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a b s t r a c t 

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. 
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ackground 

The electric vehicles (EVs) offer a promising low-carbon solution to

ecarbonise the transport sector [1] . However, the increasing produc-

ion of EVs (above 5 million at 2020 in China) leads to significant chal-

enges in EV battery disposal [2] . Typically, an EV lithium-ion (Li-ion)

attery pack needs to be replaced when its capacity reduces to 80% of

ts rated capacity due to the safety and performance considerations [3] .

y 2030, the generated retired batteries could reach 708 × 10 3 ton in

hina, and the value is expected to rise with the flourishing of EV in-

ustry [4] . The expensive disposal process and low recycling rate (less

han 2%) cause environmental concerns e.g., active metals resource de-

letion [5] . With proper refurbishment, the retired EV batteries could

e reused (also known as second-use) for a second life in stationary

pplications e.g., in distributed energy systems (DES), which has been

uggested as a promising way to catalyse a resource-circular battery in-

ustry and create new supply chains for energy storage [6] . With the

evelopment of refurbishing or remanufacturing technologies [7] , such

n emerging supply chain not only leads to cost benefits for the entire

ndustry, but also offers potential to reduce batteries’ environmental im-

acts by extending life cycle of batteries as illustrated in Fig. 1 , or avoid-

nce of new battery production to meet demands for stationary energy

ector [8] . To promote the reuse of retired EV batteries in stationary ap-
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lications, global automobile industry leaders have launched initiative

rojects e.g., BMW in Germany [9] , Nissan in US [10] , Renault in the

K [11] , and BJEV in China [12] . 

iterature review and knowledge gap 

This topic has attracted increasing research attention since 2010.

arlier studies have explored the retired batteries utilisation in the resi-

ential DES sector. Heymans et al. [13] , discussed the economic perfor-

ances and role of EV retired batteries for levelling the residential en-

rgy demands. Li et al. [14] , optimised a residential microgrid consider-

ng the interaction between retired EV batteries and PV panels. Previous

esearch investigated the deployment of the retired batteries to support

enewable solar energy, such as published work by Tang et al. [15] and

ssunção et al. [16] ; feasibility studies were performed to understand

he applications of retired batteries in commercial EV charging station

17] , and industrial energy storage [18] ; while the potential of imple-

enting 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-

ionary applications are further extended to wider perspectives more

ecently. Cusenza et al. [19] integrated lifecycle assessment approach

o analyse the load match effects of reusing EV retired batteries. Canals
London, London SW7 2AZ, UK. 

4 November 2020 

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

https://doi.org/10.1016/j.adapen.2020.100002
http://www.ScienceDirect.com
http://www.elsevier.com/locate/adapen
http://crossmark.crossref.org/dialog/?doi=10.1016/j.adapen.2020.100002&domain=pdf
mailto:miao.guo@kcl.ac.uk
https://doi.org/10.1016/j.adapen.2020.100002
http://creativecommons.org/licenses/by/4.0/


R. Jing, J. Wang, N. Shah et al. Advances in Applied Energy 1 (2021) 100002 

Fig. 1. Extending life cycle of EV batteries by reusing retired batteries in DES. 
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t al. [20] found that reusing second-life batteries as an energy aggrega-

or to provide demand response services in European secondary electric-

ty markets could achieve more profit than merely residential purpose.

ang et al. [21] further developed a game theory based optimisation

odel to evaluate social-economic-environmental impacts of the retired

V batteries industry and observed that the reward-penalty mechanism

ould contribute to a higher recycling rate. As an emerging concept,

he published research studies have indicated the technical feasibility

f using retired batteries in stationary applications. 

Despite research efforts placed on evaluation of using retired bat-

eries in stationary applications, few studies have been oriented from

 whole supply chain perspective, whereas lack of whole system per-

pective may lead to a biased view of the profitability of reusing retired

atteries in DES applications. A vital knowledge gap exists in under-

tanding the interactions between the DES sector and its upstream and

ownstream sectors. Within this emerging supply chain, several key sys-

em implications of retired batteries’ price, potential market volume,

nd technology deployment policies remain largely unexplored, which

eserve further investigation. 

To address knowledge gaps, we propose an integrative framework,

or the first time, to model the emerging supply chains and design strate-

ies for reusing the retired EV batteries in DES. Such emerging solution

epresents innovation in future energy transition and offers a promising

upply chain to interlink EV battery and energy storage sectors through

esource-circular technologies. By coupling a game theory approach

22] and a DES design optimisation model [23] , the interaction of sup-

ly chain nodes, including government agencies, EV and battery man-

facturing sectors, DES sectors, and dismantling and recycling (D&R)

ectors are modelled. Developing a case study on retired EV battery ap-

lications in China, we demonstrate the new insights such modelling

ramework can generate to inform decision-making on economic and

echnique aspects of utilising EV retired batteries in DES applications. 

odel framework 

We propose a framework integrating a supply chain profit-allocation

odel with a DES design optimisation model as illustrated in Fig. 2 (a).

he supply chain profit-allocation model considers the cascade utilisa-

ion of retired batteries from the EV sector in the stationary applications

or energy storage of the DES sector, and final disposal by the D&R sec-

or. The whole supply chain profits are maximised while considering a

air profit-allocation among sectors, which is achieved by the Nash equi-

ibrium type formulation [24] as structured in Fig. 2 (b). Here, the fair-

ess is defined as an equilibrium where all sectors involved in the sup-

ly chain achieve an acceptable or ‘fair’ allocation of total supply chain

rofit [25] . Fig. 2 (c) illustrates a DES where the design optimisation

odel derives the cost-optimal solutions for DES energy network design,

ystem configuration design, and dispatch strategy [26] equipped with

ew or retired batteries for 20-year project lifetime. Beyond the typi-

al “renewable + storage ” system, we investigate system implications of

tilising either new or retired batteries on the generalised DES design.

his has been achieved by developing the DES optimisation model that

overs renewable and non-renewable energy sources, energy network
nd exchange, and supply-demand co-design fulfilling the electricity,

ooling and heating demands of a district with multiple buildings. 

