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Increasing electric vehicles (EV) penetration leads to significant challenges in EV battery disposal. Reusing re-
tired batteries in distributed energy systems (DES) offers resource-circular solutions. We propose an optimisation
framework to model the emerging supply chains and design strategies for reusing the retired EV batteries in DES.
Coupling a supply chain profit-allocation model with a DES design optimisation model, the framework max-
imises the whole chain profit and enables fair profit distribution between three interactive sectors, i.e., EV, DES,
dismantling and recycle (D&R) sectors. Our research highlights the system implications of retired batteries on
DES design and new modelling insights into incentive policy effectiveness. Our case study suggests significant
potential value chain profits (2.65 million US$) achieved by deploying 10.7 MWh of retired batteries in the DES
application with optimal retired battery price of 138 US$/kWh. The revenue support on D&R sector is suggested

as a promising incentive scheme than tariff support.

Background

The electric vehicles (EVs) offer a promising low-carbon solution to
decarbonise the transport sector [1]. However, the increasing produc-
tion of EVs (above 5 million at 2020 in China) leads to significant chal-
lenges in EV battery disposal [2]. Typically, an EV lithium-ion (Li-ion)
battery pack needs to be replaced when its capacity reduces to 80% of
its rated capacity due to the safety and performance considerations [3].
By 2030, the generated retired batteries could reach 708 x 103 ton in
China, and the value is expected to rise with the flourishing of EV in-
dustry [4]. The expensive disposal process and low recycling rate (less
than 2%) cause environmental concerns e.g., active metals resource de-
pletion [5]. With proper refurbishment, the retired EV batteries could
be reused (also known as second-use) for a second life in stationary
applications e.g., in distributed energy systems (DES), which has been
suggested as a promising way to catalyse a resource-circular battery in-
dustry and create new supply chains for energy storage [6]. With the
development of refurbishing or remanufacturing technologies [7], such
an emerging supply chain not only leads to cost benefits for the entire
industry, but also offers potential to reduce batteries’ environmental im-
pacts by extending life cycle of batteries as illustrated in Fig. 1, or avoid-
ance of new battery production to meet demands for stationary energy
sector [8]. To promote the reuse of retired EV batteries in stationary ap-

plications, global automobile industry leaders have launched initiative
projects e.g., BMW in Germany [9], Nissan in US [10], Renault in the
UK [11], and BJEV in China [12].

Literature review and knowledge gap

This topic has attracted increasing research attention since 2010.
Earlier studies have explored the retired batteries utilisation in the resi-
dential DES sector. Heymans et al. [13], discussed the economic perfor-
mances and role of EV retired batteries for levelling the residential en-
ergy demands. Li et al. [14], optimised a residential microgrid consider-
ing the interaction between retired EV batteries and PV panels. Previous
research investigated the deployment of the retired batteries to support
renewable solar energy, such as published work by Tang et al. [15] and
Assuncdo et al. [16]; feasibility studies were performed to understand
the applications of retired batteries in commercial EV charging station
[17], and industrial energy storage [18]; while the potential of imple-
menting the retired batteries under a generalised DES context beyond
“renewable + storage” systems remains largely unexplored.

The research efforts on evaluation of reusing retired batteries in sta-
tionary applications are further extended to wider perspectives more
recently. Cusenza et al. [19] integrated lifecycle assessment approach
to analyse the load match effects of reusing EV retired batteries. Canals
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Fig. 1. Extending life cycle of EV batteries by reusing retired batteries in DES.
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et al. [20] found that reusing second-life batteries as an energy aggrega-
tor to provide demand response services in European secondary electric-
ity markets could achieve more profit than merely residential purpose.
Tang et al. [21] further developed a game theory based optimisation
model to evaluate social-economic-environmental impacts of the retired
EV batteries industry and observed that the reward-penalty mechanism
could contribute to a higher recycling rate. As an emerging concept,
the published research studies have indicated the technical feasibility
of using retired batteries in stationary applications.

Despite research efforts placed on evaluation of using retired bat-
teries in stationary applications, few studies have been oriented from
a whole supply chain perspective, whereas lack of whole system per-
spective may lead to a biased view of the profitability of reusing retired
batteries in DES applications. A vital knowledge gap exists in under-
standing the interactions between the DES sector and its upstream and
downstream sectors. Within this emerging supply chain, several key sys-
tem implications of retired batteries’ price, potential market volume,
and technology deployment policies remain largely unexplored, which
deserve further investigation.

To address knowledge gaps, we propose an integrative framework,
for the first time, to model the emerging supply chains and design strate-
gies for reusing the retired EV batteries in DES. Such emerging solution
represents innovation in future energy transition and offers a promising
supply chain to interlink EV battery and energy storage sectors through
resource-circular technologies. By coupling a game theory approach
[22] and a DES design optimisation model [23], the interaction of sup-
ply chain nodes, including government agencies, EV and battery man-
ufacturing sectors, DES sectors, and dismantling and recycling (D&R)
sectors are modelled. Developing a case study on retired EV battery ap-
plications in China, we demonstrate the new insights such modelling
framework can generate to inform decision-making on economic and
technique aspects of utilising EV retired batteries in DES applications.

Model framework

We propose a framework integrating a supply chain profit-allocation
model with a DES design optimisation model as illustrated in Fig. 2(a).
The supply chain profit-allocation model considers the cascade utilisa-
tion of retired batteries from the EV sector in the stationary applications
for energy storage of the DES sector, and final disposal by the D&R sec-
tor. The whole supply chain profits are maximised while considering a
fair profit-allocation among sectors, which is achieved by the Nash equi-
librium type formulation [24] as structured in Fig. 2(b). Here, the fair-
ness is defined as an equilibrium where all sectors involved in the sup-
ply chain achieve an acceptable or ‘fair’ allocation of total supply chain
profit [25]. Fig. 2(c) illustrates a DES where the design optimisation
model derives the cost-optimal solutions for DES energy network design,
system configuration design, and dispatch strategy [26] equipped with
new or retired batteries for 20-year project lifetime. Beyond the typi-
cal “renewable + storage” system, we investigate system implications of
utilising either new or retired batteries on the generalised DES design.
This has been achieved by developing the DES optimisation model that
covers renewable and non-renewable energy sources, energy network
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and exchange, and supply-demand co-design fulfilling the electricity,
cooling and heating demands of a district with multiple buildings.

