Mitigation Strategies

Transformer losses are conventionally divided into two categories: no-load (core) losses,
which occur continuously whenever the transformer is energised, and load (copper)
losses, which vary with the current drawn. Modern designs target both components. The
adoption of low-loss core materials substantially reduces no-load losses — a particularly
significant gain given that distribution transformers remain energised throughout their
entire operational life. Figure 1 illustrates the improvements achievable through the use of
higher-grade magnetic core materials, such as amorphous metals or advanced grain-
oriented electrical steels. Refined conductor design and optimised winding geometry,
meanwhile, reduce load losses, particularly under the partial-load conditions that
characterise typical real-world operation. Finally, advances in insulation and cooling
systems — notably the adoption of synthetic or natural ester fluids — improve thermal
performance while simultaneously addressing environmental and safety requirements.
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Figure 1. No-load losses in transformers with advanced transformer core materials
compared to those in a unit with conventional core material.

Beyond design improvements, modern transformers are increasingly embedded within a
broader digital and smart grid ecosystem. The integration of sensors, communication
modules, and advanced monitoring systems enables real-time acquisition of key
operational data — including temperature, load profiles, and insulation condition.

The benefits of improved energy efficiency are cumulative and long-term, and gains at unit
level aggregate into system-level reductions in terms of greenhouse gas emissions and
material use. Lower losses also reduce thermal stress, which can extend transformer
lifetime and reduce maintenance requirements.

1.2 Digital Transformation and Smart Functionalities

A second defining dimension of modern distribution transformers is digitalisation. The
energy transition is fundamentally reshaping both the demand for distribution transformers
and the conditions under which they operate. The rapid proliferation of renewables, electric
vehicles, heat pumps, and distributed energy resources (DERS) is driving higher electricity
consumption at the distribution level and transforming load profiles — introducing greater
variability, sharper peak demand, and increasingly bidirectional power flows. Addressing
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these shifts requires not only network reinforcements, but also the adoption of more
flexible grid operation strategies. In parallel, the broader digitalisation of electricity
networks — through smart meters, advanced monitoring systems, and enhanced grid
management platforms — is opening new avenues to optimise transformer utilisation.

Within this context, digitalisation is fundamentally redefining the role of distribution
transformers in electricity networks, elevating them from passive voltage-conversion
devices to active, intelligent grid nodes. By enabling real-time coordination across
increasingly complex low- and medium-voltage networks, digitalised transformers support
dynamic load management, facilitate the integration of distributed generation and energy
storage, and enhance overall grid efficiency, flexibility, and resilience.

While distribution networks have historically been less monitored than transmission
networks, this is starting to change. They are increasingly equipped with embedded
sensors, communication interfaces, and control modules that enable continuous
monitoring of key electrical variables — voltage, current, load, and power quality. These
data are transmitted via standard communication protocols to supervisory control systems
or cloud-based platforms, giving operators real-time visibility into grid conditions. By
delivering granular, high-frequency data on load behaviour and voltage profiles, digitalised
transformers support more accurate network state estimation and facilitate the
identification of local congestion, phase imbalances, and voltage deviations. Furthermore,
while traditional distribution systems were designed for one-way power delivery, modern
networks must accommodate reverse flows from distributed generation. Smart
transformers provide the monitoring and control capabilities needed to manage these flows
safely and efficiently, preserving power quality and maintaining system stability. Enhanced
data access could also unlock predictive maintenance capabilities, enabling operators to
detect early signs of degradation — such as insulation ageing or abnormal thermal
behaviour — and intervene before failures occur. The result would be fewer unplanned
outages, greater reliability, and the ability to operate transformers closer to their optimal
limits without compromising acceptable risk levels.

Overall, the integration of distribution transformers into loT-enabled grid architectures can
contribute directly to efficiency improvements. Real-time load and voltage management
reduces technical losses and limits the need for costly network reinforcement. Improved
situational awareness also enables faster and more targeted operational decisions — such
as feeder reconfiguration or demand response activation — further strengthening overall
system efficiency. By embedding intelligence at the distribution level, modern transformers
improve network utilisation, support the coordination of DERs, and play a central role in
the transition towards a more flexible and resilient electricity system.

2. Regulatory Incentives and Barriers to Transformer Replacement

Modern distribution transformers have significantly better energy performance than units
pre-dating Ecodesign regulation, but regulatory incentives are key to ensure that early
replacements also become economically viable. A distinction should be drawn between
transformers owned by DSOs and those owned by electricity end-users:
e DSO-owned transformers operate within national regulatory frameworks
governing investment planning and allowed financial returns. Replacement

GSM 2026 proceedings www.GSMconf.com 58/78



http://www.gsmconf.com/DOI
https://www.gridservicemarket.com/Library
http://www.gsmconf.com/

ssssssss

GRID SERVICES & MARKETS 29-30 June 2026 GSM DOI 10.5281/zenodo.21873053  ISBN 978-3-905592-84-9
8" Annual Conference Lucerne/Switzerland | conrerence www.GSMconf.com/DOI ....ILIBRARY

decisions are therefore shaped by the incentive structures embedded in DSO
remuneration schemes.

e End-user-owned transformers, common among medium-voltage industrial,
commercial, and tertiary sector consumers, are subject to private investment
decisions. In this segment, replacement is typically driven by operational or financial
considerations rather than explicit regulatory incentives.

This distinction is central to the design of policies aimed at closing the gap between
replacement rates optimised for broader societal benefits and those driven solely by
private returns. Achieving this would require regulatory adjustments that internalise the
societal value of energy loss reductions and emissions savings into DSO remuneration
frameworks, as well as targeted incentives to drive early replacement among electricity
end-users. The following subsections examine how regulation across these two ownership
contexts can either accelerate or hinder the uptake of higher-efficiency distribution
transformers.

2.1. DSO-Owned Distribution Transformers

Electricity distribution grids are natural monopolies and are therefore subject to economic
regulation. Remuneration mechanisms define how DSOs may recover their costs and earn
a regulated return on their activities, with the overarching objective of providing sufficient
incentives for network development and operation while keeping electricity supply
affordable and reliable for end-users [2]. Modern DSO remuneration frameworks in Europe
are largely based on incentive regulation and can be classified into ex-post and ex-ante
approaches.