Eq. (1) defines the profit of each sector ( 𝜋EV , 𝜋DES and 𝜋D&R ) in line

ith Fig. 2 (b). The profit of EV sector is determined by the capacity

f the retired batteries ( CAP RB ) sold to the DES sector and the value

ifference between the retired battery sales price ( price RB ) and corre-

ponding costs for collection & reassembling (C EV ). The profit of DES

s defined as the energy system cost savings from implementing retired

atteries ( C 

RB 
DES ) instead of new batteries ( C 

NB 
DES ), and these two costs are

ptimised by the DES design optimisation model (DES model details in

ethod Section). As for D&R sector, its profit is determined by the ca-

acity of retired batteries ( CAP RB ) discarded by the DES sector at the

nd-of-life, multiplied by per unit economic benefit (benefit D&R ) of final

rocessing and valuable material recovery. 

EV = 𝐶𝐴 𝑃 RB × ( 𝑝𝑟𝑖𝑐 𝑒 RB − C EV ) (1a)

DES = 𝐶 

NB 
DES − 𝐶 

RB 
DES (1b)

D R = 𝐶𝐴 𝑃 RB × benef i t D R (1c)

Based on these profits definitions, the capacity of retired batteries

 CAP RB ) and sales price ( price RB ) are two key decision variables that

nterlink all three sectors. The capacity of retired batteries sold by EV

ector is equal to the capacity installed in DES and the capacity of bat-

eries eventually discarded to the D&R sector at the end-of-life. Hence,

he capacity ( CAP RB ) represents the potential market volume for the

ntire supply chain. The sales price of retired batteries ( price RB ) for the

V sector is the same as the capital cost of retired batteries installation

or the DES sector. The integrative model optimises these key decision

ariables with the defined parameters including C EV , benefit D&R and

echno-economic parameters for the DES design model (specified in the

ethod section). 

The flowchart in Fig 3 illustrates how the components in the mod-

lling framework are interlinked and resolved. In general, the modelling

ramework simultaneously optimises (1) the cost-efficient energy system

esign with retired batteries and (2) the fair profit allocation scheme

or the modelled supply chain, to determine the optimal market volume

nd selling price of reusing EV retired batteries, as well as the potential

rofit of the whole supply chain. All model formulations are detailed in

he Method section. 

ase study and optimal solutions 

We apply the proposed framework to evaluate the system implica-

ions of reusing EV retired Lithium-ion batteries for a DES application

n an urban district in Shanghai, China. Six commercial buildings in this

istrict represent a 20-year DES application to fulfilling their cooling,

eating, and electricity demands equipped with retired batteries. Fig. 4

hows the model parameterisation in accordance with Fig. 3 including

nergy demands, energy tariffs, locations, etc. Fig. 4 a–c demonstrates

he typical annual energy demands, which reflect the variation in de-

and profiles in a typical year. Fig. 4 d shows spatial distribution of six

uildings, which impact the energy networks. The energy tariffs given

n Fig. 4 e affect both system design and dispatch strategies to achieve

ost optimal system; solar radiation index in Fig. 4 f impacts the renew-

ble energy generation from rooftop PV panels. As defined by Eq. 1, the

eassemble cost for the EV sector and per unit economic benefit for the

&R sector are two given parameters to determine the key decision vari-

bles i.e. the capacity of retired batteries and sales price . In this case,

e assume the reassemble cost for the EV sector as 27 US$/kWh and

he economic benefit for the D&R sector as 13.5 US$/kWh based on the

ecent market estimation [ 27 , 28 ]. The average capital cost of new bat-

eries 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

he 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). 
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eries were assumed to have similar performance during the DES ap-

lication, i.e., 93% charging/discharging efficiency, 2% self-discharge

ate [3] , and the consistency among cells. However, the retired batter-

es have shorter lifetime and replacements are required every 5-years

uring the DES application lifespan [16] . Note that these assumptions,

articularly on cost values, are case specific and could be sensitive to

uture development of battery technologies and recycling technologies.