Eq. (1) defines the profit of each sector (zgy, 7pgg and zpgg) in line
with Fig. 2(b). The profit of EV sector is determined by the capacity
of the retired batteries (CAPRB) sold to the DES sector and the value
difference between the retired battery sales price (price®®) and corre-
sponding costs for collection & reassembling (Cgy). The profit of DES
is defined as the energy system cost savings from implementing retired
batteries (CE‘ES) instead of new batteries (ngs), and these two costs are
optimised by the DES design optimisation model (DES model details in
Method Section). As for D&R sector, its profit is determined by the ca-
pacity of retired batteries (CAPR®) discarded by the DES sector at the
end-of-life, multiplied by per unit economic benefit (benefitP%R) of final
processing and valuable material recovery.

TRy = CAPRB x (priceRB = Cpy) (la)
NB RB

7pes = Cpes ~ Cpgs (16)

7p g = CAPRB x benefitP R (Ic)

Based on these profits definitions, the capacity of retired batteries
(CAPRB) and sales price (priceR®) are two key decision variables that
interlink all three sectors. The capacity of retired batteries sold by EV
sector is equal to the capacity installed in DES and the capacity of bat-
teries eventually discarded to the D&R sector at the end-of-life. Hence,
the capacity (CAPRP) represents the potential market volume for the
entire supply chain. The sales price of retired batteries (price®®) for the
EV sector is the same as the capital cost of retired batteries installation
for the DES sector. The integrative model optimises these key decision
variables with the defined parameters including Cgy, benefitP?®® and
techno-economic parameters for the DES design model (specified in the
Method section).

The flowchart in Fig 3 illustrates how the components in the mod-
elling framework are interlinked and resolved. In general, the modelling
framework simultaneously optimises (1) the cost-efficient energy system
design with retired batteries and (2) the fair profit allocation scheme
for the modelled supply chain, to determine the optimal market volume
and selling price of reusing EV retired batteries, as well as the potential
profit of the whole supply chain. All model formulations are detailed in
the Method section.

Case study and optimal solutions

We apply the proposed framework to evaluate the system implica-
tions of reusing EV retired Lithium-ion batteries for a DES application
in an urban district in Shanghai, China. Six commercial buildings in this
district represent a 20-year DES application to fulfilling their cooling,
heating, and electricity demands equipped with retired batteries. Fig. 4
shows the model parameterisation in accordance with Fig. 3 including
energy demands, energy tariffs, locations, etc. Fig. 4a—c demonstrates
the typical annual energy demands, which reflect the variation in de-
mand profiles in a typical year. Fig. 4d shows spatial distribution of six
buildings, which impact the energy networks. The energy tariffs given
in Fig. 4e affect both system design and dispatch strategies to achieve
cost optimal system; solar radiation index in Fig. 4f impacts the renew-
able energy generation from rooftop PV panels. As defined by Eq. 1, the
reassemble cost for the EV sector and per unit economic benefit for the
D&R sector are two given parameters to determine the key decision vari-
ables i.e. the capacity of retired batteries and sales price. In this case,
we assume the reassemble cost for the EV sector as 27 US$/kWh and
the economic benefit for the D&R sector as 13.5 US$/kWh based on the
recent market estimation [27,28]. The average capital cost of new bat-
teries was assumed as 410 US$/kWh with a range of 250~670 US$/kWh
[29]. The retired batteries are expected to have a lower capital cost than
the new batteries; with proper refurbishment, both retired and new bat-
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Fig. 2. Schematic of the proposed modelling framework for reusing EV retired batteries in DES. (a) shows the integration of the supply chain profit-allocation
model with the DES design optimisation model. (b) illustrates the Nash-type formulation structure of the proposed framework with definitions of the profit for each
sector, two implementation of incentive policies, and the connections for model integration. (c) illustrates the DES that the design optimisation model can achieve
a cost-efficient energy system design that fulfilling electricity, cooling, and heating demand simultaneously. Abbreviation in DES design optimisation model: solar
photovoltaic (PV), combined heating and power (CHP), heat pump (HP), natural gas (NG), electrical chiller (ele_chiller), and absorption chiller (Abs_chiller).

teries were assumed to have similar performance during the DES ap-
plication, i.e., 93% charging/discharging efficiency, 2% self-discharge
rate [3], and the consistency among cells. However, the retired batter-
ies have shorter lifetime and replacements are required every 5-years
during the DES application lifespan [16]. Note that these assumptions,
particularly on cost values, are case specific and could be sensitive to
future development of battery technologies and recycling technologies.

The model optimises profit allocation strategy from the market reg-
ulation perspective to enable the emerging supply chain of retired EV
battery. The optimal solution with the maximum supply chain profit
under the fair profit allocation strategy is shown in Fig. 5. The whole
supply chain can achieve an overall profit of 2.65 million US$ for this
application, in which D&R, EV, and DES sectors account for 6%, 45%,
and 49%, respectively. The profit of the EV sector comes from the sales
income of the retired batteries. The D&R sector’s profit relies on the
market volume (i.e., installed capacity) of retired batteries. As for the
D&R sector, the larger capacity of retired batteries been adopted in the
supply chain, the higher amount of valuable material can recycle for
higher profits. The obtained optimal sales price of retired batteries is
138 US$/kWh. The market volume of retired batteries is projected as
10.7 MWh, which is equivalent to reusing the battery pack of approx-

imately 515 hybrid electric passenger cars (HEPC), 258 battery elec-
tric passenger cars (BEPC) or 74 battery electric commercial vehicles
(BECV). The optimisation solution is derived based on the average en-
ergy density of retired batteries, i.e., 75wh/kg (with the range of 60—
90wh/kg), average weights of battery pack for HEPC, i.e., 275 kg (with
range of 150-400 kg), BEPC, i.e., 550 kg (with range of 300-800 kg),
and BECV, i.e., 1900 kg (with range of 800-3000 kg) [30].