Ex-post mechanisms, commonly referred to as cost-of-service regulation, align allowed
revenues with realised costs. If not carefully designed, this approach risks generating
inefficiently high network charges, as it does not naturally incentivise cost efficiency. Cost-
of-service regulation also tends to favour capital expenditure (CAPEX)-based solutions
and the replacement of assets at the end of their regulated depreciation lifetime.

By contrast, ex-ante schemes set allowed revenues in advance for a multi-year regulatory
period. Under these revenue-cap mechanisms, DSOs can retain efficiency gains achieved
during the period, creating stronger incentives for cost efficiency. However, establishing an
appropriate revenue trajectory is challenging due to the information asymmetry between
regulators and DSOs. If caps are set too generously, they risk enabling excessive rent
extraction; if set too restrictively, allowed revenues may prove insufficient to support
adequate network development.

In practice, however, DSO remuneration mechanisms are more nuanced than a simple ex-
ante or ex-post distinction. Regulatory frameworks frequently apply differentiated
treatments to CAPEX and OPEX. Moreover, these schemes often incorporate
supplementary design features aimed at improving operational efficiency and service
quality — most commonly through incentives targeting energy loss reductions and network
reliability improvements.

DSO remuneration schemes across Europe are progressively shifting towards ex-ante
CAPEX remuneration. Portugal is among the jurisdictions that have already made this
transition, while Italy and Spain are in the process of moving from ex-post to ex-ante
recognition of CAPEX. Looking ahead, a further shift towards TOTEX-based frameworks is
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anticipated, incentivising DSOs to optimise total system costs and consider alternatives to
conventional grid reinforcement [3], in line with Article 32 of Directive (EU) 2019/944.

Although revenue-cap remuneration schemes support greater flexibility — a core objective
of EU regulation — their effects on the replacement of long-lived assets such as
distribution transformers have received little attention. Revenue-cap regulation limits total
allowed revenues independently of actual costs. Under this model, DSOs can retain
efficiency gains but may also face disincentives to increase capital expenditure,
particularly where the efficiency benefits of early replacement — such as reduced energy
losses and lower emissions from upgrading an ageing transformer to a MEPS-compliant
unit — are not measured or adequately reflected in remuneration. As a result, ex-ante
regulation tends to favour deferring asset replacement until the end of technical lifetime.

Despite often incorporating incentives to reduce system losses, current EU regulatory
frameworks do not provide explicit incentives for early asset replacement driven by
energy-efficiency considerations — particularly where existing assets remain technically
compliant. This gap tends to redirect attention away from transformer loss reductions and
broader system-wide benefits, such as emissions savings, towards other loss-reduction
measures. Under revenue-cap schemes — or, less commonly, in jurisdictions with DSO
investment ceilings such as Spain — transformer replacement must compete with other
investment priorities, which can further slow down replacement rates. In addition, revenue-
cap schemes may be biased towards either CAPEX or OPEX solutions — until a TOTEX
framework with neutral incentives is implemented. In some cases, such as parts of Italy's
distribution grid, losses cannot be calculated from direct measurements and are instead
partially estimated, weakening the regulatory signal for targeted loss-reduction investment
at the asset level. These regulatory barriers faced by DSOs are frequently compounded by
additional obstacles, as identified by EU-TRACE in [4].

As a result, current EU regulatory frameworks risk inadvertently delaying the replacement
of DSO-owned distribution transformers unless explicit incentives are introduced. This
underscores the need for clearer regulatory recognition of the efficiency and environmental
benefits associated with their accelerated replacement.

2.2. Electricity-End-User-Owned Distribution Transformers

Electricity end-users are typically not regulated entities. Decisions regarding the
replacement of their distribution transformers are therefore governed by strategic plans
and cost-benefit assessments, in which upfront capital expenditure is weighed against
expected operational savings and risk reduction.

In principle, electricity end-users have a natural incentive to reduce transformer losses,
since these losses translate directly into higher electricity bills. In practice, however,
transformer losses are often small relative to total electricity consumption and are rarely
measured explicitly. Furthermore, managing electricity infrastructure may not be a core
activity for many electricity end-users, limiting their awareness of the efficiency gains
achievable through Ecodesign-compliant transformers. High upfront investment costs —
competing with other business priorities — can further reduce the attractiveness of early
replacement. Replacement decisions are also complicated by split-incentive situations,
where the entity bearing energy costs differs from the entity responsible for infrastructure
investment.
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Moreover, electricity end-users are not rewarded for the system-level benefits generated
by improved transformer efficiency — such as reductions in CO, emissions or in the
material requirements of power generation infrastructure. To explicitly incentivise early
replacement under the EED, national energy efficiency obligation schemes could, for
instance, designate the replacement of inefficient distribution transformers as a pre-
accepted activity within white certificate mechanisms. This would enable end-users to
monetise otherwise unrecognised system benefits through tradable energy efficiency
certificates.

3. Impact Evaluation of Transformer Replacement
3.1. Energy Saving Estimates in of Ecodesign Regulation

EU Ecodesign regulation has driven the development of more energy-efficient
transformers, reducing electricity losses by 17% for units sold in 2020 compared to those
sold in 1990 [5]. According to the 2024 Ecodesign Impact Accounting [6], annual energy
savings attributable to Ecodesign regulation for transformers are estimated at 16.2 TWh in
2025, equivalent to 3.03 Mt of CO,eq. This estimate was derived from a characterisation of
the entire EU27 transformer fleet as it stood around 2008, grouping units into broad
categories — utility-owned distribution transformers, industrial transformers, and large
power transformers. Energy losses were calculated by assigning average no-load and load
loss values to each category and applying an assumed average load factor representative
of typical loading conditions in the sector. Combined with annual operating hours, this
yielded a baseline loss figure of 93.4 TWh per year for 2008. The savings estimate of 16.2
TWh per year was then derived by multiplying the number of units expected to be naturally
replaced between 2014 and 2025 by the average reduction in load and no-load losses per
unit, assuming a replacement rate of 2.5% per year — consistent with an assumed
average technical lifetime of 40 years. On the same basis, annual energy savings are
projected to reach 17 TWh by 2030.