The model optimises profit allocation strategy from the market reg-

lation perspective to enable the emerging supply chain of retired EV

attery. The optimal solution with the maximum supply chain profit

nder the fair profit allocation strategy is shown in Fig. 5 . The whole

upply chain can achieve an overall profit of 2.65 million US$ for this

pplication, in which D&R , EV , and DES sectors account for 6%, 45% ,

nd 49% , respectively. The profit of the EV sector comes from the sales

ncome of the retired batteries. The D&R sector’s profit relies on the

arket volume (i.e., installed capacity) of retired batteries. As for the

&R sector, the larger capacity of retired batteries been adopted in the

upply chain, the higher amount of valuable material can recycle for

igher profits. The obtained optimal sales price of retired batteries is

38 US$/kWh . The market volume of retired batteries is projected as

0.7 MWh , which is equivalent to reusing the battery pack of approx-

s  
mately 515 hybrid electric passenger cars (HEPC), 258 battery elec-

ric passenger cars (BEPC) or 74 battery electric commercial vehicles

BECV). The optimisation solution is derived based on the average en-

rgy density of retired batteries, i.e., 75wh/kg (with the range of 60–

0wh/kg), average weights of battery pack for HEPC, i.e., 275 kg (with

ange of 150–400 kg), BEPC, i.e., 550 kg (with range of 300–800 kg),

nd BECV, i.e., 1900 kg (with range of 800–3000 kg) [30] . 

ES design with retired EV batteries 

The lower capital cost by using retired batteries not only directly af-

ects the profit of DES but also leads to different DES designs as shown

n Fig. 6 (a), which contributes to the profit allocation of DES sector.

ue to the lower price of retired batteries than new batteries, a signif-

cantly higher capacity of batteries is adopted within the system, i.e.,

0.7 MWh of retired batteries compared to 1 MWh of new batteries.

ence, the peak/off-peak electricity tariff, as well as the feed-in tariff,

re efficiently utilised to power the district to reduce the DES costs,

nd also gain more income by selling electricity back to the grid during

he peak period. Consequently, the installed capacity of CHP reduces

ignificantly in the retired batteries cases in comparison with new bat-
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Fig. 3. Interlink and workflow of the proposed modelling framework. The overall workflow starts with resolving the DES design optimisation model with the 

new battery; the optimal DES solution with the new battery is considered as a parameter as defined in Fig. 2 (b). Then we optimise the DES design with retired battery, 

the obtained solutions for installed capacity and capital cost of the retired battery, as well as the DES system cost, are fed into the supply chain profit-allocation 

model to optimise the profit of the whole supply chain considering profit-allocation fairness. The updated solution on installed capacity and capital cost of the retired 

battery are fed back to the DES design optimisation model iteratively. Finally, the optimisation loop ends at the Nash equilibrium point with an optimal solution 

achieved. 
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eries case. The lower capacity of CHP installation further leads to a

ower heating supply, which results in an 10% increased investment on

nergy-saving strategies (i.e., more advanced retrofit options been ap-

lied). Thus, the capacity differences of heating/cooling energy supply

echnologies are insignificant for the two cases under investigation. 

The 10.7 MWh capacity of retired batteries not only impacts the de-

ign of DES significantly but also influences the operational strategy of

ES. Fig. 6 (b) illustrates the operational strategy of retired batteries. In

he morning, to reduce the self-discharge and fully utilise the off-peak

ariff, battery charging happens 2–3 h before the peak periods (start-

ng from 8 a.m.), and then the batteries discharge the stored electricity

uring the following 4–5 h. In the afternoon, the batteries are charged

or 2–3 h with a normal tariff before the evening peak periods (starting

rom 6 p.m.), then the batteries discharge for DES utilisation over the

eak periods. 

rade-off between maximum profit and fairness 

The above-mentioned optimal solution is considered as the baseline

ase, in which the D&R sector only shares 6% of the total profit, while

ther two sectors both account for over 40% of total profit. Here we

ssess the trade-off between fairness and profit maximisation across the

alue chain. Our model enables evaluating possible scenarios by config-

ring different profit distributions as shown in Fig. 7 (a-c), where con-
traints are introduced to vary the profit-sharing ratio of a given sector

shown by x axis). The following insights have been generated: 

1) As shown 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. 

Fig. 5. Optimised whole supply chain profit, profit allocation scheme, retired 

battery price, and market volume of retired battery utilised in the case study. 
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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. 

3) 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. 1  
Overall, our results show that a “fairer ” profit share scheme could be

chieved with the drop of the total supply chain profit; and the trade-

ff exists between achieving a fairer market and maximised total profit

ith dominant players . In the meantime, Fig. 7 (a–c) suggests that the

rice of retired batteries goes up along with the increment of EV sec-

oral profit and the drop of DES sectoral profit, and vice versa; com-

ared to two other sectors, the D&R sector tends to reach its maximum

rofit within a narrow range. These observations could inform decision-

aking on an effective scheme to incentivise this emerging supply

hain. 

olicy implications 

Policy schemes are expected to promote the new technology pene-

ration and regulate the markets [31] . Different technology deployment

olicies could be summarised and expressed as several key schemes

32] , i.e., direct subsidy, revenue support, tax reduction, government

oan, tariff support, green product purchasing, and certificate trading

ain. Based on the observations in last section, here we present two

cenarios to evaluate the effectiveness of revenue support policies for

he low-profit D&R sector and the tariff support policies for the DES

ector. 