DES design with retired EV batteries

The lower capital cost by using retired batteries not only directly af-
fects the profit of DES but also leads to different DES designs as shown
in Fig. 6(a), which contributes to the profit allocation of DES sector.
Due to the lower price of retired batteries than new batteries, a signif-
icantly higher capacity of batteries is adopted within the system, i.e.,
10.7 MWh of retired batteries compared to 1 MWh of new batteries.
Hence, the peak/off-peak electricity tariff, as well as the feed-in tariff,
are efficiently utilised to power the district to reduce the DES costs,
and also gain more income by selling electricity back to the grid during
the peak period. Consequently, the installed capacity of CHP reduces
significantly in the retired batteries cases in comparison with new bat-
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achieved.

teries case. The lower capacity of CHP installation further leads to a
lower heating supply, which results in an 10% increased investment on
energy-saving strategies (i.e., more advanced retrofit options been ap-
plied). Thus, the capacity differences of heating/cooling energy supply
technologies are insignificant for the two cases under investigation.

The 10.7 MWh capacity of retired batteries not only impacts the de-
sign of DES significantly but also influences the operational strategy of
DES. Fig. 6(b) illustrates the operational strategy of retired batteries. In
the morning, to reduce the self-discharge and fully utilise the off-peak
tariff, battery charging happens 2-3 h before the peak periods (start-
ing from 8 a.m.), and then the batteries discharge the stored electricity
during the following 4-5 h. In the afternoon, the batteries are charged
for 2-3 h with a normal tariff before the evening peak periods (starting
from 6 p.m.), then the batteries discharge for DES utilisation over the
peak periods.

Trade-off between maximum profit and fairness

The above-mentioned optimal solution is considered as the baseline
case, in which the D&R sector only shares 6% of the total profit, while
other two sectors both account for over 40% of total profit. Here we
assess the trade-off between fairness and profit maximisation across the
value chain. Our model enables evaluating possible scenarios by config-
uring different profit distributions as shown in Fig. 7(a-c), where con-

straints are introduced to vary the profit-sharing ratio of a given sector
(shown by x axis). The following insights have been generated:

(1) Asshown in Fig. 7(a), the maximum of total profit for the D&R sector
is achieved in the baseline case, where DES and EV sectors share over
45% of total profit with the remaining 6% profit allocated to the
D&R sector. When the D&R sectors’ profit is further reduced from
6% to 3%, the lost profits of the D&R sector are not captured by
other sectors but result in the decline in total profit for the whole-
supply chain. Considering the scenarios on the right-hand side of
the baseline case, the profits of both DES and EV sectors decrease
significantly to fulfill the constraints of increasing the share of D&R
sector, which leads to the total profit drop. The underlying reason for
these observations is that the theoretical maximum profit of the D&R
sector is one order of magnitude smaller than that of other sectors
based on the profit definitions in this study. Thus, in every scenario,
the D&R sector has reached or almost reached its maximum profit.
Hence, to fulfill the constraint of increasing the share of D&R sector’s
profit, the total profit of the whole supply chain has to be reduced.
Additionally, the price of retired batteries drops with the increase in
D&R sector’s profit share.

(2) A similar analysis of mandatory profit re-distribution is conducted
for DES sector, which leads to different results compared to the D&R
sector. Although an increase in the DES sector’s profit also leads to a
reduction of total profit, the decline is relatively minor compared to
the results from the D&R sector. More interestingly, when the DES
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Fig. 4. Model parameterisation in the case study. (a)-(c) presents the hourly electricity, cooling, and heating energy demand of six buildings (B1~B6), respectively.
(d) shows the locations of six buildings with distance measured by meters, which will affect the energy network design and energy exchange among buildings; (e)
displays the real-time energy prices, including natural gas for boiler (NG_boiler), natural gas for CHP (NG_CHP), electricity purchased from the grid (Grid_buy),
and electricity feed-back to grid (Grid_sell). Note that natural gas price for CHP is lower than that for boilers due to existing incentive policies. (f) shows the solar
radiation index (SRI) for different seasons. Each year with the project-life is divided into three representative seasons of transition (trans), summer (summ), and

winter (win). Detailed inputs are presented in Supplementary SI-1.
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Fig. 5. Optimised whole supply chain profit, profit allocation scheme, retired
battery price, and market volume of retired battery utilised in the case study.

sector’s profit is forced to decline to 40%, the total profit goes up
slightly. As the D&R sector tends to reach its maximum profit level,
the slight increase in total profit can be attributable to the rising EV
sector profit.

Fig. 7(c) suggests that the variation of EV sector’s profit share does
not significantly affect the total profit. This can be explained by
the variation in EV sectoral profit being efficiently offset by the
DES sectoral profit (the D&R sector’s profit is still close to its maxi-
mum). Two interesting scenarios are marked by red circles in Fig. 7(b
and c), which imply the less fair but profit-maximised solutions
achieved when EV sector, DES sector and D&R sector account for
55%, 40%, 5% of total profit, respectively. In comparison with the
profit-maximisation solution, the baseline case (i.e., EV, DES and
D&R sectors account for 49%, 45%, and 6%, respectively) represents
a fairer strategy for all supply chain players.