3.2. Impact Estimates of Accelerated Replacement

Given the low natural adoption rate of Ecodesign-compliant transformers, policies
designed to accelerate replacement carry substantial energy savings potential. Such
policies could deliver electricity savings of up to 2.1 TWh per year over a 20-year horizon,
on top of the savings already delivered by existing Ecodesign regulation.

This estimate is derived by comparing two replacement scenarios. Under the business-as-
usual scenario, the current replacement rate of 2.2% per year implies full fleet replacement
over approximately 20 years, with annual savings accumulating linearly from around 0.85
TWh in year one to the full 17 TWh per year by year 20. Under the accelerated scenario,
the annual replacement rate is raised to 3.5% for 15 years, achieving full fleet replacement
five years earlier. The annual difference in losses between the two scenarios starts at 0.28
TWh in year one, widens to a peak of 4.25 TWh per year in year 15, and then narrows as
the business-as-usual scenario catches up, converging to zero by year 20. Averaging this
difference across the 20-year horizon yields a mean incremental saving of 2.1 TWh per
year, representing the additional energy savings attributable to accelerated replacement.
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3.3. Limitations of Top-Down Models

The top-down nature of these calculations introduces several limitations. By starting from
aggregate EU-wide data and applying uniform assumptions across the entire fleet, the
approach fails to capture the real diversity of loss levels among installed units, which can
deviate substantially from category averages depending on age, manufacturer, and
operating history. Applying a single replacement rate across all Member States further
obscures the considerable variation in replacement behaviour driven by differences in
national regulatory frameworks, ownership structures, and economic conditions. For
example, DSOs are regulated entities whose replacement decisions follow a
fundamentally different logic from those of electricity end-users. The top-down approach
also cannot incorporate actual load profiles — which directly determine load losses and, by
extension, the savings per replaced unit — instead relying on average loading
assumptions that may not reflect real operating conditions across different network
topologies and applications.

3.4. Modelling Improvements and Additional Data Requirements

Several tools exist to support transformer replacement decisions, ranging from total cost of
ownership calculators designed for industry stakeholders evaluating individual
replacements, to stock-level policy tools targeting policymakers — such as the UNEP U4E
Energy Efficiency tool [7] and the Appliance & Equipment Climate Impact Calculator
(Mepsy) [8]. However, existing tools are limited in both granularity and usability, and none
currently enables policymakers to estimate the impact of early replacement programmes at
EU stock level.

These limitations point to the need for a more granular, bottom-up methodology — one
that starts from individual product assessments and scales up progressively to the EU
level. This would involve two steps: first, a life cycle-based assessment at the level of
individual transformer types; and second, a stock model that aggregates these results into
policy-relevant projections.

The product-level assessment would cover the main transformer categories present on the
EU market, weighted by market share, quantifying energy consumption, greenhouse gas
intensity, and potentially material use across all life cycle stages. Critically, it would need to
address lifetime reduction scenarios — capturing not only the operational savings from
replacing an inefficient unit, but also the embodied impacts of manufacturing its
replacement — thereby providing a complete picture of the net benefits of early
replacement.

These results would then be integrated with actual fleet data into a stock model reflecting
the real composition of the transformer fleet by type, age, and efficiency class. This
structure would enable a more granular distinction between transformer types and a more
accurate representation of fleet composition, supporting scenario-based projections that
compare business-as-usual against accelerated replacement and producing more robust
EU-level estimates of the savings potential. Developing such an integrated bottom-up
stock model is a central objective of the EU-TRACE project.

Implementing this bottom-up approach would require more detailed data than is currently

available at EU level, as identified in [4]. At the product level, actual measured or declared
no-load and load losses for representative transformer units — alongside data on bills of
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materials, investment costs, and end-of-life characteristics — would be needed to underpin
a meaningful life cycle assessment. At the fleet level, asset-level information on
transformer age, rated power, type, efficiency class, and ownership would need to be
collected from DSOs and electricity end-users, replacing the statistical estimates on which
the current approach relies. Finally, actual load profiles from operational sources would be
required to move beyond assumed average load factors.

4. Conclusions

This paper presents initial insights from the EU-TRACE LIFE project on accelerating the
replacement of ageing, inefficient distribution transformers as a measure to help Member
States meet their energy saving obligations under the EED. Modern distribution
transformers deliver significantly lower losses and broader system benefits through
improved core materials, design optimisation, and digitalisation — supporting efficient,
flexible, and resilient grid operation. However, current regulatory frameworks do not
explicitly reward the early replacement of DSO-owned or electricity-end-user-owned
distribution transformers. Moreover, existing top-down modelling approaches are
insufficient to capture fleet heterogeneity, ownership structures, and real operating
conditions, limiting their usefulness for policy design and monitoring.

Future work within the EU-TRACE project will address these gaps by developing
accelerated replacement policies supported by improved data collection, stakeholder
engagement, and a granular bottom-up stock model to quantify their impacts on energy
savings, emissions, circular economy outcomes, and market effects.

The EU-TRACE project is still in its early stages. Its concluding phase will focus on
assisting EU Member States in establishing policies for industrial end-users and guiding
measures for distribution network operators — unlocking the identified savings potential
through active collaboration with key stakeholders, including regulators, industry users,
and national energy agencies, and drawing on their diverse insights and expertise to
inform the project's final recommendations.
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Abstract

The energy transition in power systems requires flexible assets to offset renewable
generation variability across multiple time scales, while supporting the integration of
renewables and the electrification of demand without requiring costly grid reinforcement.
Energy storage occupies a unique position among these assets: depending on the
technology, it can provide short-duration grid services at high ramping rates, such as
frequency regulation and voltage support, longer-duration functions such as intra-day peak
shaving, or inter-seasonal energy buffering. This multi-service character, combined with
the declining costs of energy storage technologies (most notably that of battery energy
storage systems), is central to the economic viability of storage investments. The value of
a given installation depends strongly on its grid connection point and intended use case:
an asset-coupled battery serving a consumer or generation plant faces a different service
landscape, and therefore a different business case, than a network-coupled system
operating as an independent grid resource. This paper presents a structured taxonomy of
grid-connected energy storage applications, discusses the principal application domains,
and describes the key challenges that must be addressed to integrate storage effectively
into power systems. Services are discussed with special emphasis on the Swiss regulatory
context. Finally, the STORE flagship project supported by the Swiss Innovation Agency
(Innosuisse), where some of the critical challenges of energy storage integration in power
grids are addressed, is introduced.

