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 A B S T R A C T

Mobility electrification is considered among the main pillars for decarbonization of modern society, a crucial 
challenge in light of the ever growing impacts of human activities on Earth’s climate. The cost of batteries 
is a significant factor slowing down the diffusion of electric vehicles (EVs) and their disposal still presents 
open criticalities. On the other hand, to achieve larger shares of renewable electricity generation, installation 
of battery accumulators is needed to support production from non-programmable sources, such as free-flow 
hydroelectric plants or photovoltaic parks. Their realization with recycled modules coming from automotive 
application helps addressing the two issues altogether and represents a cheaper alternative to first life batteries. 
This article presents the experimental results of the installation of a large-scale storage system to improve the 
profitability of a free-flow hydraulic plant. The main novelty coming from the project is the application of a 
mix of second life and new modules, to compare their performance in the same operating environment. On-
field behavior of the two subsystems has been used to analyze the respective profitability, in light of historic 
price trends and real production program of the free-flow hydraulic plant. The results show a faster return of 
investment for the second life subsystem.
1. Introduction

The last centuries have seen a significant uptrend of temperatures 
compared to the previous period, as highlighted by the current increase 
of over 1.0 ◦C above pre-industrial levels [1]. Since 1975, the rate of 
global warming has accelerated, with a pace of +0.2 ◦C per decade [2], 
a trend that has its main causes in greenhouse gases (GHG) coming from 
human activities [3]. Transportation is one of the economic sectors 
most responsible for carbon emissions, as it produced 7.6 billions 
of tonnes of carbon dioxide in 2020, around 20% of human-caused 
CO2 [4]. Given this role as polluter and the maturity of electrification 
solutions, it is evident that sustainable mobility has a great potential in 
decarbonization efforts [5].

Electric transit has been a reality for more than a century, as its first 
application to a passenger railway dates back to 1881 [6]. However, its 
mass deployment in private vehicles came only as a consequence of the 
commercial introduction of lithium-ion batteries (LIBs) [7]. Moreover, 
to present day, technical limitations still affect electric vehicles (EVs) 
in their design phase, such as the low energy density of LIBs, in the 
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order of hundreds of Wh/kg [8,9]. This is particularly relevant in the 
comparison between traditional vehicles and EVs, as it requires to strike 
a balance between a capacity large enough for a satisfactory range and 
a small weight increase compared to the petrol-powered equivalent. 
In addition to this, batteries experience degradation throughout their 
life, with a reduction in capacity that occurs from usage and time 
flow [10]. The result is a decrease of the traveling range from the 
first day of life of the car, a phenomenon which further worsens the 
technical issues affecting EVs [11]. For this reason, traction batteries 
have a limited operational life, which ends when the available capacity 
drops below 70%–80% of the nominal one [12,13]. Battery degradation 
exponentially accelerates after it reaches a point, called knee, which 
generally takes place when capacity degraded to levels between 70 
and 80% of the nominal value. The onset of this phenomenon can 
be moved forward by reducing cell charge voltage [14]. Furthermore, 
it was found that coating the NCM cathode with Al2O3 [15] and 
introducing chemical additives in the electrolyte can further delay the 
emergence of these knees [16]. During batteries’ first life, preventing 
https://doi.org/10.1016/j.est.2025.119897
Received 5 December 2024; Received in revised form 4 October 2025; Accepted 12
vailable online 18 December 2025 
352-152X/© 2025 The Authors. Published by Elsevier Ltd. This is an open access a
 December 2025

rticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://www.elsevier.com/locate/est
https://www.elsevier.com/locate/est
https://orcid.org/0009-0000-2044-3093
https://orcid.org/0000-0002-7563-6308
https://orcid.org/0000-0001-6621-5037
mailto:alberto.ponso@polito.it
https://doi.org/10.1016/j.est.2025.119897
https://doi.org/10.1016/j.est.2025.119897
http://crossmark.crossref.org/dialog/?doi=10.1016/j.est.2025.119897&domain=pdf
http://creativecommons.org/licenses/by/4.0/


A. Ponso et al. Journal of Energy Storage 145 (2026) 119897 
the insurgence of this phenomenon is crucial to ensure a satisfying 
remaining capacity for their second life, where they are re-used in 
stationary applications [17].

As a consequence, a wide literature exists on the topic of knee 
detection and prediction. Given the difficulty of on-the-fly replacement, 
detection of early warning signals for scheduled battery substitution 
is fundamental. As an example, machine learning techniques have 
been employed to classify cells as ‘‘short-life’’, ‘‘medium-life’’, or ‘‘long-
life’’ with as little as three charge–discharge cycles [18]. The same 
work also found out that the onset of the knee and the acceleration 
of degradation are separated by around 100 cycles, leaving time to 
schedule battery substitution. Analysis of the curvature in the capacity 
fade graphs has shown the potential for a faster knee onset detection, 
up to 300 cycles in advance [19]. Another technique to detect knee 
onset, given its correlation with anode Li plating, is differential voltage 
analysis, which can be conducted directly on voltage trend observed 
during system operation [20]. Additionally, usage of a Long-Short Term 
Memory (LSTM) network managed to not only predict the number of 
cycles until the appearance of the knee, but also the residual capacity 
at that point, which is important for addressing batteries towards their 
second life [21]. Despite its importance as a factor to identify knee 
onset, it is difficult to estimate battery capacity if its usage is not 
limited to charge and discharge cycles, but follows irregular trends, as 
is the case for automotive systems. Therefore, great importance is given 
to battery models which can predict the degradation process based 
on current and voltage profiles [22]. To exploit higher computational 
power and reduce the complexity of algorithms deployed on vehicle 
ECU, a solution is to implement cloud battery management system with 
a digital twin which logs current drawn from the battery and uses it to 
simulate degradation in real time [23,24].

The exponential growth in EV sales has increased LIBs demand by 
carmakers, which have rapidly become the main purchasers in a sector 
previously dominated by another large and fast-growing market such as 
consumer electronics [25]. Automotive industry is now the main driver 
of lithium and cobalt consumption, taking up respectively 60% and 
30% of their global production in 2022 [26]. Raw materials employed 
in cells, such as lithium, cobalt and nickel, represent a significant cost 
and most of them are among the critical materials indicated by the 
European Union because of their scarcity or high supply risks [27]. Fur-
ther exacerbating the issues with resources procurement for automotive 
industry, a third LIB application field is seeing a significant growth as 
well, in the form of stationary applications for battery energy storage 
systems (BESS) [28,29].

The increase in total installed stationary capacity is a positive factor 
in the path to decarbonization, as it helps utilizing renewable energy 
sources in a more efficient way. For example, stationary batteries can 
be used to store excess production from non-programmable renewable 
energy sources (NP-RES) such as photovoltaic (PV) plants during hours 
with most sunshine, to be eventually released when their production 
is lower [30]. Moreover, intermittent energy sources such as solar 
electric generators can overload the distribution grid during their peak 
production hours, as their output is excessive. This mismatch between 
demand and production leads to curtailment, i.e. reduction of power 
output or disconnection of electric generators from the grid. The share 
of energy lost because of this practice has been estimated to be above 
1% in the areas with the most PV power installed in 2018 [31]. This 
amounts to a total of 6.5 TWh/year, enough to power a country such as 
Luxembourg [32]. With the constant acceleration in the installation of 
renewable electricity generation, the amount of lost energy increased 
as well, with a total of 1.3 TWh of solar and wind energy curtailed in 
California alone between March and April 2023 [33].

