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While electric vehicles are promising to reduce carbon emissions on the road, from a holistic life-cycle view,
further environmental considerations in the production and end-of-life management of their batteries are
required. Recently, circular end-of-life thinking has been promoted with strategies to increase retired batteries’

lifetime through second-life as lifetime extension is typically favoured in life cycle assessment. However, stan-
dardization of these strategies toward recycling or repurposing paths is recommended for different Li-ion
chemistries. This categorization mainly concerns the cobalt-containing cathode Li-ion batteries i.e., NMC
which is the dominant technology for transportation, and the alternative technology i.e., LFPs with a more recent
attention toward them in automobile sector due the cobalt scarcity in the supply chain. This technology shift will
impact their end-of-life management at the retirement. In this arrangement, the economic priority of repurposing
such battery chemistries needs quantification. This study evaluated the financial return of repurposing retired Li-
ion NMC and LFP batteries for energy arbitrage applications in power systems. The feasibility of repurposing is
examined in the Irish and Queensland’s markets. Results show that retired Li-ion LFPs respond to price fluctu-
ations more frequently with a higher financial return compared to NMCs; thus, they have higher potential for
repurposing as such their greater integration in new vehicles is promising from a circular economy perspective.
Different rates of return have been observed for various sizes of systems and battery durations. The financial
benefits are more prominent for a one-hour battery in a medium system compared to half and two-hour durations
and a smaller system. A sensitivity analysis shows that even spending the same capital cost as a new system for a
repurposed system results in a marginal financial return in a competitive electricity market like Queensland’s,
whereas further incentives toward circular-enabling business models from local authorities will effectively make
such investments feasible.

Circular economy

1. Introduction

Attempts to reduce carbon emissions in transport have recently
pushed the adoption of Electric Vehicles (EVs) globally. This has been
targeted, amongst other means, by placing a ban on registering internal
combustion engine vehicles by 2035-2040 in several countries such as
the UK, Ireland, and France, leading to future market uptake of EVs.
Such policy shifts and all the encouragement and market competition in
the automobile sector will result in a substantial amount of End-of-Life
(EOL) EVs with a stockpile of obsolete batteries [1], whereas strate-
gies to address the management of them are not yet well developed.

Uncertainty about the fate of retired EV batteries poses a risk to the
sustainability of their supply chain. Currently, Li-ion Batteries (LIBs) are
facing numerous challenges in their supply chain including the
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extraction of rare earth material and huge production costs. Further-
more, in the use phase, the substitution of combustion engine vehicles
with EVs would create new peaks in the electricity demand which the
electricity market may not always be in a position to accommodate. In
the EOL phase, the staggering number of EOL LIBs in the future could
create challenges regarding their disposal, reuse, and recycling. Their
dismantling and removal from vehicles, collection and transportation
are highly costly with a lack of trained technicians & facilities with
appropriate safety measures. Further, the absence of regulations and
standards, inconclusive reuse business models and unautomated &
inefficient recycling facilities are barriers to their EOL management [2].

Baars et al. [3] proposed that introducing new circular strategies in
every phase of the supply chain of LIB helps their sustainability. They
suggest that retired batteries with above 80 % State of Health (SOH) will
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be suitable for reuse and repurposing, whereas the ones below this
threshold are recommended to be recycled. For material recovery,
recycling strategies are being developed [4] toward a full recycling
concept via hydrometallurgical methods; whereas other studies [5]
indicate that, where cascading the lifetime of LIBs in the first and second
life is possible, it is environmentally favoured. However, there are
several technical and economic challenges with battery second lives [6].

Recent studies aimed to address some of the second-life battery
challenges and opportunities. For example, Noa Horesh et al. [7] argue
that the reconditioning cost of retired batteries is a huge barrier to their
repurposing and proposed a method to evaluate that. They found the
second life reconditioning to be an opportunity for improving the po-
tential for batteries’ second life. Elisa Braco et al. [8] discovered that the
ageing assessment of LIBs is fundamental for their repurposing and
performance during their second life. Their analysis is focused on
finding the relevant features for health estimation and the robustness of
the health indicators. Cheng et al. [9] also discussed that the sustain-
ability performance of second-life LIBs concerns their degradation pro-
file. They mention that the initial State of Health (SOH) and degradation
rate are the two factors to consider in cost models and conclude that the
pricing model is challenging to create unless more data would be
available on the second-life supply chain of batteries.