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

The revenue support can enable the D&R sector to obtain extra in-

ome from recycling retired batteries, i.e., benefit D&R goes up. As illus-

rated in Fig. 8 (a), a higher profit share of D&R sector can be expected

ith the increase in revenue support. More importantly, a rising total

rofit and a fairer profit share among each player are also observed.

hen the revenue support reaches 40 $/kWh, the profit shares of the

ES sector, EV sector and D&R sector are 45%, 35%, and 20%, respec-

ively. Meanwhile, the price of retired batteries remains around 130 to

50 $/kWh. This scenario suggests that revenue support for the D&R
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Fig. 6. Comparison of system designs utilising either retired or new batteries (a), retired battery optimal dispatch strategy (b). (a) compares the system 

designs including the total installed capacities of combined heating and power (CHP), photovoltaic panels (PV), cooling storage tank (Cool_tank), electrical chiller 

(Ele_chiller), absorption chiller (Ab_chiller), heat pump (HP); cooling network length constructed (Network_C), heating network length constructed (Network_H); 

amount of electricity fed back to the utility grid (Export) and purchased from the utility grid (Import). (b) displays the batteries optimal state of charge, where 

primary y axis is each building (B1~B6) at each season of transition (Trans), summer (Sum), and winter (Win); secondary y axis is amount of electricity in storage; 

x axis represents 24 h. 
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ector contributes to the improvement of total profit and a fairer profit

istribution. 

ariff support on DES sector 

It is interesting that the tariff support does not boost the total profit

r fairness of profit share as expected. Tariff support for DES sector here

s defined as a scheme that enables the DES to feed electricity back to na-

ional grid at a more competitive price during the peak periods. In fact,

ncreasing the feed-in tariff price contributes to the promotion of batter-

es but not for retired batteries . As shown in the third y axis in Fig 8 (b),

he installed capacity of new batteries increases significantly with the

ncrease in feed-back tariff price. This leads to a higher capacity of new

atteries and much lower energy cost of DES. However, based on the

rofit definition, if the DES energy cost including new batteries is low,

he profit of implementing retired batteries declines instead. Hence, the

otal profit does not increase. Additionally, the price of retired batteries

s not significantly affected by the tariff support, varying between 125

nd 150 $/kWh. 

iscussion and limitations 

otential of the retired EV batteries as a resource-circular solution 

Coupling game theory approach and DES design optimisation, we

odelled the interaction of three sectors involved the emerging sup-

ly chain for retired EV battery re-use in urban DES. Our case study on

 district with six commercial buildings in China demonstrates that a

arket volume of 10.7 MWh retired batteries can achieve significant

upply chain profit (2.65 million US$). Compared to the DES whole life-

ycle (including capital and 20-year operation) cost of 31 million US$,

he supply chain profit is 8.3% of the DES whole lifecycle cost. The

rojected optimal sales price for the retired batteries sales price is 138

S$/kWh, which agrees with the price range reported in previous re-

earch (see supplementary Table S5). However, the supply chain profit,

arket volume and price of the retired EV batteries in this study only

epresent the insights from a specific case study, which may vary with

ariation in system parameters e.g. costs of battery reassembling, types

f stationary applications. 
mpacts on DES design 

Our results suggest that retired EV batteries instead of new batteries

an lead to significantly different design and operational strategy of DES.

ue to the lower cost of retired batteries, the DES will install lower

HP capacity for onsite generation while installing a higher capacity

f batteries and interact with the grid much more actively right before

he peak period compared to the case of new batteries. A significant

ecline in energy cost of the DES can be expected by utilising the retired

atteries, which could further be functional for peak shaving. 

rade-off between maximum profit and fairness 

By mandatory re-distribution the profit, we found a trade-off be-

ween a fairer market and maximised supply chain profit with domi-

ant players. The proposed framework allows quantitative analysis on

ifferent profit allocation scenarios. Since the maximum profit of D&R

ector (upper limit) is lower than other two upstream sectors, enforc-

ng a “fairer ” supply chain may lead to a reduced total profit across the

upply chain. Such modelling evidence provides policy insights into key

actors to regulate supply chains and enable retired battery adoption. 

olicy implications 

We develop a tool to understand how policies could promote the in-

ustry of utilising retired batteries in DES. The revenue support on D&R

ector improves the total supply chain profit and leads to a fairer profit

istribution, showing that the revenue support policy has the potential

o support the D&R sector breaching its upper limit of profit. The prof-

tability of the supply chain grows with D&R sectoral profits. With the

evelopment of battery recycling technology and the increasing con-

erns on resource scarcity, the benefit of recycling valuable material

s expected to increase, which could further promote the whole sup-

ly chain. By contrast, although tariff support is regarded as a practical

olicy to incentivise the market penetration of batteries in stationary

pplications, it is not effective for the retired batteries. This could be

xplained by the decrease in marginal cost-savings of retired batteries,

s a consequence of tariff support which reduces the cost of using new

atteries. 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. 
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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 (a) , x axis: subsidy amount ($/kWh), primary y axis: profit 

archived of each sector, secondary y axis: retired battery price (Price_RB). In (b) , 

x axis: different percentage of increase on feed-in tariff, primary y axis: profit 

archived of different sector, secondary y axis: price of retired battery (Price_RB), 

third y axis: installed capacity of new battery (Capacity_NB). 
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mportantly highlight how the proposed framework can inform policy-

aking on effective incentive scheme design. 

imitations 

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

odeled reassemble cost for EV sector and economic benefit for D&R

ector as parameters, the assumed economic parameters were intro-
uced due to lack of reliable data source. In future research, with further

enetration of retired EV batteries in DES applications, such parameteri-

ation could be obtained from market price (or alternatively, they could

e defined as variables to investigate their variation and optimal solu-

ions). 

onclusion and future perspectives 

The increasing number of electric vehicles (EV) leads to significant

hallenges in the disposal of EV retired batteries. Under a circular econ-

my context, new supply chains are emerging to reuse the EV retired

atteries for stationary DES applications, which enables the multiple

ectors to benefit from cost-effective energy supply and battery reuse.

o advance the understanding of system implications of retired bat-

eries price, market volume and technology deployment strategies, we

resent an optimisation framework which integrates a supply chain

rofit-allocation model with a DES design optimisation model. The de-

eloped modelling framework not only optimises supply chain profit and

llocation strategies but also captures the design and flexible operation

f batteries in DES with hourly temporal resolution. 