1. Introduction

The energy transition underway in many countries is reshaping power systems
fundamentally. According to the Swiss Federal Office of Energy, the Swiss power grid may
host up to 30 GW of installed PV capacity by 2040 [1]. To put this figure in perspective,
this amounts to almost double the current installed hydropower capacity (approximately 19
GW), a historically critical energy infrastructure in Switzerland that today accounts for more
than 60% of yearly Swiss electricity consumption.

This transition poses challenges at multiple levels. At the distribution grid level,
infrastructure originally designed for unidirectional power flow may not be capable of
hosting large amounts of distributed PV generation, a problem compounded by the
simultaneous electrification of transport and heating. At the transmission and market
operation level, the system operator, as load-balance responsible, faces a fundamentally
more variable and less predictable generation mix, with shorter forecast horizons and
larger imbalances. At the generation level, existing dispatchable plants may not be
capable of providing the ramping rates and cycling frequencies that a high-renewable
system requires, or may incur significantly higher maintenance costs in attempting to do
so. Finally, the progressive replacement of conventional synchronous generation with
power-converter-interfaced resources reduces system inertia, requiring a fundamental
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revision of existing stability assessment frameworks and new strategies to compensate for
the reduced short-circuit current capacity of converter-based generation. Taken together,
these challenges point toward a common need: flexible assets capable of absorbing
variability, restoring controllability, and supporting grid infrastructure across multiple time
scales. Energy storage is a technology that can address some of these needs effectively.
Energy storage is often considered an enabler for integrating larger shares of renewable
generation, thanks to its controllable and dispatchable power output that can be leveraged
for multiple services, from mitigating renewable variability to supporting grid operations.
The current interest in energy storage is motivated by the confluence of several factors:
the growth of renewables (especially PV generation in Switzerland) is challenging the
business-as-usual operations of both grid operators and generation companies; the rapidly
decreasing costs of battery energy storage systems (BESS), driven by declining battery
pack prices [2], have made these technologies accessible to a broad range of operators;
and the resulting investment activity is further supported by attractive electricity market
conditions, such as capacity payments in ancillary service markets.

In this context, many operators are looking with interest at BESS either to improve their
operational performance or to access new revenue streams, and often both
simultaneously. A key aspect in improving the payback time of energy storage systems is
the capability of providing multiple services simultaneously, which can improve revenue
stacks, shorten return on investment periods, and attract investments.

This paper presents a taxonomy of the services that energy storage can provide in power
grids, both in current regulatory settings with special emphasis on the Swiss one, and in
future perspectives. It then discusses the methodological challenges faced by operators
planning and operating such systems, and describes selected application examples in
detail. The paper concludes with a presentation of the STORE flagship project, supported
by the Swiss Innovation Agency (Innosuisse), in which four academic and thirteen
industrial partners jointly address pressing challenges related to the large-scale integration
of renewable energy in power systems.

2. A Taxonomy of Energy Storage Services and Applications

Figure 1 illustrates a taxonomy of energy storage services by grid level and primary
function.
Grid-Connected Energy Storage Services
1

i 1

Asset-coupled Network-coupled (front of the meter)

¥ 1 I 3

Consumer/LEG/ZEV/VZEV Hybrid generation ) Transmission
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Figure 1. A taxonomy of Energy Storage Services and Applications.
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The primary split divides between systems that are deployed alongside a consumer
installation or generation plant and serve that asset's operational and economic objectives
as its primary purpose, and assets that are installed at a generic point of the network
standalone. Services for each category are described next.

2.1 Consumer level (behind the meter)

At the consumer level, the key services that energy storage systems can provide include:
PV self-consumption maximization. This application is primarily motivated by the reduction
in feed-in tariffs for PV generation, which are typically lower than retail electricity tariffs for
consumption. Swiss energy regulations foresee that, if no agreement is reached between
a distribution system operator (DSO) and a PV producer, injected electricity is
remunerated according to a quarterly reference market price calculated as the average
day-ahead exchange price in the Swiss market zone, weighted by the actual quarter-
hourly injection profile. Since January 2026, this reference price has also served as the
nationally harmonized fallback remuneration mechanism when DSOs and producers
cannot agree on injection conditions. Energy storage systems can therefore increase the
economic value of PV generation by shifting local production toward local consumption.

e Demand peak shaving. Energy storage systems can reduce peak power
consumption and thereby decrease the power-related component of the electricity
bill. In addition, peak shaving may help avoid reinforcement of the grid connection
point, the cost of which may, under Swiss energy legislation, be charged by the
DSO to the final consumer if the upgrade primarily benefits that specific user.

o Off-grid capability and backup power. Energy storage systems can provide
backup power in the event of grid outages, thereby increasing reliability of supply. In
the case of critical processes or sensitive loads (e.g., in the chemical industry, data
centers, or critical infrastructure), blackouts may incur very high economic costs.
BESS, particularly when coupled with grid-forming converters, can provide
resilience against outages and support islanded operation. Virtually all modern
residential and commercial BESS are, for example, capable of autonomous backup
operation. However, for larger sites requiring multiple controllable assets — or
hybrid systems combining different controllable resources such as local hydropower
units — the coordination of parallel grid-forming units requires careful design,
including transient stability analysis and proper static load-sharing behavior through
droop control, as well as integration with higher-level energy management and load-
shedding strategies.

e Demand optimization under time-of-use tariffs. Dynamic electricity prices may
be used by utilities as an indirect mechanism to shift electricity consumption toward
off-peak periods. Energy storage systems, together with schedulable flexible
demand, can be controlled automatically in response to dynamic pricing signals,
thereby implicitly supporting grid operation while reducing consumer electricity
costs.