Although pricing is not a straightforward task for second-life batte-
ries, some studies have worked on the feasibility of second-life appli-
cations. For instance, Lacap et al. [10] evaluated the applicability of
retired EV batteries for demand control in a microgrid. They reported a
satisfactory performance of the battery system for peak shaving; how-
ever, the capacity degradation of battery cells was not measured during
one year of operation. Thus, the economic return of their analysis is not
transparent without providing a lifetime overview. Wilson et al. [11], on
the other hand, propose a critical SOH parameter indicating the quality
of modules as a minimum threshold to be environmentally justifiable.
They tested their analysis in the residential Australian context.

Al-Wreikat et al. [12] measured the payback period for different
brands of retired EV batteries repurposed in residential storage systems.
They identified the right sizing to the peak and off-peak demand, the
battery price drop by EV overtaking the market, and the battery storage
application to more than one household as favourable factors to reduce
the payback. Xu et al. [13] evaluated the economic feasibility of
repurposing retired batteries in the Danish electricity market i.e. day
ahead and regulation market. Their result shows that using retired
batteries in this market is not cost-effective at the moment. However,
they discuss beneficial scenarios where the investment cost is reduced by
10 % or the prices in the regulation market rise by 50 %.

While the abovementioned studies were not taking different types of
LIBs, comparatively, in their assessment, some studies discussed how the
EOL strategies would be different for various types of LIBs. As such, Geng
et al. [14] narrowed down the second life feasibility assessment of LIBs
for the Lithium Iron Phosphate (LFP) chemistry only, due to the long
cycle life, high safety and low cost despite lower energy density and low
temperature. Whereas they categorized the lithium Nickel Manganese
Cobalt oxide (NMC) and Lithium Nickel Cobalt Aluminium oxides (NCA)
chemistries as favourable for recycling since they are a good source of
the secondary supply of critical raw materials. The same conclusion is
reported in work by Wang et al. [15] showing that the environmental
advantages of recycling LFP are much lower than NMC chemistries.
Moreover, Dunn et al. [16] discussed the circularity barriers of LIB
materials and highlighted the required policy intervention for the lower-
value materials in future EV LIBs. In a review by Xin Lai et al. [17], it has
been discussed that sorting and standardization are important from an
EOL policy perspective.

Considering the environmental advantages of repurposing retired
LFP batteries in vehicles compared to the NMC ones, there are a few
works addressing their economic priority in second life. As such a study
by Casals et al. [18] in which a summary of compatibility between the
battery chemistry and potential stationary second life application is
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provided. Although, their analysis is more focused on the environmental
impact and their economic evaluation is not a quantitative analysis but
rather an indicative comparison. Exploring the literature, we found out
that no proper economic evaluation has been performed confirming the
techno-economic advantages of LFP to Cobalt containing LIB batteries
including NMC. This is specifically important to investigate with the
recent attention toward using LFP batteries in the automobile sector.
Currently, Li-ion LFPs are becoming very popular in China, the main
producer of EVs [19]. Likewise, the American producer, Tesla [20],
announced a change of its battery types to LFPs in all its standard-range
vehicles. Also, industry competitors favour LFP chemistries due to the
fire safety, operational cost and higher flexibility to the depth of dis-
charges which is a considerable advantage for short-duration applica-
tions [21].

With this recognized gap, this study aims to answer this question: Is
the shift from NMC to LFP batteries in the automobile sector favourable
for the circular economy approach of repurposing as stationary appli-
cations? Answering this question will help to better understand and
quantify the economic advantages of using LFP batteries for repurposing
in stationary storage systems. This comparison has been tested for
second-life applications of retired Li-ion NMC and LFP battery types for
energy services in the Irish and Queensland (QLD), Australia electricity
markets. While the current practice for battery use in electric grids is
more focused on reserve/ancillary services, it is more insightful to
consider energy trading applications which has a much higher potential
global demand while reserve services will remain a more limited use
case. Testing our case study, we are evaluating the economic return of
this business model in an energy competitive market i.e., QLD and a
simpler case of the Irish electricity market, as good and baseline
scenarios.