3

-

Overall, our results show that a “fairer” profit share scheme could be
achieved with the drop of the total supply chain profit; and the trade-
off exists between achieving a fairer market and maximised total profit
with dominant players. In the meantime, Fig. 7(a—c) suggests that the
price of retired batteries goes up along with the increment of EV sec-
toral profit and the drop of DES sectoral profit, and vice versa; com-
pared to two other sectors, the D&R sector tends to reach its maximum
profit within a narrow range. These observations could inform decision-
making on an effective scheme to incentivise this emerging supply
chain.

Policy implications

Policy schemes are expected to promote the new technology pene-
tration and regulate the markets [31]. Different technology deployment
policies could be summarised and expressed as several key schemes
[32], i.e., direct subsidy, revenue support, tax reduction, government
loan, tariff support, green product purchasing, and certificate trading
gain. Based on the observations in last section, here we present two
scenarios to evaluate the effectiveness of revenue support policies for
the low-profit D&R sector and the tariff support policies for the DES
sector.

Revenue support on the dismantling and recycle (D&R) sector

The revenue support can enable the D&R sector to obtain extra in-
come from recycling retired batteries, i.e., benefit?®R goes up. As illus-
trated in Fig. 8(a), a higher profit share of D&R sector can be expected
with the increase in revenue support. More importantly, a rising total
profit and a fairer profit share among each player are also observed.
When the revenue support reaches 40 $/kWh, the profit shares of the
DES sector, EV sector and D&R sector are 45%, 35%, and 20%, respec-
tively. Meanwhile, the price of retired batteries remains around 130 to
150 $/kWh. This scenario suggests that revenue support for the D&R
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sector contributes to the improvement of total profit and a fairer profit
distribution.

Tariff support on DES sector

It is interesting that the tariff support does not boost the total profit
or fairness of profit share as expected. Tariff support for DES sector here
is defined as a scheme that enables the DES to feed electricity back to na-
tional grid at a more competitive price during the peak periods. In fact,
increasing the feed-in tariff price contributes to the promotion of batter-
ies but not for retired batteries. As shown in the third y axis in Fig 8(b),
the installed capacity of new batteries increases significantly with the
increase in feed-back tariff price. This leads to a higher capacity of new
batteries and much lower energy cost of DES. However, based on the
profit definition, if the DES energy cost including new batteries is low,
the profit of implementing retired batteries declines instead. Hence, the
total profit does not increase. Additionally, the price of retired batteries
is not significantly affected by the tariff support, varying between 125
and 150 $/kWh.

Discussion and limitations
Potential of the retired EV batteries as a resource-circular solution

Coupling game theory approach and DES design optimisation, we
modelled the interaction of three sectors involved the emerging sup-
ply chain for retired EV battery re-use in urban DES. Our case study on
a district with six commercial buildings in China demonstrates that a
market volume of 10.7 MWh retired batteries can achieve significant
supply chain profit (2.65 million US$). Compared to the DES whole life-
cycle (including capital and 20-year operation) cost of 31 million USS$,
the supply chain profit is 8.3% of the DES whole lifecycle cost. The
projected optimal sales price for the retired batteries sales price is 138
US$/kWh, which agrees with the price range reported in previous re-
search (see supplementary Table S5). However, the supply chain profit,
market volume and price of the retired EV batteries in this study only
represent the insights from a specific case study, which may vary with
variation in system parameters e.g. costs of battery reassembling, types
of stationary applications.

Impacts on DES design

Our results suggest that retired EV batteries instead of new batteries
can lead to significantly different design and operational strategy of DES.
Due to the lower cost of retired batteries, the DES will install lower
CHP capacity for onsite generation while installing a higher capacity
of batteries and interact with the grid much more actively right before
the peak period compared to the case of new batteries. A significant
decline in energy cost of the DES can be expected by utilising the retired
batteries, which could further be functional for peak shaving.

Trade-off between maximum profit and fairness

By mandatory re-distribution the profit, we found a trade-off be-
tween a fairer market and maximised supply chain profit with domi-
nant players. The proposed framework allows quantitative analysis on
different profit allocation scenarios. Since the maximum profit of D&R
sector (upper limit) is lower than other two upstream sectors, enforc-
ing a “fairer” supply chain may lead to a reduced total profit across the
supply chain. Such modelling evidence provides policy insights into key
factors to regulate supply chains and enable retired battery adoption.

Policy implications

We develop a tool to understand how policies could promote the in-
dustry of utilising retired batteries in DES. The revenue support on D&R
sector improves the total supply chain profit and leads to a fairer profit
distribution, showing that the revenue support policy has the potential
to support the D&R sector breaching its upper limit of profit. The prof-
itability of the supply chain grows with D&R sectoral profits. With the
development of battery recycling technology and the increasing con-
cerns on resource scarcity, the benefit of recycling valuable material
is expected to increase, which could further promote the whole sup-
ply chain. By contrast, although tariff support is regarded as a practical
policy to incentivise the market penetration of batteries in stationary
applications, it is not effective for the retired batteries. This could be
explained by the decrease in marginal cost-savings of retired batteries,
as a consequence of tariff support which reduces the cost of using new
batteries. These observations not only provide valuable insights but also
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Fig.7. Profit variations with different mandatory profit share for different
sectors. a—c, increase profit share mandatory for (a) D&R sector, (b) DES sector,
(c) EV sector. x axis: different percentage of profit share mandatory assigned to
D&R sector (a), to DES sector (b), and to EV sector (c), respectively. Primary
y axis: values of profit. Secondary y axis: price of retired batteries (Price_RB)
achieved in different mandatory profit share scenarios.

importantly highlight how the proposed framework can inform policy-
making on effective incentive scheme design.

Limitations
To enable research focused on retired battery optimal price, we have

modeled reassemble cost for EV sector and economic benefit for D&R
sector as parameters, the assumed economic parameters were intro-
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Fig. 8. Profit share when revenue support on D&R sector and tariff sup-
port on DES sector. a-b, revenue support on D&R sector (a), Tariff support on
DES sector (b). In (), x axis: subsidy amount ($/kWh), primary y axis: profit
archived of each sector, secondary y axis: retired battery price (Price_RB). In (b),
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duced due to lack of reliable data source. In future research, with further
penetration of retired EV batteries in DES applications, such parameteri-
sation could be obtained from market price (or alternatively, they could
be defined as variables to investigate their variation and optimal solu-
tions).