In addition to an increase of energy lost due to curtailment, the in-
stallation of more power plants based on NP-RES has the effect of reduc-
ing the profitability of the already existing plants. This phenomenon, 
known as price cannibalization [34], is particularly significant for pho-
tovoltaic plants, which concentrate their production in few hours, but 
2 
is affecting all electricity generated from non-programmable sources, 
including wind farms and free-flow hydroelectric plants [35]. However, 
production peaks from local wind conditions can be evened out by grid 
interconnection, while solar production is more difficult to mitigate 
with grid interconnection [36]. This means that price depression is 
noticeable especially in the afternoon, as it is mostly driven by solar 
output. On the other hand, electricity demand is constantly increasing 
worldwide, with over 3% yearly growth, driven by data centers and 
household consumption [37]. While this trend keeps average electricity 
prices stable – despite the cannibalization due to renewable sources 
– the increase in EV adoption is driving them up during the hours 
of highest demand, i.e. early morning and late afternoon [38]. It can 
therefore be said that the evolution of electricity prices in the near 
future will see an increase in daily spread between minimum and max-
imum, which can be exploited to profit from daily energy trading [39]. 
As a consequence, BESS profitability is bound to increase in the follow-
ing years thanks to electricity market evolution [40]. Therefore, BESS 
installation will become fundamental to ensure economic sustainability 
of renewable electricity generation, allowing to match demand and 
offer. It is therefore evident how stationary accumulators play a crucial 
role in the fight against global warming through increase of efficiency 
for electricity generation, not only from PV, but from all NP-RES such 
as wind farms and free-flow hydraulic plants [41].

However, similarly to what happens with automotive electrification, 
high cost of batteries represents an obstacle to the installation of these 
accumulators to support power plants, as lithium demand exceeds 
production volumes [26]. Despite the common issues in procurement, 
automotive and stationary application sectors have different use pro-
files and performances required to LIBs. Specific energy, measured in 
Wh/kg, is crucial in the design procedure of batteries for automotive 
applications. This is true not only in sports and racing cars, which 
need light and dense batteries for high performance, but also in low 
segment passenger cars, where weight minimization is needed to reduce 
energy consumption and extend driving range [42,43]. By contrast, 
total mass is not as relevant for stationary applications, as highlighted 
by the higher share of heavier lithium-iron-phosphate (LFP) batteries 
compared to EV market [44,45]. In addition to high purchase cost and 
procurement issues, LIBs present challenges at the end of their lives 
too, because of their severe fire hazard with consequent release of toxic 
substances and of the water and ground pollution coming from their 
improper disposal [46,47].

Recycling cells to extract raw active materials for re-use in new 
batteries is a solution that solves the issue of landfilling while creating 
value from waste. Such activity still has non-negligible economic draw-
backs: price of material transportation from scrapyards to recycling 
plants is in the region of 500–5000 $/kg [48], while recycling proce-
dure costs are not uniform globally, ranging between 7.5 and 50 $ per 
hour [49]. Moreover, although recycling avoids dispersion in the envi-
ronment of precious active materials, it is less efficient than re-using, 
since traction batteries are still usable after their first life. Therefore 
it is possible that, instead of acting as competitors, carmakers and 
electricity producers collaborate to reciprocally solve issues, improv-
ing profitability and sustainability [50]. Usage of exhausted traction 
batteries to assemble stationary accumulators which support electricity 
generation from NP-RES is a possible way to reduce costs, as second 
life batteries cost between 20 and 80% of first life equivalents [51]. 
Moreover, it would also mitigate the higher purchase cost compared to 
traditional vehicles, since the market for second life batteries would 
ensure that older EVs still hold good monetary value [52,53]. As a 
matter of fact, studies conducted on Japan’s market, which was among 
the early adopters in terms of powertrain electrification, demonstrated 
that repurposing of exhausted EV batteries for static installations is 
financially sustainable without government subsidies [54]. Integration 
of exhausted batteries from Nissan commercial vehicles with rooftop 
solar panels was already realized in 2018 in Isahaya, Japan [55,56]. 
Installation of BESS built from second life batteries is so competitive 
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that it has also been shown to outperform carbon taxes as a tool 
to incentivate CO2 reduction [57]. In addition to economic benefits, 
reusage of batteries scrapped from EVs has the potential to improve the 
sustainability of both electric mobility and stationary accumulators. A 
life cycle assessment demonstrated that battery repurpose reduces the 
impact on climate change by 16% compared to a new installation, for 
an electricity production mix below 113 gCO2eq/kWh [58]. Therefore, 
their application to renewable energy sources has indeed a positive 
impact on the whole life cycle. The spectrum of energies employed 
for electric mobility ranges between some hundreds of Wh for micro-
hybrid solutions and electric scooters to hundreds of kWh for the case 
of battery electric buses, making second life batteries attractive for 
different usage scenarios [59]. Particularly interesting is the match be-
tween the average size of EV batteries (40–50 kWh) and that of systems 
installed in residential complexes [60,61]. Application of stationary 
accumulators provides advantages especially to increase profitability 
of solar production, whose economic sustainability compared to fossil 
fuels is still not evident [62]. For the same reason, application of 
stationary accumulators is appealing to energy community projects, 
where over 90% of economic benefits are coming from incentives [63].

Stationary re-usage of batteries from automotive application, giving 
them a second life, is a well-studied topic in literature. As an example, 
analyses have been conducted on the realization of off-grid PV arrays 
which store electricity in second life batteries to then conduct EV 
recharge [64,65]. A similar application is being pursued by China 
Tower, which is progressively replacing lead–acid batteries with second 
life EV modules in its telecommunication towers that are not connected 
to electrical distribution [66]. Integration of modules retired from 
automotive usage to maximize PV exploitation at centralized charging 
stations for battery swap has also been proposed [67]. Furthermore, us-
age of exhausted traction batteries to perform grid support during peak 
demands has been investigated [68]. This cost-effective application is 
useful to delay expensive upgrade to distribution grids when demand 
is excessive only in parts of the day, as is the case with PV generation. 
Economic viability of second life automotive LIBs application as a mean 
to cut electricity purchasing cost has been studied [69]. In such context, 
using currents up to C/8, it was concluded that the most effective 
strategy is energy arbitration instead of peak shaving. This is performed 
by storing electricity when the cost is lower to then use it during hours 
with higher demand. However, savings correlated to cheaper energy 
purchase are low and the pay-back time exceeds ten years in this 
study. Application of second life batteries to local energy communities, 
instead, showed a payback time of 5 years for the installation of an 
EV battery pack (61 kWh) to maximize PV exploitation [61]. Prof-
itability difference between these two solutions highlights the higher 
suitability of stationary installations at production sites rather than at 
consumption points, as they allow to deliver more energy, avoiding 
curtailment of solar panels. Analogous conclusions have been drawn for 
the application of second life batteries in private homes and microgrids, 
where BESS profitability is dependent on the presence of an already 
installed renewable energy source [70]. Installation of battery storage 
to increase profitability of power plants based on NP-RES is a well-
known topic in literature, especially concerning PV plants [71–73]. 
Research interest on this topic is bound to increase, especially as second 
life batteries from automotive usage are expected to enter the market 
in mass, with a total capacity in the order of GWh/year by 2030 [74]. 
The impact of this influx of exhausted batteries on the energy market is 
already becoming evident, with two large-scale projects launched in the 
United States between late 2024 and early 2025. In November 2024, 
battery assembler Element Energy announced the full activation in 
Texas of a BESS assembled from the batteries of over 900 vehicles, with 
a total capacity of 53 MWh [75]. An even larger project was announced 
in June 2025 by battery recycler Redwood Company, which unveiled 
a 12 MW/63 MWh BESS assembled from second life EV batteries in 
support of a data center of Abilene, Texas [76]. However, none of these 
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two systems are designed as an integration to an already existing power 
plant exploiting NP-RES.