The rest of the paper is as follows: The methodology approach is
discussed in the following section: after that the results of this evaluation
are represented in Section 3, followed by a conclusion to the analysis at
the end of the paper.

2. Methodology

The economic evaluation of the second-life feasibility of retired EV
batteries in this work is approached using a revenue-cost analysis and
has been conducted for battery participation in energy trading services
in the electricity market. Two initial SOH of retired batteries are
assumed: 90 % and 85 %, in 4 and 8-year-old retired vehicles followed
by Fallah and Fitzpatrick [26] suggesting that this is approximately the
expected SOH at this age of vehicle disposal. The four and eight-year-old
batteries could potentially be coming from early failure vehicles or at the
end of an eight-year lease agreement.

Two types of Li-ion Batteries i.e., LFP (A123 Systems’ APR18650m1
LiFePO4 cells) and NMC (type US18650V3 manufactured by Sony En-
ergy Devices) have been selected for this evaluation. The batteries’
ageing profile is modelled using the same model as applied in Fallah and
Fitzpatrick [26] and fitted by the experimental data provided by
Maheshwari et al. [27] and Lam and Bauer [28]. Battery modelling
details and parameters are provided in the Supplementary document.

In this work, energy arbitrage trading in the power system is tested
for second-life feasibility. Energy trading applications are highly sensi-
tive to batteries cycling profile, thus a better representation of the per-
formance of different Li-ion chemistries compared to reserve services or
backup storages. Although we showed in our previous work [26] that
reserve services are the most beneficial application in the Irish elec-
tricity market, these types of applications are limited in demand,
whereas the demand for energy trading applications either real-time
markets or demand response peak shaving is increasing globally. In
principle, the revenue from arbitrage trading in the electricity market
comes from price fluctuations. Taking the Irish electricity market as an
example, the settlement prices are determined every half an hour. The
arbitrage revenue is created when batteries buy/charge for lower prices
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and sell/discharge for higher prices. Therefore, those markets with the
so-called duck-curve price profiles are appreciated better for arbitrage
trading. In this work, we are examining batteries’ contribution to two
real-time energy markets i.e. Irish Imbalance (IMB) market [22] and
Queensland, Australian Spot market [23]. The same compensation
mechanism of these two markets made this comparison feasible. The
reason for selecting these two markets is that Queensland’s Spot market
is one of the recognized markets for revenue-making by arbitrage
trading [21], whereas the Irish IMB market is not incentivized for bat-
tery operation [26]. By comparing these two markets, we are taking the
optimistic and pessimistic case studies for this evaluation. Both case
studies take scenarios as listed in the table below (Table 1). More on
these parameters and their impact on the project financial returns are
explained in the Results and discussion section.

Max(Income — Expenses):

{ Income = (P X Eg;)
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compensation for discharges. Moreover, the expenses are broken down
into charging costs, battery replacement or depreciation cost, and O&M
cost. The number five in the second term of Expenses represents that the
battery capital cost is spent for the first 20 % capacity after which the
EOL threshold would be surpassed. Thus, this term is divided by 0.20 or
multiplied by five.

This objective is further subject to several conditions stated below.
The available energy Eqq is updated by every charge and discharges
with a round trip efficiency, eta, and the leakage charges. The charge
availability is also limited by the capacity as the capacity degrades over
time, the maximum charge will be affected accordingly. The capacity
itself is affected by calendar and cycling ageing shown as .y and 6. and
defined in the Supplementary data. The State of Charge (SOC) is boun-
ded by a minimum of 20 % as it is recommended by manufacturers. The

Expenses = (P X E¢p) + 5 X Costegpitar X (Ocyc + 6car) + CoStogm

Charging cost

s.t:

Availability const.:

Eavail[t] < CapaCity[t]
Capacity lost const.:

SOC const.: 0.2 < 50C[t]

Dis const.: Eqis[t] < Prgteq % 0.5

Edis [t] < Eavail [t]

Eaislt]

Battery Replacement Cost

Eavail[t] = Eavail[t —-1]+ Ecp [t — 1] X eta —

Capacity[t] = Capacity[t — 1] —

O&M cost
Eqis[t-1]
S F

eta leak

(€8]

eta is the round-trip
efficiency.