The case study in Shanghai shows a great potential of reusing the

etired batteries in stationary application in urban areas. This has been

emonstrated by a significant capacity (10.7 MWh retired batteries) and

 supply chain profit of 2.65 million US$ in a 6-building urban district.

ur case study also suggests that EV and DES sectors tend to dominate
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𝐸  
he supply chain profit share by 45% and 49%, respectively, whereas the

&R sector shows the trend reaching its maximum profit. Our modelling

esults demonstrate that the policy support on the D&R sector has the

otential to increase both whole chain profit and profit share fairness.

owever, the effectiveness of technology deployment policy is worth

odelling exploration – the policy incentive for new batteries may not

e effective for the retired EV batteries. Additionally, more realistic in-

estigations considering real operational data from car manufacturers

ould be valuable. 

Overall, our research presents a mathematical modelling tool to in-

orm decision-making on the emerging supply chain of reusing retired

atteries in DES applications. Several emerging research frontiers could

e 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. 

ethods 

arameter and variable definitions 

A modelling framework has been developed to integrate a supply

hain profit-allocation model with a DES design optimisation model. All

he parameters and variables in this study are defined in Table 1 whereas

he parameterisation is given in Supplementary Information Table SI-1.

ES design optimisation model 

We developed a spatial-temporal MILP optimisation model to assess

he technical and economic feasibility of utilising retired batteries in

ES design. The model follows a bottom-up structure that optimises the

ystem design and operational strategy simultaneously [33] . It offers

exible energy design options that all buildings in the case district can

uild their own energy systems, equip battery storage technologies, im-

lement energy-saving measures, inter-connected as local networks, and

nteract with the macro grid [34] . We model the system operation with

ourly resolution. The operation of all devices, state-of-charge for en-

rgy storage, and local and macro energy exchanges are captured with

ourly resolution for representative days in typical seasons. 

DES model inputs . The developed model is parameterised with inputs

ncluding (a) spatial representation of buildings, (b) hourly time hori-

on, (c) real-time electricity and natural gas tariffs, (d) solar radiation

ndex, (e) electricity, cooling and heating energy demand, (f) technical
arameters, e.g., efficiencies and energy saving potential, ramp rates,

n/off limits, (g) economic parameters, e.g., capital cost, O&M cost, (h)

limate parameters, e.g., solar radiations. Detailed parameters in this

ase are given in Supplementary SI-1 . A slightly higher maintenance

ost for the retired batteries than new batteries is also considered [20] ,

DES model outputs . The outputs from the model include (a) energy

etwork design and energy exchange; (b) system configurations, sizing,

nd operation strategies; (c) adopted energy saving strategies; (d) opti-

ised energy system cost when equipped with new or retired batteries.

DES model objective . This model minimises the energy system cost

ncluding the capital cost and the discounted operational cost (interests

ate (r) of 6%) for a 20-year project as derived in Eq. 2. 

 

NB∕RB 
DES = 𝐶𝐴𝑃 𝐸𝑋 + 

20 ∑
𝑦 =1 

( 𝐹 𝐶 𝑦 + 𝑀 𝐶 𝑦 + 𝐺 𝐶 𝑦 ) × (1 − 𝑟 ) 𝑦 (2)

The capital cost ( CAPEX ) includes capital cost of all energy device

nd pipework, as well as cost of implementing energy-saving measures

or roof, window and wall as shown in Eq. (3a) . Note that only one

ption for each energy saving strategy for each building is allowed as

onstrained by Eq. (3b) . 

 𝐴𝑃 𝐸𝑋 = 

∑
𝑖,𝑡 

𝐶 𝐴 𝑃 𝑖,𝑡 × 𝐶 

CAP 
𝑡 

+ 

∑
𝑖,𝑗≠𝑖 

𝐷 𝑋 𝑖,𝑗 × 𝐶 

CAP 
pipe + 

∑
𝑠 ′ ,𝑖,𝑘 ′=1 , 2 , 3 

𝜑 

𝑠 ′ ,𝑖,𝑘 ′ × C 

CA
𝑖,𝑠 ′

(3a) 

∑
 

′=1 , 2 , 3 
𝜑 

𝑠 ′𝑖,𝑘 ′ ≤ 1 (3b)

All the operational cost (i.e., FC, MC , and GC ) are discounted to the

ase year. Since we use typical day to simulate the hourly operation

f DES while assume energy demands remain unchanged for each type

f typical day at different years, the subscript of y is not displayed for

he simplicity of model description. Fuel cost ( FC ) is the cost of gas

onsumption by all devices as derived in Eq. 4. 

 𝐶 = 

∑
𝑖,𝑠,ℎ 

( 

𝐸 

CHP 
𝑖 , 𝑠,ℎ 

𝜂CHP 
× 𝐶 

NG−CHP 
ℎ 

+ 

𝑄 

b−heat 
𝑖 , 𝑠,ℎ 

𝜂b 
× 𝐶 

NG−b 
ℎ 

) 

(4)

Maintenance cost ( MC ) can be calculated by the unitary maintenance

ost of each technology ( C 

maint ) multiplying the energy output from one

ertain device accordingly, as formulated in Eq. 5. 