The present article aims to cover the existing research gap by 
evaluating the additional revenue generated by installation of a sta-
tionary battery in support of electricity production plants based on 
NP-RES. Monetary earnings are derived from real historical trends of 
local electricity prices, while production programs are scaled from real 
examples. The study compares the impact of energy arbitration on 
the profitability of two non-programmable power stations, namely a 
free-flow hydroelectric power plant and a photovoltaic park. These 
economic considerations are drawn comparing the experimentally ob-
tained efficiencies of a system assembled from recycled automotive 
battery modules and of a first life accumulator. On-field tests have 
been conducted on a BESS installed in support of a hydroelectric power 
plant, but their findings can be extended to the case of the photovoltaic 
park. As a matter of fact, experiments not only validate the battery 
system, but also its interaction with a generic power plant, as their 
connection is conducted at distribution level.

The rest of the article is structured as follows: Section 2 describes the 
methodology followed in the work; Section 3 describes the case study of 
BESS-2L project and the context of application, introducing a PV power 
plant as well; Section 4 presents and analyzes the experimental results 
and their utilization for economic assessments of storage application to 
a hydroelectric and a photovoltaic plant; Section 5 closes the paper by 
drawing conclusions based on the findings of previous Sections.

2. Methodology

This Section describes the procedure followed to evaluate the finan-
cial impact of storage integration with a power plant based on NP-RES. 
Although the results presented come from the operation of the system 
realized during the BESS-2L project, the methodology is independent 
from the size, geographical location and power source of the plant 
and can be replicated on a different scale. Moreover, the chemistry 
employed in the batteries has negligible influence, as operating con-
straints ensure that charge and discharge are always operated below 
unitary C-rate. These conditions, in particular, eliminate the advantage 
of long cyclability at high C-rates offered by the olivine structure of LFP 
cathodes [77]. The procedure to assess the impact of battery installation 
can be divided into five sequential phases, as shown in Fig.  1.

2.1. System sizing

The first step in the assessment of the battery system impact is 
the definition of the installed capacity. It is fundamental not only to 
evaluate the total investment, but it also defines the operation of the 
system. To conduct a complete assessment of system profitability and 
to identify the influence of all the factors in play, it is necessary to 
define a range of capacities upon which to conduct the study. To this 
end, power plant operating constraints need to be taken into account.

The main factor to consider is the performance of the existing 
power plant, which is fundamental in the identification of the capacity 
to install, as storage capability needs to match up with electricity 
production volumes. However, power output is not the only limiting 
factor to account for when sizing the battery. Peak operational power 
admitted by the transformers represents a further constraint on battery 
operation to be considered during scheduling.

2.2. Operation definition

2.2.1. Energy market working principle
In the evaluation of monetary impacts, it is necessary to reproduce 

the daily operation of the system. This requires the definition of an 
algorithm that schedules charge and discharge phases with the goal of 
maximizing revenue. The operating scheme for electricity producing 
plants is day-ahead planning, in which power output programming 
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Fig. 1. Procedure for the evaluation of battery storage system impact on power plant profitability.
Fig. 2. Hourly energy prices in the period from September 23rd, 2023 to 
September 22nd, 2024.

is conducted the day before, without knowing the price that will be 
paid [78]. Negotiation is performed on the basis of hourly timeslots, 
with each one seeing a different reward for electricity producers on 
the basis of volumes traded in day-ahead market. Because the amount 
of energy exchanged on the market is orders of magnitude larger than 
that stored in the battery, it is safe to consider hourly prices as an 
independent variable for the scheduling problem. However, prices can 
be forecast as their profile for each day is influenced by the period 
of the year, the day of the week and by the presence of holidays. A 
prospect of price trends divided by season is shown in Fig.  2.

From the historical pattern of prices, it is possible to notice two 
significant peaks and two minima everyday. Night prices are lower 
throughout the entire year because of the low demand, while the 
price drop in the afternoon is less noticeable in winter, due to the 
lower output of solar production during daylight hours. The goal of 
energy storage installation is to provide the highest possible revenue for 
the power plant, therefore the typical operation involves two charge–
discharge cycles during the day. To maximize profits, operation at 
low C-rates is therefore unsuitable, as it would fail to exploit price 
unbalances. On the other hand, energy market performs trades in 
timeslots of one hour, thus imposing to operate batteries at C-rates 
below 1.

Operation of the accumulation system via full discharge twice a day 
has been demonstrated as feasible for plants where only air cooling 
is provided, as a consequence of around 4 h of rest required after 
charge and discharge [79]. The equally spaced distribution of peaks 
and valleys in hourly prices therefore demonstrates that cycling twice 
a day at 1C is a feasible operating technique.

2.2.2. Input data
Daily programming of battery operation requires constantly updated 

data to appropriately schedule charge and discharge to maximize rev-
enues. The first information needed is the forecast for the following 
4 
day of power plant hourly output 𝑃𝑝𝑙𝑎𝑛𝑡,𝑖. Knowledge of production 
program, together with the transformer limit 𝑃𝑚𝑎𝑥, identifies the space 
of possible operation for the optimization algorithm. To maximize the 
revenue, hourly electricity price 𝑟𝑖 has to be forecast in the loop of 
battery usage scheduling. To this goal, market results are fed to the 
system as soon as they are communicated by the authority regulating 
the exchange, generating a price database that is updated daily. Trading 
outcomes are also used to immediately assess monetary results from the 
battery usage schedule. If bad price forecasting led to unsatisfactory 
revenues, optimization is performed again on the basis of the exact 
prices resulting from day-ahead market and the arbitration is conducted 
a second time, on the Mercato Infragiornaliero 1 (MI1) [80].

In addition to information flows coming from outside, the schedul-
ing algorithm requires constant feedback from storage itself. Available 
battery capacity 𝐶𝑏𝑎𝑡𝑡 is needed to assess the maximum energy that 
can be stored and is constantly monitored by the battery management 
system (BMS) during the life of the plant. However, the dynamic of its 
evolution is considerably slower than that of battery charge and dis-
charge, with losses below 3% per year [81]. Therefore, this parameter 
is considered a constant in the optimization problem defining battery 
usage scheduling.

To evaluate the revenue from battery operation, 𝐶𝑏𝑎𝑡𝑡 alone is not 
sufficient. Profit provided by arbitration comes from injecting electric-
ity to the grid when power demand is larger than when the energy is 
produced. However, energy conversion for storage in batteries causes 
a loss that affects system profitability. For the control logics aimed at 
maximizing the revenue, this information is represented by round-trip 
efficiency (RTE), defined as 

𝜂𝑅𝑇𝐸 =
𝐸𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐸𝑐ℎ𝑎𝑟𝑔𝑒
(1)

It represents the ratio between the energy absorbed from the grid 
during a full charge process 𝐸𝑐ℎ𝑎𝑟𝑔𝑒 and the one that the battery releases 
during a full discharge 𝐸𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒. Such value has key importance in 
assessing economic impacts of accumulators installation to the power 
plant and it influences the operating program to be communicated to 
the energy exchange for negotiation. During the first steps of system 
sizing, when no experimental result is available, values of 𝜂𝑅𝑇𝐸 are 
to be taken from literature, where results around 90% can be found 
for 1C operation [82]. After experimental tests are conducted on the 
installation, real value of 𝜂𝑅𝑇𝐸 is fed to the programming algorithm and 
its evolution is then tracked and updated during continuous operation 
of the plant.

2.2.3. Optimization problem
In the following, the operation scheduling algorithm employed for 

the impact assessment presented in this article is described. While the 
economical results come from the simulation of plant operation, the 
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algorithm itself has been installed on the real energy storage system 
and its communication with the BMS has been validated. Therefore, 
the values of 𝐶𝑏𝑎𝑡𝑡 and 𝜂𝑅𝑇𝐸 presented in the equations defining the 
optimization problem are constantly updated via real time monitoring 
of the system. In addition to this, communication with the energy 
market has been implemented, so that prediction of hourly prices 𝑟𝑖
is always conducted based on the most recent data.