5cyc [t] + Scal[t] - 6cal[t - 1]

Capacity[t]-Egpailt]

Depth of dis. const.: DOD|[t] =

Egvaillt]xeta

An optimization algorithm has been designed to pick the optimum
price periods to maximize revenue. The objective, as indicated in Eq. (1),
is to maximize the profit, while the income is coming from the

Table 1
Scenario description for case studies.

Parameters in
scenarios

Case study 1 Case study 2

Market Queensland’s Spot market Irish IMB market

Battery type LFP &NMC LFP &NMC

Battery SOH 90 % & 85 % 90 %

Battery age 4- & 8-year-old 4-Year-old

System size Small and medium size (1 and ~ Small and medium size (1
10 MW) and 10 MW)

Battery duration 0.5,1,and 2 h 1h

Capacity|[t]

discharge energy, Eg;s, is impacted by the battery output power and the
dispatch duration interval, as it also needs to meet the charge avail-
ability in the battery. The Depth of Discharge (DOD) counts the amount
of discharged energy to the available charge in the battery, while
sequential charges or discharges are also counted by the second term in
the formulae. The optimization programming codes which are devel-
oped using the Pyomo library in Python are provided in the Supple-
mentary document.

The parameters for the cost components i.e., capital and O&M costs
in Eq. (1) are adopted from Viswanathan et al. [29] and Mongird et al.
[30] for 1 and 10 MW systems sizes. The considered values for param-
eters are represented in the Appendix A-1 and A-2. Although the capital
investment for retired batteries is expected to be lower, thus we incor-
porated this financial impact by estimating the cost of battery cells
themselves within a BESS. According to Mongird et al. [30], battery
block cost is counted as 35 to 40 % of the system cost for durations below
2 h and with system sizes of 1-10 MW. We assumed if the retired battery
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Fig. 1. (a & d) Half-hourly Spot prices in the QLD market (b & e) LFP battery operation and revenue making in the QLD market. (c & f) NMC battery operation and

revenue making in the QLD market.

blocks are worth 20 % of the new ones, as is the assumption in Zhan et al.
[24]. The whole BESS cost will decrease to almost 70 % of a system with
new battery blocks. We acknowledge that this assumption might be not
fully valid, therefore a cost sensitivity is represented in the Results and
discussion section.

The calendar life is also considered to be 15 years for a brand-new
battery as recommended by Cole et al. [31] in a moderate scenario,
although there are studies that take a 20-year lifetime for Li-ion
batteries.

And finally, the economic return of the retired battery investment is
conducted using the Internal Rate of Return IRR index. The IRR is
achievable by solving the below formula [25]. This index indicates the
annual rate of growth that investment is anticipated to achieve. This
index is ideal when analysing the over-the-lifetime financial return
compared to the capital investment. The higher the IRR, the more
desirable the investment.

C,

G
(1+1IRR) °

The 0 = NPV = Z

where:

C; = Net cash inflow during the period t
Co = Total initial investment costs

IRR = The internal rate of return

t = The number of time periods

The results of this methodology are discussed in the following
section.

3. Results and discussion

Results of the battery scheduling for energy trading in the QLD Spot
market and Irish IMB market are visualized in Figs. 1 and 2. The prices
for two various date periods are selected to be visualized in these figures
as samples of different price fluctuation profiles. Figs. 1(a) and 2(a)
represent extremely high spike price periods in which prices rise to
$10,000 and $ 4500 for QLD and IMB markets. The LFP and NMC bat-
teries respond differently to these extreme optima though, by deeper
and more frequent discharges for LFP batteries compared to NMC ones,
as indicated in Figs. 1(b & c) and 2(b & c). The reason the NMC batteries
do not respond as frequently as LFPs is because of their high deprecia-
tion cost with severe sensitivity to DOD, as the red graphs for both
battery types show.

The other date periods represented in Figs. 1(d) and 2(d) does not
contain as many spikes, while the presence of negative prices in these
time slots is mainly the reason for battery charge and discharges. In this
sense, battery charging is creating revenue (by buying negatively priced
energy) as indicated in Figs. 1(e & f) and 2(e & f). The battery discharges
in these periods are comparatively shallower than in extreme price pe-
riods. However, the LFPs pick more negative prices with more frequent
charging compared to NMCs.