Conclusion and future perspectives

The increasing number of electric vehicles (EV) leads to significant
challenges in the disposal of EV retired batteries. Under a circular econ-
omy context, new supply chains are emerging to reuse the EV retired
batteries for stationary DES applications, which enables the multiple
sectors to benefit from cost-effective energy supply and battery reuse.
To advance the understanding of system implications of retired bat-
teries price, market volume and technology deployment strategies, we
present an optimisation framework which integrates a supply chain
profit-allocation model with a DES design optimisation model. The de-
veloped modelling framework not only optimises supply chain profit and
allocation strategies but also captures the design and flexible operation
of batteries in DES with hourly temporal resolution.

The case study in Shanghai shows a great potential of reusing the
retired batteries in stationary application in urban areas. This has been
demonstrated by a significant capacity (10.7 MWh retired batteries) and
a supply chain profit of 2.65 million US$ in a 6-building urban district.
Our case study also suggests that EV and DES sectors tend to dominate
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the supply chain profit share by 45% and 49%, respectively, whereas the
D&R sector shows the trend reaching its maximum profit. Our modelling
results demonstrate that the policy support on the D&R sector has the
potential to increase both whole chain profit and profit share fairness.
However, the effectiveness of technology deployment policy is worth
modelling exploration — the policy incentive for new batteries may not
be effective for the retired EV batteries. Additionally, more realistic in-
vestigations considering real operational data from car manufacturers
would be valuable.

Overall, our research presents a mathematical modelling tool to in-
form decision-making on the emerging supply chain of reusing retired
batteries in DES applications. Several emerging research frontiers could
be further explored in future research:

(1) The proposed modelling framework is extensible to take into account
the technical constraints of retired EV batteries, e.g. extra space re-
quirements or higher maintenance requirements of retired batteries
in comparison with new batteries. Such technical constraints could
be formulated as either monetary or technical parameters in the
model. The framework can also be expanded to explore multi-criteria
decision-making considering environmental sustainability and eco-
nomic viability, as well as simulate the interaction and competition
between market players.

(2) The insights generated from this study informs decision-making on
retired battery price which enables optimal supply chain profits
and fairness of profit allocation. However, the developed modelling
framework can be further adapted to other optimisation problems to
inform decision-making in other sectors, e.g. optimal assembly costs
for EV sector and economic benefits for D&R sector.

(3) The modelling framework developed in this study is generally appli-
cable to inform decision-making in retired EV batteries in stationary
applications. We presented an urban central case study as it repre-
sents a potential site for reusing retired EV batteries due to high en-
ergy intensity and complementary demand profiles of neighbouring
buildings. In future research, wider applications under global con-
text including rural, urban fringe areas, and different regions could
be modelled where the model parameterisation could be reconfig-
ured to reflect local demand profiles, energy costs, and market ma-
turity.

Methods
Parameter and variable definitions

A modelling framework has been developed to integrate a supply
chain profit-allocation model with a DES design optimisation model. All
the parameters and variables in this study are defined in Table 1 whereas
the parameterisation is given in Supplementary Information Table SI-1.

DES design optimisation model

We developed a spatial-temporal MILP optimisation model to assess
the technical and economic feasibility of utilising retired batteries in
DES design. The model follows a bottom-up structure that optimises the
system design and operational strategy simultaneously [33]. It offers
flexible energy design options that all buildings in the case district can
build their own energy systems, equip battery storage technologies, im-
plement energy-saving measures, inter-connected as local networks, and
interact with the macro grid [34]. We model the system operation with
hourly resolution. The operation of all devices, state-of-charge for en-
ergy storage, and local and macro energy exchanges are captured with
hourly resolution for representative days in typical seasons.

DES model inputs. The developed model is parameterised with inputs
including (a) spatial representation of buildings, (b) hourly time hori-
zon, (c) real-time electricity and natural gas tariffs, (d) solar radiation
index, (e) electricity, cooling and heating energy demand, (f) technical
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parameters, e.g., efficiencies and energy saving potential, ramp rates,
on/off limits, (g) economic parameters, e.g., capital cost, O&M cost, (h)
climate parameters, e.g., solar radiations. Detailed parameters in this
case are given in Supplementary SI-1. A slightly higher maintenance
cost for the retired batteries than new batteries is also considered [20],

DES model outputs. The outputs from the model include (a) energy
network design and energy exchange; (b) system configurations, sizing,
and operation strategies; (c) adopted energy saving strategies; (d) opti-
mised energy system cost when equipped with new or retired batteries.

DES model objective. This model minimises the energy system cost
including the capital cost and the discounted operational cost (interests
rate (r) of 6%) for a 20-year project as derived in Eq. 2.

20
=CAPEX + ) (FC,+ MC,+GC)x (1 =r) @
y=1

NB/RB
CpEs

The capital cost (CAPEX) includes capital cost of all energy device
and pipework, as well as cost of implementing energy-saving measures
for roof, window and wall as shown in Eq. (3a). Note that only one
option for each energy saving strategy for each building is allowed as
constrained by Eq. (3b).

_ CAP CAP CAP
CAPEX = 2 CAP, x CEMP 4 Z DX, ; x CSAP+ @y XCAR
it ij#i shik!=1,2,3
(3a)
Y o<1 (3b)

K'=123

All the operational cost (i.e., FC, MC, and GC) are discounted to the
base year. Since we use typical day to simulate the hourly operation
of DES while assume energy demands remain unchanged for each type
of typical day at different years, the subscript of y is not displayed for
the simplicity of model description. Fuel cost (FC) is the cost of gas
consumption by all devices as derived in Eq. 4.