The goal of the algorithm, stated in Eq.  (2), is to maximize the 
revenue 𝑅𝑡𝑜𝑡 obtained by the power plant charging the batteries when 
electricity price is low and discharging them when price is high, 
satisfying the constraints of Eqs. (3)–(16). 

max
𝐏𝐜𝐡 ,𝐏𝐝𝐜𝐡

𝑅𝑡𝑜𝑡 =
𝑁ℎ𝑜𝑢𝑟𝑠
∑

𝑖=1
𝑃𝑡𝑜𝑡,𝑖 ⋅ 𝑟𝑖 (2)

𝑃𝑡𝑜𝑡,𝑖 = 𝑃𝑝𝑙𝑎𝑛𝑡,𝑖 − 𝑃𝑐ℎ,𝑖 + 𝑃𝑑𝑐ℎ,𝑖, ∀𝑖 ∈ {1, 2...𝑁ℎ𝑜𝑢𝑟𝑠} (3)

𝑃𝑡𝑜𝑡,𝑖 ≥ 0, ∀𝑖 ∈ {1, 2...𝑁ℎ𝑜𝑢𝑟𝑠} (4)

𝑃𝑡𝑜𝑡,𝑖 ≤ 𝑃𝑚𝑎𝑥, ∀𝑖 ∈ {1, 2...𝑁ℎ𝑜𝑢𝑟𝑠} (5)

𝑃𝑐ℎ,𝑖 ≤
𝐶𝑏𝑎𝑡𝑡
1ℎ

⋅
1

√

𝜂𝑅𝑇𝐸
, ∀𝑖 ∈ {1, 2...𝑁ℎ𝑜𝑢𝑟𝑠} (6)

𝑃𝑑𝑐ℎ,𝑖 ≤
𝐶𝑏𝑎𝑡𝑡
1ℎ

⋅
√

𝜂𝑅𝑇𝐸 , ∀𝑖 ∈ {1, 2...𝑁ℎ𝑜𝑢𝑟𝑠} (7)

𝑃𝑐ℎ,𝑖 ≤ 𝑃𝑚𝑎𝑥,𝑖𝑛𝑣 ⋅
1

√

𝜂𝑅𝑇𝐸
, ∀𝑖 ∈ {1, 2...𝑁ℎ𝑜𝑢𝑟𝑠} (8)

𝑃𝑑𝑐ℎ,𝑖 ≤ 𝑃𝑚𝑎𝑥,𝑖𝑛𝑣 ⋅
√

𝜂𝑅𝑇𝐸 , ∀𝑖 ∈ {1, 2...𝑁ℎ𝑜𝑢𝑟𝑠} (9)

𝑃𝑑𝑐ℎ,𝑖 ⋅ 𝑃𝑐ℎ,𝑖 = 0, ∀𝑖 ∈ {1, 2...𝑁ℎ𝑜𝑢𝑟𝑠} (10)

𝑁ℎ𝑜𝑢𝑟𝑠
∑

𝑖=1

𝑃𝑐ℎ,𝑖 ⋅
√

𝜂𝑅𝑇𝐸 ≤
2𝐶𝑏𝑎𝑡𝑡
1ℎ

(11)

𝑁ℎ𝑜𝑢𝑟𝑠
∑

𝑖=1

𝑃𝑑𝑐ℎ,𝑖 ⋅
1

√

𝜂𝑅𝑇𝐸
≤

2𝐶𝑏𝑎𝑡𝑡
1ℎ

(12)

𝑗
∑

𝑖=1

𝑃𝑐ℎ,𝑖 ⋅
√

𝜂𝑅𝑇𝐸 − 𝑃𝑑𝑐ℎ,𝑖 ⋅
1

√

𝜂𝑅𝑇𝐸
≥ 0,

∀𝑗 ∈ {1, 2...𝑁ℎ𝑜𝑢𝑟𝑠}

(13)

𝑗
∑

𝑖=1

𝑃𝑐ℎ,𝑖 ⋅
√

𝜂𝑅𝑇𝐸 − 𝑃𝑑𝑐ℎ,𝑖 ⋅
1

√

𝜂𝑅𝑇𝐸
≤

𝐶𝑏𝑎𝑡𝑡
1ℎ

,

∀𝑗 ∈ {1, 2...𝑁ℎ𝑜𝑢𝑟𝑠}

(14)

𝑁ℎ𝑜𝑢𝑟𝑠
∑

𝑖=1

𝑃𝑐ℎ,𝑖 ⋅
√

𝜂𝑅𝑇𝐸 − 𝑃𝑑𝑐ℎ,𝑖 ⋅
1

√

𝜂𝑅𝑇𝐸
= 0 (15)

𝑗+3
∑

𝑖=𝑗

𝑃𝑐ℎ,𝑖 ⋅
√

𝜂𝑅𝑇𝐸 + 𝑃𝑑𝑐ℎ,𝑖 ⋅
1

√

𝜂𝑅𝑇𝐸
≤ 𝐶𝑏𝑎𝑡𝑡,

∀𝑗 ∈ {1, 2...𝑁ℎ𝑜𝑢𝑟𝑠 − 3}

(16)

Eq.  (3) defines 𝑃𝑐ℎ,𝑖 and 𝑃𝑑𝑐ℎ,𝑖 as the charge and discharge power as 
measured at the point of delivery (POD) to the network, downstream 
of inverter stages, where output power is measured for revenue com-
putation. Inequalities (4) and (5) represent lower and upper boundary 
on system total output, which cannot absorb energy from the grid and 
is constrained by transformers operating limits. Inequalities (6) and 
(7) translate battery operation at no more than 1C into constraints on 
decision variables 𝑃𝑐ℎ,𝑖 and 𝑃𝑑𝑐ℎ,𝑖 through battery round-trip efficiency 
𝜂 . Such constraints are further tightened by inequalities (8) and (9), 
𝑅𝑇𝐸
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which ensure that the inverters linking batteries to the distribution grid 
are not overloaded. Eq.  (10) represents the impossibility to have both 
charge and discharge in the same timeslot. Inequalities (11) and (12) 
represent the constraint to limit the number of charges and discharges 
to two during the day. Inequality (13) ensures that the system never 
discharges more than what is in storage, Inequality (14) avoids over-
charging, while (15) constrains the SoC at the end of the day to be the 
same as that at the beginning of the day. This constraint comes from 
the fact that intra-day oscillations are significantly larger than inter-
day oscillations and therefore it is sub-optimal to keep energy stored 
for the following day. Finally, Inequality (16) imposes a rest of four 
hours between every charge and discharge phase, to allow for system 
cooling.

2.3. Experimental tests

Because of the critical importance of 𝜂𝑅𝑇𝐸 to assess system prof-
itability, on-field tests must be performed on the real system to evaluate 
its performances. To this purpose, charge–discharge tests are needed, 
so that energy absorbed and injected in the grid can be measured. 
Constant low current charge–discharge cycles are common in the field 
of battery testing as a way to experimentally determine the total 
capacity of the system through Coulomb counting [83,84].

However, for the purpose of these experiments, total plant capacity 
is not the most important parameter to assess. What is relevant to 
be determined for profitability evaluation is the ratio between the 
energy delivered and that absorbed when the batteries are operated at 
constant power, to replicate usage conditions during energy arbitration. 
Therefore, the tests are based off constant power charges and discharges 
at rates close to the limits allowed by the inverters 𝑃𝑚𝑎𝑥,𝑖𝑛𝑣. In this way, 
it is possible to determine 𝜂𝑅𝑇𝐸 in the operating conditions.

Furthermore, by imposing powers that match those required by real 
operating conditions, it is also possible to validate the design of the 
containers hosting the batteries, monitoring cell temperatures. Since 
heat generation increases with the power, conduction of low current ca-
pacity tests would not provide any information about the performances 
of thermal management system. Emulating everyday operation, on the 
other hand, it is possible to obtain a realistic temperature profile, which 
allows to evaluate the thermal safety of the subsystem realized from 
second life battery modules.