𝐶 = 

∑
𝑖,𝑠,ℎ 

( 𝐸 

pv∕CHP 
𝑖,𝑠,ℎ 

+ 𝑄 

hp∕b−heat 
𝑖 , 𝑠,ℎ 

+ 𝑄 

ec∕ac−cool 
𝑖 , 𝑠,ℎ 

+ 𝑄 

in−st 
𝑖,𝑠,ℎ 

+ 𝐸 

in−st 
𝑖,𝑠,ℎ 

) × 𝐶 

maint 
𝑡 

(5) 

The grid cost (GC) includes electricity purchasing cost minus the rev-

nue of feed-back as shown in Eq. 6. 

𝐶 = 

∑
𝑖,𝑠,ℎ 

(
𝐶 

im 
ℎ 

× 𝐸 

𝑖𝑚 
𝑖,𝑠,ℎ 

)
− 

∑
𝑖,𝑠,ℎ 

(
𝐶 

ex 
ℎ 

× 𝐸 

ex 
𝑖,𝑠,ℎ 

)
(6)

DES model constraints . The model constraints include electricity, cool-

ng, and heating energy balances (i.e., supply-demand balance), oper-

tion constraints (e.g., ramping and energy conversion), storage con-

traints (i.e., thermal and battery storage), utility grid connections (i.e.,

uy and sell electricity to the macro-grid), and network constraints (i.e.,

ogical constraints on energy network design and operation). The con-

traints are detailed below. 

DES model – Energy balances . The energy balances include electri-

al balance, heating balance and cooling balance. Eq. (7) presents the

lectricity balance, where battery charge and discharge are considered.

q. (8) presents the heating balance, where energy exchange among

uildings, energy exchange loss, and potential heating demand reduc-

ion by implementing energy saving strategies are modelled. Similar

ith the heating balance, Eq. (9) presents the cooling balance. 

 

dem 
𝑖 , 𝑠,ℎ 

= 𝐸 

st−out 
𝑖,𝑠,ℎ 

+ 𝐸 

pv 
𝑖,𝑠,ℎ 

+ 𝐸 

𝑖𝑚 
𝑖,𝑠,ℎ 

+ 𝐸 

CHP 
𝑖,𝑠,ℎ 

− 𝐸 

ec 
𝑖,𝑠,ℎ 

− 𝐸 

ex 
𝑖,𝑠,ℎ 

− 𝐸 

hp 
𝑖,𝑠,ℎ 

− 𝐸 

st−in 
𝑖,𝑠,ℎ 

(7)
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Table 1 

Nomenclature for optimisation modelling framework. 

Indices Definitions 

s Sets of three representative seasons 

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

h Sets of 24 h 

i Sets of buildings 

j Sets of buildings, j ≠i 

t 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) 

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

k Set of discretised levels for model solving linearisation 

p Set of three players 

q Set of indexes 1~A for special order variables ( 𝜆q ) 

( ⋅) Upper bound of variables 

( ⋅) 𝐿 Lower bound of variables 

Parameters Definitions 

C EV Cost of EV sector for reassembling the retired battery 

benefit VM Economic benefit of D&R sector for recovering valuable material 

price NB Average capital cost of new batteries 

𝐶 CAP Unit capital cost [$/kW] of different energy technologies ( 𝐶 CAP 
𝑡 

); unit capital cost [$/m 

2 ] of energy network ( 𝐶 CAP pipe ); and unit capital cost [$] 

of different options for roof, window, and wall energy saving retrofit ( C CAP 
𝑠 ′ ,𝑘 ′

) 

DX i,j Distance between buildings 

𝜂 Efficiency of CHP ( 𝜂CHP ), boiler ( 𝜂b ), electric chiller ( 𝜂ec ), absorption chiller ( 𝜂ac ), heat pump ( 𝜂hp ), PV panel ( 𝜂
pv 
𝑠,ℎ 

), storage self-discharge 

( 𝜂in-st ), storage charge/discharge ( 𝜂cha/disc ) 

HtP Heat to power ratio for CHP output 

𝐶 NG 
ℎ 

Unit cost of natural gas [$/kWh] at hour h for CHP ( 𝐶 CHP−NG 
ℎ 

), boiler ( 𝐶 b−NG 
ℎ 

) 

C maint Maintenance cost [$/kWh] of CHP ( 𝐶 maint 
CHP ), boiler ( 𝐶 maint 

b ), electric chiller ( 𝐶 maint 
ec ), absorption chiller ( 𝐶 maint 

ac ), heat pump ( 𝐶 maint 
hp ), PV panel 

( 𝐶 maint 
pv ), battery storage ( 𝐶 maint 

b−st ), cooling storage tank ( 𝐶 maint 
c−st ) 

𝐶 im 
ℎ 

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

𝐶 ex 
ℎ 

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

𝐶 NG 
ℎ 

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

Q dem 
𝑖,𝑠,ℎ 

Demand in building i at season s and hour h for heating ( Q h−dem 
𝑖,𝑠,ℎ 

) and cooling ( Q c−dem 
𝑖,𝑠,ℎ 

) 