Behind-the-meter applications are today naturally extended toward energy communities
and aggregation mechanisms, which are discussed later in Section 2.5.

2.2 Hybrid generation plants

This application refers to coupling generation plants with energy storage systems. The key
services enabled by such hybridization are:
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e Improved dynamic performance. Traditional power plants do not always respond
instantaneously to control signals due to the dynamics of internal control loops as
well as mechanical and thermal time constants. As a result, they may struggle to
comply with the timing requirements imposed by modern grid codes. Energy
storage systems, most notably BESS, are capable of adapting their power output
very rapidly due to the absence of significant mechanical and thermal inertia, and
can therefore help improve the real-time response of these units. Improved dynamic
performance may also encompass aspects that are not directly related to the
electrical domain. One example is the mitigation of hydropeaking in hydropower
plants, where BESS can be used as a partial replacement for fast turbine activation,
thereby smoothing discharge variations and helping preserve river ecology.

e Improved dispatchability. A local energy buffer can help improve dispatch
trajectories, for example by reducing start-stop sequences in hydropower plants or
by assisting in meeting spinning reserve requirements. For stochastic generation
sources, a local energy buffer can support generation firming, reduce imbalance
penalties in electricity markets, and provide a degree of controllability beyond
classical curtailment strategies.

e Wear-and-tear reduction. Power plants, particularly hydropower plants in
Switzerland, may experience significantly increased mechanical fatigue and wear
due to frequent actuation of regulation organs such as guide vanes. This results in
higher mechanical stress levels, increased cycling, and greater operational mileage
(e.g., ). Energy storage systems can alleviate these effects by taking over fatigue-
intensive regulation duties. In this context, state-of-charge management and energy
management can be performed seamlessly at the hybrid power plant level by
redispatching local assets.

e Black start capability. Local energy storage, if operated while maintaining a
residual energy margin, can provide the energy required to support black-start
operations following outages. Due to the limited short-circuit current capability of
converter-based systems, special care should be devoted to electromagnetic
transient analysis of local auxiliary systems that may require high magnetizing
currents, such as power transformers or induction motors (e.g., pumps).

It is worth highlighting that some of the benefits described above can also be achieved
without physically co-locating the energy storage asset with the generation plant. For
example, a company operating geographically dispersed assets may find it more
advantageous to install storage at a central location and optimize operations at the fleet
level. Nevertheless, co-location of storage with generation assets may be desirable in
order to reuse existing infrastructure and avoid additional grid connection investments.
This is particularly relevant when existing transformers with spare capacity, grid
interconnection equipment, or DC bus infrastructure (variable speed with BESS) can be
reused.

2.3 Distribution grid

The use of energy storage in distribution grids is typically intended as a non-wire
reinforcement measure. Traditional reinforcement measures in distribution grids consist of
replacing cables with higher-capacity ones, reconductoring existing lines, and upgrading
transformers. Non-wire reinforcement generally refers to the use of alternative measures,
commonly grouped under the term “flexibility”, such as energy storage, flexible demand,
and PV curtailment. The Swiss energy legislation requires DSOs to consider optimization
measures, including the use of flexibility resources (such as storage), before proceeding
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with traditional grid reinforcement or grid expansion. Regulatory aspects are discussed in
more detail in Section 2.7 of this paper.

A properly operated energy storage system connected to the distribution grid can
contribute to the following services:

Congestion and thermal management. Congestion management refers to
ensuring that currents in lines and transformers do not exceed the ampacity limits of
grid components during periods of overload. These limits typically reflect steady-
state thermal constraints. In addition, temperature variations and thermal cycling
may accelerate the aging of insulation materials and other grid assets (thermal
management), potentially causing premature component failures.

Voltage control. Voltage control refers to the requirement for operators to maintain
voltage levels within normative limits (e.g., nominal value £10% as per EN 50160).
Voltage levels outside these limits may damage grid-connected equipment or cause
tripping and malfunction of connected apparatus (e.g., brownouts). Voltage
violations are also a common source of involuntary disconnection of PV converters.

Balancing groups. Energy storage can be used as a resource to compensate for
deviations from balancing group schedules, thereby reducing balancing costs for
grid operators.

Several approaches can be envisaged for using energy storage systems as non-wire
alternatives in distribution grids for grid support services:

Incentivized behind-the-meter installations. The DSO incentivizes the installation
of behind-the-meter storage systems while retaining partial controllability over the
assets. This model is currently being explored in the STORE project together with
the grid operator RELL.

Dynamic electricity pricing. Energy storage assets may be steered through
dynamic electricity prices computed to relieve grid congestion. Energy storage and
other flexible resources are particularly well suited to this approach, as they can be
controlled automatically using optimization-based control methods such as
economic model predictive control (eMPC).

Dedicated flexibility markets. Dedicated flexibility markets for distribution grid
operations could provide incentives for distributed resources to support grid
operation. Such markets, however, do not currently exist in Switzerland.

DSO-owned energy storage systems. The DSO directly owns and operates the
BESS. This option, however, is relatively uncommon and is generally only
permissible if the storage asset is not used for activities outside the DSO domain.

2.4 Transmission grid

Services that energy storage assets can provide to transmission system operators (TSOs)
include:

Frequency and voltage control. Energy storage systems can contribute to
frequency and voltage regulation across multiple time scales, ranging from very fast
dynamics (synthetic inertia and primary frequency control) to slower services such
as secondary and tertiary reserves. For fast time scales, BESS are generally
excellent candidates due to their high ramping capability and fast response times.
Slower services, particularly tertiary control, are typically more energy-intensive
because of longer activation durations and may therefore be less suitable for short-
duration storage technologies. Power converters can emulate inertial response and
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are generally four-quadrant devices, meaning they can also provide reactive power
support for voltage regulation.

e Power reserves. Energy storage systems can act as standby resources capable of
injecting or absorbing power when needed. Due to the remuneration mechanisms
associated with reserve markets, which often compensate both reserved capacity
and actual activation, these services currently provide strong revenue streams for
BESS operators. This has significantly accelerated investments in the sector and
fostered the deployment of large-scale energy storage installations.