2.4. Revenue estimation

After the range of capacities for the study has been identified, 
everyday operation of the system has been defined and 𝜂𝑅𝑇𝐸 has been 
determined experimentally, energy arbitration revenues have to be 
found as a function of battery capacity. To this goal, it is necessary 
to simulate system operation and its interaction with the power plant 
and the energy market.

To compare the results of first and second life batteries, two plants 
are simulated, one supported by a fresh storage system, the other by 
second life modules. Electricity production is recreated from the power 
output of previous years. For economical evaluations, historical trends 
of energy cost are available from the authority managing the power 
exchange [85].

At the end of the simulation, for every storage capacity, the fol-
lowing results are obtained: (1) first life optimized revenue 𝑅𝑜𝑝𝑡,1𝐿, 
corresponding to the total revenue of the plant obtained with the 
installation of the first life batteries; (2) first life best revenue 𝑅𝑏𝑒𝑠𝑡,1𝐿, 
corresponding to the revenue that could be obtained if prices were 
known in advance; (3) second life optimized revenue 𝑅𝑜𝑝𝑡,2𝐿 and (4) 
second life best revenue 𝑅𝑏𝑒𝑠𝑡,2𝐿, the equivalent of 𝑅𝑜𝑝𝑡,1𝐿 and 𝑅𝑏𝑒𝑠𝑡,1𝐿
for the plant with second life batteries. These results are to be compared 
with base revenue 𝑅𝑏𝑎𝑠𝑒, obtained by the plant without the installation 
of any energy storage system.
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Fig. 3. Photographies of the real system installed during the project. (a) The two containers housing first life and second life batteries. (b) Interior of the second 
life container.
2.5. Result analysis

To properly evaluate the economic performance of the two subsys-
tems, relevant metrics need to be defined on the basis of simulation 
results. First, the revenue increase is introduced, defined as 

𝑅𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 = 𝑅𝑜𝑝𝑡 − 𝑅𝑏𝑎𝑠𝑒. (17)

The value of 𝑅𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 needs to be normalized by the additional revenue 
provided by the energy storage system against the original revenue 
of the plant, to effectively describe energy storage effect on plant 
profitability. This is done as 

𝑅𝑖𝑛𝑐,𝑝𝑐𝑡 =
𝑅𝑜𝑝𝑡 − 𝑅𝑏𝑎𝑠𝑒

𝑅𝑏𝑎𝑠𝑒
⋅ 100, (18)

which allows to compare the impact of batteries regardless of plant size. 
Moreover, the additional revenue provided by battery installation is 
normalized against the results obtained knowing the prices in advance, 
which represent the best achievable improvement. This is represented 
through a prediction efficiency defined as 

𝜂𝑝𝑟𝑒𝑑 =
𝑅𝑜𝑝𝑡 − 𝑅𝑏𝑎𝑠𝑒

𝑅𝑏𝑒𝑠𝑡 − 𝑅𝑏𝑎𝑠𝑒
, (19)

where a unitary efficiency 𝜂𝑝𝑟𝑒𝑑 indicates that the price predicting 
algorithms in the loop provide hourly prices 𝑟𝑖 which are accurate 
enough to always find the best scheduling for the following day.

As cycling a battery contributes to its degradation, it is important 
to compare the additional revenue against the total energy exchanged 
during the observation period. This is done by metric 𝜌, defined as 

𝜌 =
𝑅𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒

∫ (𝑃𝑐ℎ + 𝑃𝑑𝑐ℎ)𝑑𝑡
(20)

which provides a revenue in e/MWh, measuring how profitably the 
system is cycled.

Finally, a key metric for evaluating profitability of an installation 
is the return on investment (ROI), defined as the ratio between the 
revenues and the investments. For the evaluations to be conducted in 
this project, the investment considers the purchase cost of batteries, as 
they are the main difference between the first life system and the one 
assembled from second life modules. Therefore, ROI is defined as 

𝑅𝑂𝐼 =
𝑅𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 − 𝐶𝑜𝑠𝑡𝑎𝑢𝑥 . (21)
𝐶𝑜𝑠𝑡𝑏𝑎𝑡𝑡
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𝐶𝑜𝑠𝑡𝑎𝑢𝑥 is the yearly expense for BESS functioning, which includes 
necessary container conditioning and energy consumption by moni-
toring and communication systems. On the other hand, 𝐶𝑜𝑠𝑡𝑏𝑎𝑡𝑡 is not 
limited to battery purchase cost, but it also includes module transport 
to the site and their re-collection at the end of the second life, since 
manufacturers perform recycling themselves. This strategic decision by 
battery providers has the goal to progressively increase the share of 
recycled raw material in compliance with European Union targets to 
be met by 2031 [86].

3. Case study

The described methodology has been developed during the conduc-
tion of the project BESS-2L, aimed at realizing a stationary battery 
storage system in support of a hydroelectric power plant operated by 
Compagnia Valdostana Acque (CVA) in Aosta Valley, shown in Fig.  3.

The main novelty of the project is the mixed utilization of fresh 
batteries designed for stationary applications and exhausted batteries 
from vehicular applications,sourced directly from the EV manufacturer, 
which certified that all modules have a SoH of 80% (± 1%). This partic-
ular structure, shown in Fig.  4, required the conduction of experimental 
tests aimed at assessing 𝜂𝑅𝑇𝐸 of the second life component with respect 
to the first life one. These on-field tests validate BESS installation for 
a generic power plant, as coupling is conducted at the 6 kV busbar 
(where POD is located) and is independent from the energy source. 
This generalized experimental validation is necessary for economical 
evaluations, as it allows to simulate different BESS sizes as well as their 
application to other plants.

The two subsystems have similar capacity, but different chemistries 
and connections to the distribution grid. The first life subsystem is built 
from LFP batteries and is connected directly to the AC/DC converter for 
interaction with the distribution network; the second life subsystem is 
built assembling NCM modules recycled from automotive application 
and must operate at a lower voltage. As can be seen from Fig.  4, a 
DC/DC buck–boost converter is needed for the second life subsystem. 
Although this impacts its total 𝜂𝑅𝑇𝐸 , application of such a converter is a 
common feature in literature, due to the unbalances that their different 
first life usage profiles can generate [87–91]. Both the first life and the 
second life subsystem feed an inverter which outputs a voltage level of 
470 V, regardless of SoC changes, as shown in Fig.  4. Low level controls 
impose the current to or from each subsystem in order to achieve the 
desired total power flow, while minimizing SoC unbalances.
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Fig. 4. Structure of energy storage system from BESS-2L project.
Each of the subsystems is located inside a closed container, whose 
room temperature is kept around 25 ◦C, regardless of the external 
weather conditions. This is fundamental to ensure system safety and to 
prevent thermal runaways which would be catastrophic for utility-scale 
installations such as this [92–94]. Thermal management is performed 
by means of forced ventilation alone, following the most common solu-
tions employed in stationary storage systems [44]. Its main advantages 
are simplicity and reduced costs with respect to a liquid cooling circuit. 
Extension of air cooling to the subsystem realized from automotive 
modules instead of liquid cooling is justified by the less demanding 
usage profile compared to their first life application [79].

3.1. Power plants under study

3.1.1. Hydroelectric power plant
The plant on which the project was conducted is a free-flow hy-

droelectric power plant operated by CVA in Valle d’Aosta. Its selection 
as a testbed for the application of static accumulators is dictated by its 
non-programmable nature. While the largest hydroelectric solutions are 
basin-regulated and their production is controlled, the selected plant 
is free-flow and its production cannot be programmed to cope with 
demand peaks. Therefore, it is an example of electricity generation 
from NP-RES, which benefits the most from application of batteries 
for energy arbitration. The maximum power coming from the turbines 
is around 88% of the total plant output allowed by transformers. 
The power rating of AC/DC converters used to link the stationary 
accumulator system to the hydraulic turbines is 84% of batteries nom-
inal capacity, thus imposing a stricter limit to charge and discharge 
operations, which cannot be performed at 1C. Therefore, Inequalities 
(8) and (9) are modified as in (22) and (23). 