CHP b—heat

i,s,h — i,s,h -

FC= —22 X COTCHP R e oGP &)
ish \ Mcup Mo

Maintenance cost (MC) can be calculated by the unitary maintenance
cost of each technology (C™2i"t) multiplying the energy output from one
certain device accordingly, as formulated in Eq. 5.

_ pv/CHP hp/b—heat ec/ac—cool in—st in—st maint
MC = 2 (Ei,:,h +Qi,s,h + Qi,s,h + i,s,h + Ei,s,h ) X Cr
i,s,h

(&)

The grid cost (GC) includes electricity purchasing cost minus the rev-
enue of feed-back as shown in Eq. 6.

G =3 (i En,) = X (G B, ©)
i,s,h i,8,h

DES model constraints. The model constraints include electricity, cool-
ing, and heating energy balances (i.e., supply-demand balance), oper-
ation constraints (e.g., ramping and energy conversion), storage con-
straints (i.e., thermal and battery storage), utility grid connections (i.e.,
buy and sell electricity to the macro-grid), and network constraints (i.e.,
logical constraints on energy network design and operation). The con-
straints are detailed below.

DES model — Energy balances. The energy balances include electri-
cal balance, heating balance and cooling balance. Eq. (7) presents the
electricity balance, where battery charge and discharge are considered.
Eq. (8) presents the heating balance, where energy exchange among
buildings, energy exchange loss, and potential heating demand reduc-
tion by implementing energy saving strategies are modelled. Similar
with the heating balance, Eq. (9) presents the cooling balance.

dem _ p-st—out pv im CHP _ pec _ pex _ php _ pst—in
Ei,s,h - Ei,s,h + Ei,s,h + Ei,s,h + Ei,s,h Ei,s,h Ei,s,h Ei,s.h Ei,s,h (7)
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Table 1
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Nomenclature for optimisation modelling framework.

Indices

©

[OX
Parameters
Cey
benefit'M
priceNB
CCAP

DX
n

ij

HtP
c
Cmamt

im
Ch

A
ha
Ch

dem

i.s,h

h—saved
Qs’.(,s,h,k’
Loplpe
SR,
M

RB

price,

Tpq
Opq .
Continous

Variables
RB
CDES
¢
Binary Variables
Poin
CHP
ish

CHP
Xisn

cha
Fish

pq

Positive Variables
7p

priceR®

CAPRB

CAPEX

FC

MC

GC

Definitions

Sets of three representative seasons

Sets of demand-side energy saving strategies (roof upgrade, window upgrade, wall upgrade)

Sets of 24 h

Sets of buildings

Sets of buildings, j#i

Sets of energy supply devices, including PV, CHP, boiler (b), electric chiller (ec), absorption chiller (ac), heat pump (hp), battery storage
(b-st), cooling storage tank (c-st)

Sets of options for each demand-side energy saving strategy (k’=1 basic retrofit, k’=2 improved retrofit, k’=3 high standard)

Set of discretised levels for model solving linearisation

Set of three players

Set of indexes 1~A for special order variables (4,)

Upper bound of variables

Lower bound of variables

Definitions

Cost of EV sector for reassembling the retired battery

Economic benefit of D&R sector for recovering valuable material

Average capital cost of new batteries

Unit capital cost [$/kW] of different energy technologies (C°A?); unit capital cost [$/m?] of energy network (C;QCP); and unit capital cost [$]
of different options for roof, window, and wall energy saving retrofit (C$/})

Distance between buildings

Efficiency of CHP (5HP), boiler (4), electric chiller (%), absorption chiller (), heat pump (#"P), PV panel (’7?;.)- storage self-discharge
(#inst), storage charge/discharge (ncha/disc)

Heat to power ratio for CHP output

Unit cost of natural gas [$/kWh] at hour h for CHP (CH*-NG), boiler (CP~N9)

Maintenance cost [$/kWh] of CHP (Cgar), boiler (Cin), electric chiller (C*"), absorption chiller (Cm™), heat pump (C}T“‘)' PV panel
(Cl')‘:f’"“), battery storage (C™), cooling storage tank (C™)

Unit price of grid electricity purchasing at hour h [$/kWh]

Tariff for electricity sold back to grid at hour h [$/kWh]

Unit price of natural gas at hour h [$/kWh]

Demand in building i at season s and hour h for heating ( [:‘;f'“) and cooling (Qf;‘jf'“)

Demand saved in building i by energy saving strategies s’ via option k’ for heating (Q?,‘_ﬁif‘,jf’k,), and for cooling (Qi;iﬁf’;ﬂk,)

Thermal loss rate for cooling network (LoPiP¢), heating network (LoMPire)

Solar Radiation index at season s and hour h

The “big M” big enough values for M; ~ M,

Parameters for discretise the retired battery price (priceR®)
Discrete profit at g level for each player p

Intermediate parameters for linearisation of supply chain model
Definitions

The objective of total cost for DES design model with retired batteries
The objective of total cost for DES design model with new batteries
The objective of whole chain profit for supply chain model

The deformed objective of whole chain profit for supply chain model
Definitions

=1 if implement the option k’ of energy saving strategy s’ in building i
=1 if CHP is on for in building i at season s hour h

=1 if CHP is switching from off to on in building i at season s hour h
=1 if energy is charged into storage in building i at season s hour h

=1 if energy is discharged from storage in building i at season s hour h
=1 if electricity is sold back to the grid in building i at season s hour h
=1 if electricity is bought from the grid in building i at season s hour h
=1 if district heating network is built among building i and j

=1 if district cooling network is built among building i and j

=1 if building i is receiving heating via heating network at season s hour h
=1 if building i is receiving cooling via cooling network at season s hour h
=1 to select one discretised level of retired battery price (priceR?)
Special order variable with q segments