Q h−saved 
𝑠 ′ ,𝑖 , 𝑠,ℎ,𝑘 ′

Demand saved in building i by energy saving strategies s’ via option k’ for heating ( Q h−saved 
𝑠 ′ ,𝑖 , 𝑠,ℎ,𝑘 ′

), and for cooling ( Q c−saved 
𝑠 ′ ,𝑖 , 𝑠,ℎ,𝑘 ′

) 

Lo pipe Thermal loss rate for cooling network ( Lo c-pipe ), heating network ( Lo h-pipe ) 

SRI s,h Solar Radiation index at season s and hour h 

M The “big M ” big enough values for M 1 ~ M 4 

price 
RB 

k Parameters for discretise the retired battery price ( price RB ) 

𝜋pq Discrete profit at q level for each player p 

𝜃pq Intermediate parameters for linearisation of supply chain model 

Continous 

Variables 

Definitions 

C RB DES The objective of total cost for DES design model with retired batteries 

C NB DES The objective of total cost for DES design model with new batteries 

𝜙 The objective of whole chain profit for supply chain model 

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

Binary Variables Definitions 

𝜑 
𝑠 ′ ,𝑖,𝑘 ′

= 1 if implement the option k’ of energy saving strategy s’ in building i 

𝛽CHP 
𝑖,𝑠,ℎ 

= 1 if CHP is on for in building i at season s hour h 

𝜒CHP 
𝑖,𝑠,ℎ 

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

𝛼cha 
𝑖,𝑠,ℎ 

= 1 if energy is charged into storage in building i at season s hour h 

𝛼disc 
𝑖,𝑠,ℎ 

= 1 if energy is discharged from storage in building i at season s hour h 

𝛿ex 
𝑖,𝑠,ℎ 

= 1 if electricity is sold back to the grid in building i at season s hour h 

𝛿𝑖𝑚 
𝑖,𝑠,ℎ 

= 1 if electricity is bought from the grid in building i at season s hour h 

𝛿DH 
𝑖,𝑗 

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

𝛿DC 
𝑖,𝑗 

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

𝛾DH 
𝑖,𝑠,ℎ 

= 1 if building i is receiving heating via heating network at season s hour h 

𝛾DC 
𝑖,𝑠,ℎ 

= 1 if building i is receiving cooling via cooling network at season s hour h 

X k = 1 to select one discretised level of retired battery price ( price RB ) 

𝜆q Special order variable with q segments 

𝜆pq Special order variable with q segments for p players 

Positive Variables Definitions 

𝜋p The profit of different supply chain players 

price RB The retired battery price 

CAP RB The installed capacity of retired battery in DES 

CAPEX The capital cost of the whole system 

FC The fuel cost 

MC The maintenance cost 

GC The grid electricity cost 

FI The food yield income 

𝐶𝐴 𝑃 𝑖,𝑡 The installed capacity of energy technology t in building i for CHP ( 𝐶𝐴𝑃 CHP 
𝑖 

), electrical chiller ( 𝐶𝐴𝑃 ec 
𝑖 

), boiler ( 𝐶𝐴𝑃 b 
𝑖 

), absorption chiller 

( 𝐶𝐴𝑃 ac 
𝑖 

), heat pump ( 𝐶𝐴𝑃 
hp 
𝑖 

) 

𝐸 
pv 
𝑖,𝑠,ℎ 

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

𝐸 CHP 
𝑖,𝑠,ℎ 

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

𝑄 

hp 
𝑖 , 𝑠,ℎ 

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

𝑄 

b−heat 
𝑖 , 𝑠,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 ) 

𝑄 

ac−cool 
𝑖 , 𝑠,ℎ 

The cooling output from absorption chiller in building i at season s hour h 

𝑄 

ec−cool 
𝑖 , 𝑠,ℎ 

The cooling output from electric chiller in building i at season s hour h 

𝑄 

in−st 
𝑖,𝑠,ℎ 

The cooling stored in storage tank in building i at season s hour h 

𝐸 in−st 
𝑖,𝑠,ℎ 

The electricity stored in battery in building i at season s hour h 

𝐸 𝑖𝑚 
𝑖,𝑠,ℎ 

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

𝐸 ex 
𝑖,𝑠,ℎ 

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

𝑄 

hf( 𝑖,𝑗 ) 
𝑖,𝑗,𝑠,ℎ 

The heating flow from building i to j at season s hour h 

𝑄 

hf( 𝑗,𝑖 ) 
𝑗,𝑖,𝑠,ℎ 

The heating flow from building j to i at season s hour h 

𝑄 

cf( 𝑖,𝑗 ) 
𝑖,𝑗,𝑠,ℎ 

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

𝑄 

cf( 𝑗,𝑖 ) 
𝑗,𝑖,𝑠,ℎ 

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

𝑄 

re−heat 
𝑖,𝑠,ℎ 

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

𝑄 

cha 
𝑖,𝑠,ℎ 

The cooling charge into cooling storage in building i at season s hour h 

𝑄 

disc 
𝑖,𝑠,ℎ 

The cooling energy discharged in building i at season s hour h 

𝐸 st−in 
𝑖,𝑠,ℎ 

The electricity charge into battery storage in building i at season s hour h 

𝐸 st−out 
𝑖,𝑠,ℎ 

The electricity discharged in building i at season s hour h 

𝑁𝐺 𝑏 
𝑖,𝑠,ℎ 

The natural gas consumed by boiler in building i at season s hour h 

𝑁𝐺 CHP 
𝑖,𝑠,ℎ 

The natural gas consumed by CHP in building i at season s hour h 

Z k The dummy variable for linearisation of the product of two continuous variables 