𝑃𝑐ℎ,𝑖 ≤ 0.84
𝐶𝑏𝑎𝑡𝑡
1ℎ

⋅
1

√

𝜂𝑅𝑇𝐸
, ∀𝑖 ∈ {1, 2...𝑁ℎ𝑜𝑢𝑟𝑠} (22)

𝑃𝑑𝑐ℎ,𝑖 ≤ 0.84
𝐶𝑏𝑎𝑡𝑡
1ℎ

⋅
√

𝜂𝑅𝑇𝐸 , ∀𝑖 ∈ {1, 2...𝑁ℎ𝑜𝑢𝑟𝑠} (23)

3.1.2. Photovoltaic power plant
To obtain a complete picture of arbitrage profitability, further stud-

ies were conducted extending the application of the accumulation 
system to another power plant based on NP-RES operated by CVA, a 
photovoltaic park located in northern Italy. Considerations on such a 
plant are relevant for the evaluation of stationary accumulating systems 
impacts, as their hours of maximum output are those with the lowest 
7 
Fig. 5. Comparison of photovoltaic output and electricity price. Average May 
2024.

price throughout the day, as seen in Fig.  5. The maximum electric 
output generation from solar panels 𝑃𝑝𝑙𝑎𝑛𝑡 is equal to the nominal 
power rating 𝑃𝑚𝑎𝑥 allowed by converters linking the plant to electricity 
transmission network. This does not represent an issue in terms of 
operation scheduling, as battery discharge never takes place during 
photovoltaic output hours, unlike what happens in hydroelectric plants. 
The additional constraint represented by AC/DC converters power rat-
ing is kept at 84% of battery capacity, the same as the hydroelectric 
power plant, to perform a meaningful comparison.

3.1.3. Multi-site installation and temperature impact on profitability
Experimental results of BESS-2L project have been used to perform 

economic evaluations, assessing the impact of BESS installation on the 
profitability of a hydroelectric power plant and on a photovoltaic park. 
The two analyzed facilities are located in Northern Italy, therefore their 
operating conditions are similar (𝐶𝑎𝑢𝑥 is 1000 e/MWh yearly), but 
future work could be conducted replicating the activities of BESS-2L 
project in another of the plants operated by CVA, which are shown in 
Fig.  6. In particular, application of batteries to the wind farms located 
in Southern Italy would be beneficial to evaluate the impact of local 
climate on container conditioning costs included in 𝐶𝑎𝑢𝑥, balancing 
them against the impact of higher room temperature on 𝜂𝑅𝑇𝐸 and 
degradation speed. Furthermore, these plants belong to another elec-
trical sub-zone, whose negotiations are conducted separately, leading 
to slightly different prices (∼ 1% yearly), although grid regulations are 
the same.
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Fig. 6. Power plants based on NP-RES operated by CVA, spread across four 
of the seven Italian electrical sub-zones.

3.2. Round-trip efficiency tests

To evaluate the impact of second life batteries on total plant rev-
enues, RTE tests were performed on the two subsystems separately 
during the second half of June 2024. All modules were installed in 
the respective containers, which were closed, since system operation 
is always conducted remotely. Air conditioning was active at all times, 
keeping room temperature at 25 ◦C through forced ventilation, while 
the external values fluctuated between 30 ◦C and 35 ◦C. Testing was 
conducted according to the following steps: (1) SoC was calibrated by 
bringing it to the minimum level permitted by the BMS and allowed to 
rest; (2) the battery was charged in CP mode until the start of Constant 
Voltage (CV) mode, to simulate the operation during energy arbitration; 
(3) the system was rested for 75 min to allow cooling and electrical 
relaxation. Such a pause is only 30% of the rest imposed during daily 
operation and, therefore, it represents a significantly harsher operation 
than what is imposed in reality; (4) the battery system was discharged 
in CP mode and brought back to the SoC obtained at the end of point 
1 to complete a full charge and discharge cycle. The total energy 
absorbed and released by the system was measured at the POD of the 
power plant (Fig.  4), therefore the 𝜂𝑅𝑇𝐸 obtained from these tests also 
accounts for all losses through inverter stages.

3.3. Second life cells experimental characterization

To assemble a second life stationary accumulator, it is necessary to 
assess the quality of the cells recycled from automotive usage through 
experimental testing. The process was conducted inside a laboratory 
with air conditioning aimed at keeping room temperature at 25 ◦C, to 
replicate the operating conditions of the battery system inside the con-
tainer. Current and voltage profiles were provided through a ‘‘ITECH 
IT6015C-80-450’’ bidirectional DC power supply. The goals of such 
activity are: (a) identifying the remaining usable capacity for system 
dimensioning; (b) obtaining the curves of open circuit voltage and 
internal resistance as a function of SoC, fundamental information for 
the realization of a BMS to keep the assembly balanced. To assess 
(a), charge and discharge cycles were imposed to the cell. Discharge 
was conducted in Constant Current (CC) mode, while all charges were 
performed in CC–CV mode. First, a capacity test at low current was 
conducted at 𝐶𝑐𝑒𝑙𝑙/5, where cell capacity 𝐶𝑐𝑒𝑙𝑙 is obtained from that of 
the module when new 𝐶  via the number of parallel cells 𝑁  as 
𝑚𝑜𝑑 𝑝𝑎𝑟
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Fig. 7. Capacity tests conducted on the second life cell. The shaded area 
represents the on-field operating conditions of the cell, in CP charge and 
discharge between 4.22 V and 3.3 V.

in Eq.  (24). The cell was cycled between 2.9 V and 4.22 V, with CV 
phase ending when the current dropped below 𝐶𝑐𝑒𝑙𝑙/10. 

𝐶𝑐𝑒𝑙𝑙 =
𝐶𝑚𝑜𝑑
𝑁𝑝𝑎𝑟

(24)

The next step was performing the capacity test at nominal rate to assess 
cyclability in the conditions imposed by stationary storage operation. 
The cell was cycled at 𝐶𝑐𝑒𝑙𝑙 between 2.9 V and 4.22 V, with CV phase 
ending when the current dropped below 𝐶𝑐𝑒𝑙𝑙/10. The results of the 
capacity tests are shown in Fig.  7. Increasing the C-rate from 𝐶𝑐𝑒𝑙𝑙/5 to 
1𝐶𝑐𝑒𝑙𝑙 does not vary significantly the total capacity extracted, indicating 
that the cell under test is suitable for execution of full charge in an hour, 
in accordance with the operating strategy defined to maximize profit. 
The shaded area of Fig.  7 represents the operating interval in which the 
module BMS allows the cell to operate at 1𝐶𝑐𝑒𝑙𝑙, as module voltage is 
constrained between 3.3𝑁𝑠𝑒𝑟𝑖𝑒𝑠 V and 4.22𝑁𝑠𝑒𝑟𝑖𝑒𝑠 V from datasheet.

The second test campaign conducted on the cell was aimed at ex-
tracting (b) the open circuit voltage and internal resistance as a function 
of SoC. To do so, the cell was discharged by 5% of the total capacity 
obtained during the first test campaign, and then allowed to rest for 
12 min. Once it was fully discharged, the same procedure was repeated 
in charge. Last steps of charge and discharge procedures have been 
slightly adjusted to satisfy the constraints of minimum and maximum 
voltage. The voltage at the end of each relaxation phase, highlighted by 
circles in Fig.  8, is taken as the 𝑉𝑂𝐶 for the corresponding level of SoC, 
as shown in Fig.  9a. It is shown that the curves of OCV after relaxation 
measured in charge and discharge overlap significantly, demonstrating 
that 12 min of rest allow for full recovery of OCV from the excited 
state. On the other hand, the internal resistance demonstrates two 
opposite trends in charge and discharge. The value of 𝑅𝑖𝑛𝑡 was obtained 
comparing the curves obtained from the capacity test of Fig.  7 𝑉𝑏𝑎𝑡𝑡 with 
the open circuit voltage 𝑉𝑂𝐶 as in Eq.  (25). 