Special order variable with g segments for p players

Definitions

The profit of different supply chain players

The retired battery price

The installed capacity of retired battery in DES

The capital cost of the whole system

The fuel cost

The maintenance cost

The grid electricity cost

The food yield income

The installed capacity of energy technology t in building i for CHP (CAPCH), electrical chiller (CAP), boiler (CAPP), absorption chiller
(CAP*), heat pump (CAP")

The electricity output from PV panel in building i at season s hour h
The electricity output from CHP in building i at season s hour h

The heating output from heating pump in building i at season s hour h
The heating output from boiler in building i at season s hour h

(continued on next page)
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Table 1 (continued)
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Qj‘f:,f"“l The cooling output from absorption chiller in building i at season s hour h
Qf:,fml The cooling output from electric chiller in building i at season s hour h
Qi";,:‘ The cooling stored in storage tank in building i at season s hour h

El‘“jh‘l The electricity stored in battery in building i at season s hour h

E", The electricity bought from the grid in building i at season s hour h

ESn The electricity sold back to the grid in building i at season s hour h

Qf"“‘fh) The heating flow from building i to j at season s hour h

Q;‘{,‘g‘h’ The heating flow from building j to i at season s hour h

fo(lsjff The cooling flow from building i to j at season s hour h

Qj'i‘i’,f The cooling flow from building j to i at season s hour h

Q;‘qu;“‘ The heating output from CHP in building i at season s hour h

fo;‘“h The cooling charge into cooling storage in building i at season s hour h
Q?)fj; The cooling energy discharged in building i at season s hour h

ESn The electricity charge into battery storage in building i at season s hour h
Ej™ The electricity discharged in building i at season s hour h

NG,b‘,\-‘;. The natural gas consumed by boiler in building i at season s hour h
NGfS“,f The natural gas consumed by CHP in building i at season s hour h

Zy The dummy variable for linearisation of the product of two continuous variables

0™ —heat hf (i 1) h dem __ z h—saved o —heat
ASh +Zersh As,h (ps’zk’ Qszshk/_ is,h
s k'=1,23

bh t hf(j,i) h—pi
+O%, + 0P b+ Y O x (1 - Lot P ®

J#i
cha cf (i ]) c —dem
Ql .s.h + Z Q 1 sho

c—saved disc
1,5, h Z (ps’,i,k’ X Qs’,i,s,h,k’ - Q! s,h

s’ k'=1,2,3

ec—cool | 0 cool cf(j,i)
+th ISh +2Q115hx(1
J#i

—_ LOC*PiPe) 9)

DES model — Operation constraints. As formulated in Eq. (10a)—(e), at
each time-step, the output of all devices should not be greater than the
installed capacity accordingly; and the energy conversions are defined
in Eq. (100)-().

£ < CaPO (10w
Eii;’cool <CA Piec (10b)
Qb —heat < CAPb (10c)
0¥ < cAP® (10d)
o, <car’ a0
Q;‘i;!heat — HtP x EICSHI? (10f)
O =X EYS, (10g)
Q?i hcool =7 x Q?’cs’—;eal (10h)
Qf"jh =P x Ersh (10i)
obhet = b x NG? a0

Several specific operation constraints are implemented particularly
for CHP system to avoid low part-load conditions. As given in Eq. 11, the
minimum part load constraint is set at 30% of full capacity to avoid CHP
operating at a low load range when the engine is in operation mode.

Efly <Py x M, (11a)
ECRY > (BEY — 1) x My+0.3 x CAPSHP (11b)

To avoid frequently switching on/off of the CHP, the startup fre-
quency is limited to once per day as constrained by Eq. 12.

Zx,cf‘;f < (122)
Xih 2B = P (12b)
Kign S1= B0 (120)
Xion SPBSn (12d)

To avoid drastic variation of CHP’s power output, the output differ-
ence between last and this time-step is limited to 50% of the installed
capacity (Eq. 13).

CHP _ f,CHP CHP
ECY - ECY  <0.5x CAP, (13a)

CHP CHP CHP
ECHY - ECTY <05xCAP, (13b)
DES model — Storage constraints. We model both battery and cooling

storage. Eq. (14a)-(e) is given as an example to illustrate the cooling
storage constraints, whereas similar constraints apply to other storage
devices.

Qinq—;l — ”in—sl X tljg;t . cha Qcha Qii;ch/ndisc (14a)
< CAPY (14b)
o, < it x 0, 40
08 < alie x 0 (14d)
ae o <1 (14e)

DES model - Grid connection. The power exchange between utility
grid and the integrated energy system is defined in Eq. 15.

Eion S 850 ¥ E5, (15)
By <60 X E (15b)
6?§h+5z”:h = (15¢)

DES model — Network constraints. The energy exchanges via cooling

and heating network are similar from the modelling perspective, as con-
strained below. The heating transfer can only take effect when two
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buildings are connected by heating pipework as defined in Eq. (16a).
Moreover, only connection between two buildings is allowed as con-
strained in Eq. (16b).

hf(i.j) DH o, Nf(i.))
ZQt/sh—(Slj XQI/S]’! (16a)
J#i
DH DH
s+ <1 (16b)

Similarly, cooling energy can only transfer when cooling pipework
exists as defined in Eq. (17).

£0.J) DC o, ef(i))
Z thj [vjh = 61 J X th/ tS'/h (173')
J#i
S+ <1 (17b)

Meanwhile, building (i) cannot receive and transfer heating/cooling
energy to other buildings (j) simultaneously at each time step (Eq. (18a)-
(@).