e Transmission congestion management. Energy storage systems can help relieve
congestion in high-voltage and extra-high-voltage transmission lines by locally
absorbing or injecting power in order to maintain line currents within ampacity limits.

o Energy arbitrage in electricity markets. Energy arbitrage is a classical application
of energy storage that leverages price differentials across electricity and ancillary
service markets. By charging during low-price periods and discharging during high-
price periods, storage systems can both generate profit and contribute to reducing
peak demand, thereby limiting the activation of expensive peak-generation units. In
systems with high penetration of renewable energy sources, storage can also help
mitigate market volatility caused by the inherent intermittency of renewable
generation and its impact on the merit order of electricity markets.

e Contingency support and system restoration. Energy storage assets with
sufficient state-of-charge reserves can be rapidly rescheduled to cope with
contingencies, thereby buying time for more coordinated and larger-scale corrective
actions. In addition, storage systems can contribute to system restoration processes
by providing energization points within the grid, which is a critical step during black-
start and grid re-energization procedures.

One important challenge for front-of-the-meter energy storage systems is the supply chain,
both for BESS and high-voltage grid connection equipment, as well as the authorization
and permitting processes, which, in Switzerland, may require several years [6]. In this
respect, smaller systems installed within distribution grids may present a competitive
advantage, as they can often reuse existing grid infrastructure and avoid the need for
additional transmission-level connection assets. On the other hand, the engineering and
operational complexity associated with coordinating and controlling a large number of
distributed systems in a reliable manner is generally higher than that of operating a single
centralized BESS.

2.5Beyond behind-the-meter: Energy communities and clustering

An extension of behind-the-meter energy storage systems is the coordinated operation of
generation, demand, and storage across multiple consumers and prosumers. In
Switzerland, this evolution is reflected in new regulatory frameworks that define [7],[8]:
e Collective self-consumption associations (ZEV in German, RCP in French and
ltalian)

« Virtual collective self-consumption associations (VZEV, vRCP)
e Local electricity communities (LEG, CEL)

These frameworks, shown in figures 2 and 3, enable users to share locally generated
renewable electricity and flexibility resources. A ZEV allows multiple consumers and
producers located behind a common point of delivery (e.g., within the same building or
site) to share locally produced electricity, typically PV generation, under a unified metering
and billing structure. By avoiding multiple individual metering points and associated grid
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tariffs, significant cost savings may be achieved, especially when combined with energy
storage systems.

The vZEV framework, introduced in Switzerland in 2025, extends this concept across
multiple points of delivery connected to the same low-voltage feeder. Local electricity
communities (LEG/CEL) further generalize this approach by enabling broader aggregation
structures that may span larger portions of the distribution network, including multiple
feeders and voltage levels, while still incentivizing geographically and electrically local
energy exchanges through reduced network tariffs (up to 60%).

J==}) utility - Grid connection :" """ Traditional Private """ Self-consumption
1%]’ meter point %, ...s consumers/generators meter =, .4 cluster
Figure 2. Left: individual billing points behind a common point of delivery. Right: individual billing points are

aggregated into a collective self-consumption association (ZEV or RCP). Further extensions include virtual
ZEVs (vZEVs), which span multiple points of delivery connected to the same LV feeder.

These aggregation mechanisms are particularly relevant for energy storage systems.
Community-level storage (if properly managed with specialized energy management
system) can increase PV self-consumption, reduce demand peaks, support local
congestion and voltage management, and enable coordinated participation in flexibility
services. In this context, storage operates not only as an individual consumer asset, but
also as a shared flexibility resource whose value depends on the collective operation of
the community.
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Figure 3: Left: individual points of delivery in a distribution grid; Right: aggregation into an energy community
under an unified billing mechanism to favor self-consumption (LEG or CEL).
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Beyond fostering local PV self-consumption, which is the primary objective of such
constructs, these frameworks may also constitute a natural aggregation layer, more
specifically, an aggregation based on electrical network topology, that could support the
provision of ancillary services to system operators. At the same time, they may foster
greater social awareness of energy-related challenges and strengthen community
engagement in the energy transition.

2.6 Aggregation and virtual power plants

A transversal dimension connecting small-scale assets (for example in behind-the-meter
applications) with transmission-grid-level services (most notably ancillary services such as
secondary and tertiary frequency control) is aggregation. Individual storage assets are
often too small to participate directly in wholesale electricity or ancillary service markets,
whose minimum bid sizes are typically on the order of several megawatts and therefore far
exceed the capacity of typical behind-the-meter or local energy community (LEG) assets.
Aggregation addresses this limitation by pooling the capacity and flexibility of multiple
distributed assets into a single market-facing entity. This practice is often referred to as a
virtual power plant (VPP). A flexibility aggregator or VPP operator schedules the combined
charge and discharge of its portfolio to meet market obligations, dispatching individual
assets in real time through automated control signals. From the market’s perspective, the
aggregated portfolio behaves as a single large resource; from the asset owners’
perspective, participation in the VPP generates revenue streams from services that would
otherwise be inaccessible.

Software platforms and energy management systems capable of aggregating the
resources of an energy community with high reliability and guaranteed performance, while
simultaneously providing both behind-the-meter and front-of-the-meter services, currently
constitute an active field of research and early industrial development. These systems
offer significant potential by enabling access to both behind-the-meter and front-of-the-
meter service markets.

Aggregation of energy communities, and aggregation within energy communities, may also
provide quantitative and operationally meaningful solutions to the problem of exporting
flexibility from distribution networks toward transmission system operators while respecting
distribution-grid operational constraints. In this respect, topology-aware aggregation and
DSO-coordinated flexibility management constitute complementary pathways toward the
broader challenge of “DSO-safe” aggregation of distributed resources connected to low-
and medium-voltage distribution networks [8].

2.7Regulatory aspects related to flexibility and reinforcement in distribution grids

Distribution grids and DSOs are at the cornerstone of the energy transition, as most
innovative technologies, both new loads such as electric vehicles and heat pumps, and
distributed generation such as rooftop PV, are typically connected at low- and medium-
voltage levels due to their rated power and utilisation profile. In this context, Swiss
legislation has evolved significantly in recent years to promote the utilisation of new
technologies.