𝑅𝑖𝑛𝑡 =
𝑉𝑏𝑎𝑡𝑡 − 𝑉𝑂𝐶

𝐼
(25)

During discharge at high SoC, the cell is characterized by a very low 
𝑅𝑖𝑛𝑡, which instead reaches the maximum for discharge at low SoC, a 
commonly observed phenomenon [95]. The opposite trend is noted for 
𝑅𝑖𝑛𝑡 during charge, with high values observed over 90% SoC, due to CV 
operation instead of CC. With the exception of the peaks in extreme 
SoC conditions, the obtained 𝑅𝑖𝑛𝑡 in the operating region of the cell, 
described by the shaded region of Fig.  9, is oscillating around values 
that are between 38 and 50% of the maximum resistance, a behavior 
similar to what is found in previous literature [96].

3.4. Revenue estimation

To conduct economic evaluations on the usage of first or second 
life battery modules, it is necessary to evaluate the performance of 
the system on a sufficiently long period of time. This is necessary to 
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Fig. 8. Testing procedure to extract second life cell OCV. Circles highlight 
values of 𝑉  and 𝑆𝑜𝐶 taken at the end of the relaxation. In particular, the two 
points corresponding to 5% SoC are highlighted.

Fig. 9. Results from open circuit voltage tests. Shaded area represents the 
on-field operating region of the cell. a) Open Circuit Voltage 𝑉𝑂𝐶 after 12 min 
of rest as a function of SoC. b) Internal resistance 𝑅𝑖𝑛𝑡 as a function of SoC.

filter out the seasonal trends in electricity production, caused by lower 
sunshine or reduced river flow. For this case study, the considered time 
window is the year 2023, to capture production trends and seasonal 
price variations.

The system composed of battery and power plant was modeled 
in Matlab Simulink environment and its operation through the year 
was simulated to assess the revenues for different installed capacities 
and RTEs. Day-ahead scheduling of battery operation was represented 
via the generation of a price database to forecast price trends. This 
was used to test the control logics, which define charge and discharge 
based on past days and receive information about prices only after 
communicating the schedule. In parallel, a second plant is simulated, 
with full knowledge of electricity prices, to assess the best possible 
profit granted by energy arbitration. The comparison between these 
two results is fundamental in tuning the price prediction function, as it 
points out the missed revenues due to poor forecasting accuracy.

The two plants also include a simplified degradation model to obtain 
realistic results. While 𝐶𝑏𝑎𝑡𝑡 is a constant in the daily optimization 
problem, the value fed to the programming algorithm is recomputed 
for each iteration. Degradation is represented through a reduction of 
the installed capacity which occurs constantly everyday with a total 
decrease of 1.5% at the end of the year. This drop is a conserva-
tive estimate, adapted from previous experiments in literature, which 
see a yearly degradation around 3% performing 4.5 equivalent full 
charge–discharge cycles in a day [81].

4. Results

4.1. Round-trip efficiency tests

Round-trip efficiency tests were conducted separately on the first 
life and on the second life subsystems, by mean of charge and discharge 
9 
Fig. 10. Voltage trend during RTE tests. a) First life subsystem. b) Second life 
subsystem.

Fig. 11. Net energy drawn from the grid during RTE tests. a) First life 
subsystem. b) Second life subsystem.

tests operated in CP at a power corresponding to 60% of the installed 
capacity 𝐶𝑝𝑙𝑎𝑛𝑡, that is 

𝑃𝑐ℎ = 𝑃𝑑𝑐ℎ = 0.6
𝐶𝑝𝑙𝑎𝑛𝑡

1ℎ
(26)

This operation mode is the one that best represents daily operation, 
as 𝑃𝑚𝑎𝑥 and 𝑃𝑝𝑙𝑎𝑛𝑡 constrain the battery to work at C-rates below the 
limits imposed by the inverter and, over the entire 2023 simulations, 
the average of 𝑃𝑐ℎ and 𝑃𝑑𝑐ℎ was 60% of the one corresponding to 1 h 
discharge. The constant power applied was measured at the POD, so 
that the resulting efficiency is consistent with system operation.

The results of RTE tests conducted on the first life subsystem are 
shown in Figs.  10a and 11a. The BMS allowed CP discharge until the 
lower operation limit, as shown by the 0% SoC in Fig.  10a. Charge 
was interrupted as soon as the CP phase ended, around 90% SoC. 
Fig.  11b displays the energy drawn from the grid to be stored in the 
battery. The blue curve refers to the value obtained from integration 
of the power as measured at the POD, while the orange one considers 
the power measured at battery level. In total, the energy that the 
subsystem inserts in the network during discharge is lower than that 
drawn during charge by around 7%. Part of this is due to hysteresis 
losses caused by overvoltages and undervoltages, highlighted by area I 
in Fig.  11a. However, most of the total losses (area II) take place at the 
inverter stage, as the charge–discharge efficiency of the battery alone 
𝜂𝑏𝑎𝑡𝑡 amounts to 98%, while overall efficiency 𝜂𝑅𝑇𝐸 for the first life 
subsystem amounts to 92.9%.

Results of RTE tests conducted on the subsystem assembled from 
second life automotive batteries are displayed in Figs.  10b and 11b. 
The voltage-SoC curve obtained from tests on the entire subsystem is 
in agreement with the OCV curve obtained during laboratory test on a 
single cell. As with the first life subsystem, CP charging ended around 
90% SoC. However, the BMS in charge of balancing the second life 
modules did not allow for CP discharge until the lower operating limit, 
stopping it at 5%. From the comparison between Fig.  11a and 11b, it is 
evident that the second life subsystem experiences larger losses during 
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Table 1
Efficiency comparison of 1st and 2nd life storage systems, from 
experimental tests.
 1st life system 2nd life system
 𝜂𝑏𝑎𝑡𝑡 𝜂𝑅𝑇𝐸 𝜂𝑏𝑎𝑡𝑡 𝜂𝑅𝑇𝐸  
 98% 92.9% 97% 81.3%  

Fig. 12. Trend of temperature during the RTE test of second life subsystem.

a whole charge–discharge cycle. This is partly due to an increase of the
hysteresis losses (I), a common phenomenon for aged batteries [97].
Battery efficiency 𝜂𝑏𝑎𝑡𝑡 drops from 98% to 97%, but the majority of
the increase derives from the necessary introduction of the DC/DC
converter between the battery and the inverter. Overall, 𝜂𝑅𝑇𝐸 for the
second life subsystem is 81.3%. The round-trip efficiency of each of the
subsystems and the charge–discharge efficiency of the battery itself are
presented in Table  1.

In addition to efficiency identification, capacity tests conducted on
the second life subsystem also allowed to evaluate the suitability of
the forced air solution in place of liquid cooling, as shown by Fig.
12. It can be seen that the average temperature of the cells exceeds
30 ◦C only at the end of the charge and discharge phases, when the
battery has been working for almost two hours. In addition to this, the
highest logged cell temperature is 35 ◦C and the difference between
average and maximum reaches a peak of 4.5 ◦C in correspondence of
the end of discharge phase. These results show a satisfactory balance
of cell temperature during real operation, ensuring that none of the
components move out of the region for normal battery operation [98].
Therefore, capacity tests demonstrated that forced ventilation cooling
is applicable also to the second life modules which were designed for
liquid cooling.