Although the depreciation cost happens because of discharging and
not charging (The battery degradation model is sensitive to discharges
and charging does not cause degradation. More on this is provided in the
Supplementary document.), batteries need to discharge at some point to
be able to charge at negative optima prices. Thus, the revenue from
negative charging would not compensate for the discharges of NMCs.
Furthermore, the annual battery revenue captured by summing up the
results of the optimization represented in previous figures along with
other technical and economic parameters are listed in Tables 2 and 3 for
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Fig. 2. (a & d) Half-hourly settlement prices in the IMB market (b & e) LFP battery operation and revenue making in the Irish IMB market. (c & f) NMC battery
operation and revenue making in the Irish IMB market.

Table 2
Results of economic analysis of retired battery investment in Queensland Spot market.
Satry | ESOM | wiurton | S0 | Al | socbnise | R | Potbec
ifetime-years|

NMC 0.90-4 1 MW- 0.5hr $246,390 $29,500 3.6 0 none

NMC 0.90-4 1 MW- 1hr $392,160 $37,700 6.2 0 none

NMC 0.90 -4 1 MW- 2hr $683,700 $ 55,786 7.3 0 none

NMC 0.90-4 10 MW- 0.5hr $203,498 $29,500 3.6 0 none

NMC 0.90-4 10 MW- 1hr $338,625 $37,700 6.2 0 none

NMC 0.90 -4 10 MW- 2hr $608,880 $ 55,786 7.3 0 none

LFP 0.90-4 1 MW- 0.5hr $243,165 $58,000 4.5 6.5% 4.5

LFP 0.90 -4 1 MW- 1hr $385,710 | $102,000 6.5 15.8% 4.68

LFP 0.90-4 1 MW- 2hr $670,800 $125,000 8 8.7% 7.34

LFP 0.90-4 10 MW- 0.5hr $199,950 $58,000 4.5 9.4% 4.19

LFP 0.90-4 10 MW- 1hr $331,530 $102,000 6.5 21.5% 3.9

LFP 0.90-4 10 MW- 2hr $594,690 $125,000 8 12% 6.3

LFP 0.85-8 1 MW- 1hr $385,710 $101,000 3.4 none none

LFP 0.85-8 10 MW- 1hr $385,710 $101,000 3.4 0.4% none

Table 3
Results of economic analysis of the retired battery investment in the Irish IMB market.

Battery type Initial SOH-age (years) MW/duration Capital invest. Annual revenue Expected second use lifetime-years IRR Payback-years
LFP 0.90-4 10MW-1h $331,530 $68,960 5.23 0.01 5.23
LFP 0.90-4 1MW-1h $385,710 $68,960 5.23 0 None
NMC 0.90-4 1MW-1h $392,160 $6466 8.6 0 None
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QLD and IMB markets, respectively. Results of the battery arbitrage
trading in the QLD market in Table 2 for a 1 MW BESS size and half-hour
duration, containing the retired NMC batteries from an early failure
vehicle at age of four and 90 % SOH, show that the $29,000 annual
revenue within the estimated 3.6 years of service will not compensate
the investment of $246,000 along with other O&M costs (Appendix A-2);
thus the IRR is zero with no payback period. Whereas, for the same
system size and almost similar investment costs, an LFP-based BESS
would return 6.5 % annually and will pay back by end of its lifetime.
However, increasing the duration of such a system to 1 h will end up in a
higher return and sensible payback as highlighted in Table 2. Increasing
the duration further to 2 h, on the other hand, results in a lower IRR
compared to the one-hour system. The reason behind the various
financial profiles of different duration batteries is that the one-hour
duration battery can harvest the sequential spiked prices, thus ending
up with higher IRR compared to half-hour ones; whereas in a two-hour
system, although this capability is given, the higher cost of investment
will not be met by this extra harvesting reimbursement. The same
rationalization is applicable to NMC batteries with the difference that
the revenue is not high enough for this battery chemistry to compensate
the investment cost even with higher duration.

Further in Table 2, the results of examining a medium system with
10 MW power capacity and different durations are listed. As highlighted,
the highest return is for a one-hour battery duration with 21.5 % IRR.
Comparing this scenario with the same BESS specifications but a lower
size of 1 MW, it is more profitable due to the lower investment cost per
MWh capacity of a medium-sized system thanks to the economy of scale.