Swiss energy legislation requires DSOs to consider optimisation measures, including the
use of flexibility, before proceeding with network reinforcement or expansion, while leaving
the final assessment to the DSO [10, Art. 9b]. Flexibility use can be remunerated through a
contract between the DSO and the flexibility provider [11, Art. 19b], and should be
managed through appropriate monitoring and control systems. The DSO is eligible to
receive compensation for testing innovative “smart-grid” solutions, including the use of
flexibility [11, Art. 13Db].
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As far as grid reinforcement is concerned, costs associated with the connection of
renewable generation are partially offset through a national contribution (CHF 59/kW)
reimbursed by the national grid operator (Swissgrid) to the DSO [11], with any residual
connection costs charged to the producer [10, Art. 15b]. Upgrade costs associated with
large PV installations without self-consumption may be directly attributed to the requesting
customer [11, Art. 16]. DSOs are permitted to curtail PV generation when this improves
operational conditions [10, Art. 17c]; however, curtailment exceeding 3% of the annual
yield must be financially compensated to the producer (Anderung der
Stromversorgungsverordnung mit

Inkrafttreten am 1. Januar 2026).

3. Integrating energy storage: from design to real-time control

Integrating energy storage systems into grid operations is still a relatively new practice for
grid and asset operators, and standardized procedures for their design and operation are
not yet fully established. The process typically starts from a specific need that justifies the
deployment of a BESS. This need is generally associated with a technical issue, an
economic objective, or, in many cases, both. The project must then be developed to
ensure that the designed system is capable of meeting the required specifications and
operational objectives for which it was designed.

From a methodological perspective, putting into operation an energy storage application
can be studied through three sequential and closely interconnected layers: design (or
planning), scheduling, and application-level real-time control. The development here below
refers to a BESS.

3.1 Design (or planning)

This phase aims at selecting the technology and determining the size of the system in
terms of rated power (MVA) and energy capacity (MWh) required to deliver the targeted
application. Technology selection should consider asset costs, degradation characteristics,
including both calendar aging and cycling degradation and as a function of the services to
be delivered. In stationary applications, energy and power density are generally much less
critical than in electric vehicle applications.

Energy storage applications can be broadly classified as energy-intensive or power-
intensive depending on whether the primary requirement is the amount of energy to be
delivered or the rate at which it must be delivered. Examples of energy-intensive
applications include PV self-consumption, which typically requires storing energy over
several hours, with seasonal energy storage being even more energy intensive. Examples
of power-intensive applications include primary frequency control or fatigue reduction in
hydropower plants.

For power-intensive applications, a key parameter of an energy storage technology is its
maximum achievable C-rate. Technologies with low C-rates require relatively large energy
capacities to provide high power, forcing operators to install significant amounts of energy
capacity even when power capability is the primary objective. Conversely, technologies
with high C-rates can provide large power outputs with comparatively smaller energy
capacities.

Nowadays, technology selection in stationary applications is largely driven by the market
dominance of lithium iron phosphate, which offers a favorable trade-off among
performance, safety, lifetime, and cost. However, future markets may offer alternative
technologies, such as sodium-ion batteries or next-generation flow batteries, potentially
providing advantages over current mainstream technologies in terms of C-rate capability,
degradation characteristics, sustainability, or material availability.
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In grid applications, the location of the storage system is also a critical parameter, as some
nodes may have greater influence than others, for example with respect to voltage
regulation or congestion management. This is known as the siting problem. Typical non-
technical constraints arising in the siting problem include land-use constraints and safety
considerations, given that many energy storage technologies may pose hazards such as
fire risk or environmental contamination in the event of accidents. Access to a grid
connection and the available hosting capacity are, of course, also critical aspects.

3.2 Scheduling (energy management)

Once a BESS is installed and operational, the first operational layer to address is energy
management and scheduling, whose objective is to ensure that sufficient energy remains
available in real time to deliver the intended services. Energy management problems are
typically formulated as optimization problems, with state-of-the-art approaches relying on
deterministic, stochastic, robust, or distributionally robust formulations to account for
uncertainty. Because battery operation is intrinsically intertemporal through the state-of-
charge dynamics, scheduling decisions must explicitly account for future operating
conditions over finite prediction horizons. This generally requires the use of forecasts, such
as numerical weather predictions, forecasts of future dispatch plans, or electricity and
ancillary service market signals. Scheduling problems are typically solved again
periodically with updated information so as to account for unfolding uncertainty and correct
the SOC trajectory of the BESS.

Forecasts may take the form of point predictions, probabilistic forecasts, or scenario-based
representations. Since many commercial BESS installations provide relatively limited
energy buffers, often in the range of one to four hours, properly accounting for these
intertemporal couplings is essential to ensure that the system can deliver the required
performance when needed. Failing to do so, for example through myopic control strategies
without predictive capabilities or through poorly calibrated forecasts, may significantly
degrade operational performance and compromise the intended objectives of the system.

3.3 Application-level real-time control

The application-level real-time control layer is responsible for collecting real-time
measurements and governing the BESS to meet the requirements of the designed
application and the dispatch setpoints provided by the scheduler. By implementing and
tracking the scheduler's instructions, it ensures that real-time performance requirements
are met while the scheduled plan is followed, avoiding driving the BESS to full depletion or
full charge.

This layer can be understood as a soft real-time control; it sends active and, if required by
the application, reactive power setpoints to the BESS via a communication interface,
commonly Modbus TCP, EtherCAT, or CANbus. Setpoints are typically refreshed at rates
ranging from a few hundred milliseconds to tens of seconds depending on the application.
These setpoints are processed by the power converter, which, by way of its internal control
loops operating at substantially faster time scales, actuates the reference power to be
delivered to the grid, provided that sufficient energy is available in the battery stack.
Anything requiring faster control action or deterministic computation deadlines, such as
primary frequency response, islanding detection, or droop control, must be handled
directly by the converter or programmed into it at commissioning time, since the latency
and non-deterministic timing of application-level communication interfaces make them
unsuitable for such functions.