4.2. Economic results

Fig.  13 shows the yearly revenue increase 𝑅𝑖𝑛𝑐,𝑝𝑐𝑡 (Eq.  (18)) for the
application of a stationary accumulation system as a function of the
installed capacity. The difference in trend between a) and b) is evident.
For the free-flow hydroelectric plant, the increase in revenue exhibits
a less than linear increase with respect to battery capacity, due to
the seasonal trends in energy production, which cause low values of
𝑃𝑝𝑙𝑎𝑛𝑡 at the beginning of the year. However, limitations imposed by
transformer power rating 𝑃𝑚𝑎𝑥 are relevant as well, since they prevent
from exploiting the maximum discharge power in the most remuner-
ative hours. On the contrary, profitability increase for the PV plant is
linear for capacities below 80% of the nominal plant power. Since the
most remunerative hours have no electricity generation, 𝑃𝑝𝑙𝑎𝑛𝑡 does not
force the accumulator to discharge at lower rates. On the other hand,
maximum production timeslots correspond to the least remunerative
hours. Therefore, in PV application, the battery can always fully exploit
the price difference between daily minimum and maximum.
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Fig. 13. Yearly revenue increase 𝑅𝑖𝑛𝑐,𝑝𝑐𝑡 as a function of installed capacity 
normalized against plant output. a) Free-flow hydroelectric power plant. b) 
Photovoltaic park.

Fig. 14. Specific revenue 𝜌 as a function of installed capacity normalized 
against plant output for first and second life batteries. a) Free-flow hydro-
electric power plant. b) Photovoltaic park.

The aforementioned characteristics of energy market and plant out-
put also impact the trends of specific revenue 𝜌 as a function of storage 
size, as shown in Fig.  14. Increasing the installed capacity in a free-
flow hydroelectric power plants reduces 𝜌 linearly. This is caused by 
𝑃𝑚𝑎𝑥 limitations, which prevent from discharging during the hour with 
maximum price, therefore imposing to operate the batteries in a less 
efficient way. The significant drop for second life storage sizes above 
40% of the hydroelectric plant maximum hourly output is caused by 
the relation between maximum turbines output and maximum power 
plant output, with the former being around 88% of the latter. As 
a consequence, during spring time, when 𝑃𝑝𝑙𝑎𝑛𝑡 is at its maximum, 
batteries specific revenues drop, and this is more evident for second life 
modules, where a larger part of exchanged energy is lost due to lower 
𝜂𝑅𝑇𝐸 . On the other hand, 𝜌 increases minimally with larger installed 
capacities for PV plants. The reason for the increase comes from the 
fact that the days with the highest peak solar production to be exploited 
are those with the largest difference between minimum and maximum 
prices. Therefore, a larger battery can take more advantage of days with 
the highest sunshine, causing the minimal increase seen in Fig.  14b.

The better performances in terms of 𝑅𝑖𝑛𝑐,𝑝𝑐𝑡 and 𝜌 for the PV installa-
tion are due to the differences in plant operating conditions rather than 
accuracy of price prediction logics. This can be seen from Fig.  15, which 
compares the values of 𝜂𝑝𝑟𝑒𝑑 for the two types of plant. In both cases, 
battery usage scheduling performed without prior knowledge of price 
profiles yields satisfactory results, with revenues granted by energy 
arbitration in the region of 90% of the maximum achievable results for 
first life accumulators and around 80% for re-used automotive modules. 
The lower result for the second life case is a consequence of the reduced 
𝜂𝑅𝑇𝐸 , which causes the system to absorb more energy and release less in 
the grid, making it more impacted by mismatches between predictions 
and real prices.
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Fig. 15. Prediction efficiency 𝜂𝑝𝑟𝑒𝑑 as a function of installed capacity normal-
ized against plant output. a) Free-flow hydroelectric power plant for first and 
second life batteries. b) Photovoltaic park.

Fig. 16. ROI as a function of installed capacity normalized against plant 
output and for different discount rates on second life batteries (red curves). a) 
Free-flow hydroelectric power plant. b) Photovoltaic park. (For interpretation 
of the references to color in this figure legend, the reader is referred to the 
web version of this article.)

Despite the worse performances with respect to the solar park, 
the application to hydroelectric power plant shows a faster ROI for 
the purchase of batteries for energy arbitration, as shown in Fig.  16. 
This happens because, although with lower efficiency, the hydroelectric 
power plant exploits the batteries more, with the execution of two 
charges and discharges a day, compared to the single cycle that can be 
performed in the PV plant. Therefore, as can be seen from comparing 
Fig.  16a and b, the ratio between battery cost and yearly profit is lower 
for the hydroelectric plant, indicating a faster payback.

Most importantly, the study conducted on the basis of real exper-
imental 𝜂𝑅𝑇𝐸 , power production data and electricity cost highlights 
that payback is considerably faster for the installation of second life 
modules. This is because batteries recovered after automotive usage 
were purchased at a price that is 70% cheaper in e/kWh than what was 
paid for the fresh LFP modules. Although battery prices are following 
a downwards trend, Fig.  16 shows that first life accumulator prices 
should fall by over 50% to outperform the ROI offered by second life 
batteries with the same discount rate experienced in the project. On the 
other hand, enforcement of regulations on exhausted traction modules 
might generate a larger flow of second life batteries dismantled from 
vehicles, driving down their prices. Overall, Fig.  16 shows that discount 
rates as low as 50% are enough to keep second life more profitable than 
first life batteries at current prices while, on the opposite side, with a 
price reduced by 85%, second life batteries would require only 5 years 
to pay back the investment.

5. Conclusions

This article presented an economical analysis drawn from the results 
of the BESS-2L project. In this context, a stationary energy storage 
system was realized integrating fresh batteries for building applications 
11 
with an equally sized assembly of re-used second life modules from 
vehicular applications. Experimental tests demonstrated the feasibility 
of such a system, with the second life subsystem able to deliver constant 
power during a full charge–discharge cycle at 60% of its nominal power 
in the same way as the first life one. During these tests, it was also 
proved that ventilation cooling is sufficient even for modules designed 
for liquid cooling, like automotive ones, thanks to the less demanding 
usage profile.

The necessary presence of one additional DC/DC conversion stage 
in the second life portion of the stationary storage impacted its 𝜂𝑅𝑇𝐸 , 
which drops from 92.9% to 81.3%. However, through analysis of one 
year of real plant production programs and energy price on the national 
exchange, it was demonstrated that even with a lower efficiency, re-
used batteries are able to provide a profitability increase for power 
plants based on NP-RES, up to 1.2% for hydroelectric generation and 
5% for solar parks. These results also show that, despite having a 
smaller impact on plant profitability overall, battery payback is faster in 
the case of free-flow hydroelectric power plants than for photovoltaic, 
as their production program allows to exploit the storage system more, 
through the execution of two cycles a day.

Most importantly, it was demonstrated that second life modules of-
fer a payback that is twice as fast compared to first life systems, thanks 
to a purchase price that is over 70% lower, but they would remain 
competitive even if the discount dropped to 50%. This cost advantage 
is bound to increase in the coming years, as the expansion of EV 
diffusion will increase the demand for fresh batteries, while the offer of 
used modules will inevitably ramp up, as a consequence of the growth 
of electric mobility in the past decade. Therefore, the installation of 
second life battery modules, that this article proved as economically 
advantageous already, will steadily become more profitable than first 
life installations. At the same time, second life energy storage solu-
tions will improve the entire electric mobility life cycle, reducing its 
waste in landfills and improving the efficiency of renewable electricity 
generation.

To conclude, this project has demonstrated the feasibility and prof-
itability of installation of recycled batteries in renewable electricity 
production, a key step to make mobility electrification sustainable in 
all fields, economically and environmentally.
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