The best scenarios with 1-hour battery and 1 and 10 MW system sizes
have been picked and examined with the retired 85 % SOH batteries
from eight-year-old vehicles. A 4 % rate of return is estimated for a 10
MW system and no return at all for a 1 MW system, concluding that the
85 % SOH is not financially beneficial to be repurposed for energy
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trading in the QLD market. Although, hybrid applications which also
include ancillary services might make this investment profitable.

Moreover, looking at the arbitrage results in the IMB market in
Table 3, shows that batteries contribution in this market marginally
reimburses the investment costs in the best-case scenario for an hour
duration, 10 MW BESS with 90 % SOH of LFP battery cells. Whereas
NMCs’ contribution in this market is minor with only $ 6466 of annual
revenue, with more than eight years of service life showing that very few
discharges happen annually. We limited the results for the IMB market
to only the three listed scenarios as these are the top-shelf scenarios
compared to the other less likely profitable scenarios.

Finally, we examined how the best-case scenario of a 10 MW LFP
system containing 90 % SOH cells and a one-hour duration will return
financially in the QLD Spot market for different investment costs as a
percentage of a new system cost. As it is discussed in the Methodology
section, 70 % of the new BESS price is assumed in all the so far analyses.
While results in Fig. 3(a) show how sensitive the IRR is to the different
percentages of capital investment. As it can be observed, by taking a
range of 75-100 % of capital investment of a new BESS, the IRR is
changing in a range of 21.5 to 11.2 % for this arrangement. Also, the
sensitivity of payback periods to these changes is represented in Fig. 3
(b). According to these results, if a system’s Capex is as much as a new
BESS’s cost, it is still paying back before its service life (6.5 years as
stated in Table 3), although it might not be an attractive financial case
for investment. However, there might be other incentives that drive such
investments in terms of enabling sustainability schemes from the local
authorities, for which this study can be used as a baseline for their
evaluations.

4. Conclusion

This work aimed to investigate the second use feasibility of two Li-
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Fig. 3. (a) IRR and (b) payback sensitivity to percentage capex of new BESS for 10 MW and 1-hour duration LFP case study in QLD market.
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ion battery chemistries commonly used in EVs, as there is a new trend in
the automobile market in shifting toward LFP chemistries. Even though
LFPs provide lower energy density compared to NMC batteries this
strategy is taken by some to address the scarcity of cobalt material in
NMC'’s cathodes. The second use business model in this work is created
around retired batteries’ second application for energy arbitrage trading
in two different markets i.e., the QLD Spot market and the Irish IMB
market. An optimization algorithm has been developed for the decision-
making for battery participation. The model has been tested for different
BESS sizes with different duration and battery chemistries. Results show
a justifiable financial return for a 10 MW medium-size system with a
one-hour duration containing retired LFP cells with an initial 90 % SOH
in a competitive market such as QLD. Whereas the same system speci-
fication is not working best for the Irish IMB market as it is not as
incentivized as the QLD market. For NMCs, on the other hand, such
services are not financially promising even in the QLD market.

Furthermore, a sensitivity analysis to the percentage capital invest-
ment as percentages of a new BESS shows that LFP batteries’ financial
feasibility is marginally justifiable when we are equalizing the capital
investment to be the same as the new systems. This is a baseline analysis
showing that if batteries are subsidized in energy-competitive markets
such as QLD toward creating sustainable second-life business models,
their financial feasibility is effectively achievable. The authors recom-
mend future investigations evaluating the impact of such incentives in
similar markets.

Appendix A
Appendix A-1

The capital cost estimation of Li-ion NMC and LFP batteries for various durations.
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Battery type Unit 1MW 10 MW
0.5h 1h 2h 0.5h 1h 2h
LFP $/kWh $648 $514 $447 $533 $442 $396
Total cost $324 $514 $894 $266 $442 $792
NMC $/kWh $657 $522 $455 $542 $451 $405
Total cost $328 $522 $911 $271 $451 $811

Appendix A-2

The O&M cost estimation of Li-ion NMC and LFP

batteries.

Parameters

Value for 1 MW system

O&M cost

LFP: 2.52 $/kWh
NMC: 2.57 $/kWh

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.est.2023.107740.
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