The application-level real-time control is not concerned with implementing internal BESS
functionalities, such as cell balancing, thermal management, state-of-charge estimation,
and protection against overcurrent and overvoltage, as these are managed autonomously
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by the BMS. This separation of concerns is deliberate: the BMS provides a safety
backstop that remains active regardless of the state of the higher-level controller, ensuring
safe operation even in the event of a failure or misbehavior at the application level. Active
communication with the BMS is nonetheless necessary to read the operational status of
the BESS, including the state of charge and the instantaneous power limits, which can
change dynamically as a function of state of charge and temperature, and to propagate
any errors or alarms to the upper-level monitoring system.

Finally, the operations of both the application-level real-time control and the scheduling
layer should be monitored continuously, including through dedicated performance reports,
for performance assessment and auditing purposes. Connection to a SCADA system is a
non-negotiable prerequisite for coordinated operation: it allows the asset to receive
dispatch instructions, report its state in real time, and remain visible to the energy
management systems producing valid schedules. When the BESS operates alongside
other assets, such as a hydropower plant, control and measurement signals must be
integrated within the same supervisory system to ensure coherent operation. If applicable,
the control system must also be capable of receiving external setpoints from aggregators
and dispatchers. Communication channels should be secured with TLS certificates and
robust authentication mechanisms; common protocols include IEC 61850, IEC 60870-5-
104, and Modbus TCP.

4. The Innosuisse Flagship STORE

STORE is an R&D project financed by Swiss Innovation Agency (Innosuisse) under the
flagship program (Innosuisse No. 108.230 FS-EE, December 2023 to July 2027). The
project addresses the design of a functional energy storage infrastructure for Switzerland
to support 100% production from renewable generation and energy self-sufficiency. The
project is led by HES-SO Valais-Wallis and brings together ETHZ, EPFL, and BFH as
academic partners, alongside a consortium of thirteen industrial partners spanning
generation companies (Alpiq, KWO, Romande Energie), distribution and transmission
system operators (OIKEN, RELL, Valgrid, Swissgrid), large industrial consumers and
prsoumers (Novelis, Kieswerk AG Naters, FLASA), and technology specialists (Natron,
Planair, Emissium).

The project is structured around three overarching research questions:

e How should individual energy storage use cases be designed and operated to
maximize value for their owners;

e How do these use cases collectively contribute to grid operations at the system
level and which are the most relevant from an application perspective and financial
sustainability perspective?

e What energy storage infrastructure, in terms of technology mix, siting, sizing, and
ramping capabilities, is required to achieve a reliable and cost-effective transition to
100% renewables?

It is organized into the following-described five subprojects.

Subproject 1 (next-generation hydropower storage) develops sizing and control methods
for hybrid energy storage systems combining hydropower plants with co-located BESS. Its
objectives are to improve market participation, reduce mechanical wear from increased
regulation duties, and mitigate hydropeaking, with KWO, Romande Energie, and Alpiq as
industrial partners [12, 13].
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Subproject 2 (integrated gas and electricity systems) investigates reversible solid oxide
cell (rSOC) technology as a means of achieving seasonal energy storage through power-
to-methane conversion, with demonstration use cases at OIKEN and Novelis targeting
year-round renewable energy supply and industrial decarbonization respectively. A small-
scale demonstrator has been built at the Energypolis campus in Sion as a joint effort
between HES-SO Valais-Wallis and EPFL [14].

Subproject 3 (behind-the-meter energy storage) develops methods for jointly sizing and
controlling storage at industrial and commercial consumer premises in a multi-service
context, combining peak shaving, PV self-consumption, ancillary service provision, and,
where applicable, hydrogen production for mobility markets. The use cases involve two
industrial facilities, a gravel production site (Kieswerk Naters) and a textile factory
(FLASA), both operating large behind-the-meter PV installations whose value they wish to
maximize beyond current self-consumption practices.

Subproject 4 (energy storage in distribution grids) addresses the use of storage as a non-
wire alternative to grid reinforcement in low-voltage networks, developing both DSO-
owned and DSO-coordinated behind-the-meter operational models. With OIKEN, results
are being elaborated that, for the first time in the technical literature, address the hosting
capacity of real distribution grids using data from more than 1,300 substations across low-
and medium-voltage networks. With RELL, a control strategy is being developed for
coordinating behind-the-meter assets to relieve network congestion, based on state-of-the-
art optimal-power-flow methods [15], with a direct link to the operator's control room.

Subproject 5 (integration of energy storage in the bulk power system) takes a system-
level perspective, formulating the coordinated siting and sizing of the national storage
infrastructure as a large-scale optimization problem that minimizes total system cost
subject to grid constraints, ancillary service requirements, and life cycle metrics. Its central
planner function produces an optimal storage configuration that serves simultaneously as
a technical benchmark for assessing market-driven deployment scenarios and as an input
to the design of new electricity and ancillary service market rules [16, 17]. A distinctive
feature of this subproject is the availability of grid data from all operator levels, from
transmission level 1 to low-voltage level 7, across the Central Valais region, which will
enable a uniquely complete analysis of the question of at which aggregation level energy
storage is best placed.

The project is currently in its core development phase and results are emerging
progressively. They will be published on the STORE project website (http://flagship-
store.ch) and in the specialized literature as they become available.
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5. Conclusion

Energy storage is both a local asset and a system resource, and its full economic and
technical value is only realized when individual deployments are designed and operated
with awareness of the complete service landscape available to them. The taxonomy
presented in this paper organizes this landscape across grid levels, ownership models,
and operational objectives, providing a framework useful both for understanding existing
deployments and for planning new ones.

For operators willing to develop an energy storage application, three interconnected
implementation layers must be addressed: determining the right technology, size, and
location at the design stage (and grid node, if relevant); managing the intertemporal
dynamics of stored energy through scheduling; and governing the asset in real time within
the constraints imposed by BESS with appropriate real-time control strategies integrated
into the operator's SCADA.

Finally, the STORE project was presented as a concrete example of how these challenges
are addressed in practice across five application domains, with the ambition of providing
operators, investors, and policymakers with the tools needed to navigate the energy
transition.
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