DO <y, X M; (182)
J#i
DO < (1= yPS) X M; (18b)
J#i
Do <y x My (18¢)
J#i
Yol <a-yhyx M, (18d)
J#i

Supply chain profit-allocation model

We developed the supply chain profit-allocation model to maximise
the profit of whole supply chain considering profit allocation fairness.
Eq. 1 in the Model framework defines the profit for EV, DES, and D&R
sectors, respectively. Eq. (19a) formulates an objective function to max-
imise the summation of all sectors’ profits. This objective function repre-
sents the centralised optimisation solutions leading to maximised supply
chain profit, but it may lead to an unfair profit distribution. Here, we
introduce Nash-type objective function as formulated in Eq. (19b) to
ensure profit allocation fairness. This Nash-type formulation maximises
the overall profits as the product of each sector’s profit to achieve fair
profit allocation, in the meantime, it offers flexibility to evaluate differ-
ent profit distribution strategies [24,25].

b=, (19a)
P

b= H(ﬂ'p - nij) (19b)
p

where the subscript p denotes supply chain nodes i.e. EV sector, DES
sector, and D&R sector; the superscript L represents lower bound.

Supply chain model outputs. The outputs from the model include (a)
retired batteries’ sales price, (b) market volume of the retired batteries
utilised (i.e., installed capacity of retired batteries in the DES applica-
tion), (c) total profit of whole supply chain and the profit share of each
sector.

Model integration and linearisation

As derived in Eq. (19b), the Nash-type formulation leads to a non-
linear optimisation problem. Another non-linear equation Eq. (1a) de-
termines profit of EV sector which are dependent on two continuous
variables i.e., retired batteries’ price and capacity (CAPR® and priceRB).
Here, we apply two programming approaches to linearise the framework
as a MILP optimisation model [35].

Modelling technique I — Equivalent linear formulation. To linearise the
Eq. (1a), we adopt piecewise linearisation approach [36]. The price of
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retired batteries is discretised to k levels by introducing a parameter
RB

price, in Eq. (20a), where the number of k is a user-defined parameter.
X represents a binary variable. As defined in Eq. (20b), no more than
one discrete price level can be selected in each solution.

RB
priceRB = Z price, X (20a)
k

Y X =1 (200)
k

Then, CAPRB priceR® in Eq. (1a) can be reformulated as Eq. (21),
determined by a continuous variable (CAPR®) and a binary variable X)-

RB
= CAP®B Y price, X, @1)
k

CAPRBpriceRB

By further introducing a variable Z, and a series of inequality con-
RB

straints in Eq. (22a)-(e), CAPR® priceR® can be replaced by Y price, Z
K

and linearised.

Z,=CAPRBX, (222)
Z, < CAPRBX, (22b)
Z, < CAPRB (22¢)
Z, > CAPRB _ (1 — X,)CAPRB (22d)
Z, 20 (22¢)

Modelling technique II — Separable programming. The nonlinear non-
convex optimisation problem in Eq. (19b) is transformed to convex op-
timisation by adopting the linearisation approach®. Assuming f(x) is a
continuous convex function with a variable x, it can be approximated
via a piecewise linear function of f(x,;) with A grid points as shown in
Eq. (23a). A4 is a set of special order variables with only two adjacent

nodes taking non-zero values [36,37].

A
) =Y Af(x,) (23a)
q=1
A
Y =1 (23b)
q=1
1,>0 Vg (23¢)

As mentioned in Model framework, the Nash-type objective function
of Eq. (19b) leads to a non-linear problem which is difficult to solve.
Here it was firstly reformatted as Eq. (24a) and further transformed to
a logarithmic differentiation as formulated in Eq. (24b).

max ¢ =[] (=, - 75) (24a)
p

maxing = Y In (7, - x5 ) (24b)
p

where the superscript of L denotes the lower bound of profit for each
sector.

Therefore, the objective is to maximise ¢ as demonstrated in
Eq. (25a)-(e), while Tpq is constrained by Eq. (26a)-(c) for each player.

A
max ¢= 3" 4,0, (25a)
P q

d=In¢ (25b)
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0y = I,y — 7)) (25¢)
Y 4y =1 Vpe€ {EV,DES,DR} (25d)
gq=1

Apg 20 Vp, q (25¢)
where 6, is defined as a parameter, z,, is the discrete profit at q level

for each player p.

A RB
Y ey g7ey,, = CAPREprice®® — CAPRPCyy = ) price, Z, — CAPR®Cyy
q k
(26a)
A
Z ApEs ¢7pEs ¢ = Cpes ~ Chis (26b)
q
A
(26¢)

Z AD Rg7D Rg = CAPRE x benefitP R
q

Based on above linearisation programming approach, it is vital to
determine the upper and lower bounds for the 6,, values. For the EV
sector, the upper bound of 6, is derived by maximising the sales price
and the sold capacity, the lower bound is determined by minimising
sales price and capacity. For the DES sector, the upper bound is obtained
by solving DES model with a minimum retired batteries price, and the
lower bound reaches zero when the retired batteries price is equal to
that of new batteries. For the D&R sector, the upper and lower bound
values depend on capacity.

By linearisation, the final derived MILP model was built and solved
in GAMS 25.0.3 [38], using the CPLEX solver [39] on an 8 x 12 - Core
Xeon X5675 clusters with 48GB RAM. The number of variables is 30,544
including 15,738 binary variables; the number of constraints is 40,217.
The CPU times vary between 30 and 90 min. The optimality gap is set
to 1%, and all other settings remain at default values.

Model validation

Although we present a linear equivalent for the non-linear problem
of Eq. (19b), a gap still exists between the non-linear term and the linear
equivalent, which depends on the number of discrete levels q. Hence,
the selection of g may affect the results. To validate the proposed model,
we tested the profit fluctuations with different linearisation pieces (q) of
profit. Detailed validation procedure is given in Supplementary SI-2.
With the discretisation level g above 25, the results were found to be
stable, i.e., almost half of the total profit (49%) is allocated to the DES
sector, the EV sector shares 45% of the total profit, and the remaining
6% is allocated to the D&R sector. This is consistent with the fairest
solution we presented in the Case study and optimal solutions. Meanwhile,
the retired batteries price (priceRB) is discretised into 50 levels (k = 50),
which produced stable results.
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