𝑄

𝑄
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i
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g
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ac−heat 
𝑖,𝑠,ℎ 

+ 

∑
𝑗≠𝑖 

𝑄 

hf( 𝑖,𝑗 ) 
𝑖,𝑗,𝑠,ℎ 

+ 𝑄 

h−dem 
𝑖,𝑠,ℎ 

− 

∑
𝑠 ′ ,𝑘 ′=1 , 2 , 3 

𝜑 

𝑠 ′ ,𝑖,𝑘 ′ × Q 

h−saved 
𝑠 ′ ,𝑖 , 𝑠,ℎ,𝑘 ′

= 𝑄 

re−heat 
𝑖,𝑠,ℎ 

+ 𝑄 

hp 
𝑖,𝑠,ℎ 

+ 𝑄 

b−heat 
𝑖,𝑠,ℎ 

+ 

∑
𝑗≠𝑖 

𝑄 

hf( 𝑗,𝑖 ) 
𝑗,𝑖,𝑠,ℎ 

× (1 − 𝐿 𝑜 h−pipe ) (8) 

 

cha 
𝑖,𝑠,ℎ 

+ 

∑
𝑗≠𝑖 

𝑄 

cf( 𝑖,𝑗 ) 
𝑖,𝑗,𝑠,ℎ 

+ 𝑄 

c−dem 
𝑖,𝑠,ℎ 

− 

∑
𝑠 ′ ,𝑘 ′=1 , 2 , 3 

𝜑 

𝑠 ′ ,𝑖,𝑘 ′ × Q 

c−saved 
𝑠 ′ ,𝑖 , 𝑠,ℎ,𝑘 ′

= 𝑄 

disc 
𝑖,𝑠,ℎ 

+ 𝑄 

ec−cool 
𝑖,𝑠,ℎ 

+ 𝑄 

ac−cool 
𝑖,𝑠,ℎ 

+ 

∑
𝑗≠𝑖 

𝑄 

cf( 𝑗,𝑖 ) 
𝑗,𝑖,𝑠,ℎ 

× (1 − 𝐿 𝑜 c−pipe ) (9) 

DES model – Operation constraints . As formulated in Eq. (10a) –(e), at

ach time-step, the output of all devices should not be greater than the

nstalled capacity accordingly; and the energy conversions are defined

n Eq. (10f) –(j). 

 

CHP 
𝑖,𝑠,ℎ 

≤ 𝐶𝐴𝑃 CHP 
𝑖 

(10a)

 

ec−cool 
𝑖,𝑠,ℎ 

≤ 𝐶𝐴𝑃 ec 
𝑖 

(10b)

 

b−heat 
𝑖,𝑠,ℎ 

≤ 𝐶𝐴𝑃 b 
𝑖 

(10c)

 

ac−cool 
𝑖,𝑠,ℎ 

≤ 𝐶𝐴𝑃 ac 
𝑖 

(10d)

 

hp 
𝑖,𝑠,ℎ 

≤ 𝐶𝐴𝑃 
hp 
𝑖 

(10e)

 

re − heat 
𝑖,𝑠,ℎ 

= H t P × 𝐸 

CHP 
𝑖,𝑠,ℎ 

(10f)

 

ec−cool 
𝑖,𝑠,ℎ 

= 𝜂ec × 𝐸 

ec 
𝑖 , 𝑠,ℎ 

(10g)

 

ac−cool 
𝑖,𝑠,ℎ 

= 𝜂ac ×𝑄 

ac−heat 
𝑖,𝑠,ℎ 

(10h)

 

hp 
𝑖,𝑠,ℎ 

= 𝜂hp × 𝐸 

hp 
𝑖 , 𝑠,ℎ 

(10i)

 

b−heat 
𝑖,𝑠,ℎ 

= 𝜂b ×𝑁𝐺 

𝑏 
𝑖,𝑠,ℎ 

(10j)

Several specific operation constraints are implemented particularly

or CHP system to avoid low part-load conditions. As given in Eq. 11, the

inimum part load constraint is set at 30% of full capacity to avoid CHP

perating at a low load range when the engine is in operation mode. 

 

CHP 
𝑖,𝑠,ℎ 

≤ 𝛽CHP 
𝑖,𝑠,ℎ 

×𝑀 1 (11a)

 

CHP 
𝑖,𝑠,ℎ 

≥ ( 𝛽CHP 
𝑖,𝑠,ℎ 

− 1) ×𝑀 2 +0 . 3 × 𝐶𝐴𝑃 CHP 
𝑖 

(11b)
To avoid frequently switching on/off of the CHP, the startup fre-

uency is limited to once per day as constrained by Eq. 12. 

ℎ 

𝜒CHP 
𝑖,𝑠,ℎ 

≤ 1 (12a)

CHP 
𝑖,𝑠,ℎ 

≥ 𝛽CHP 
𝑖,𝑠,ℎ 

− 𝛽CHP 
𝑖,𝑠,ℎ −1 (12b)

CHP 
𝑖,𝑠,ℎ 

≤ 1 − 𝛽CHP 
𝑖,𝑠,ℎ −1 (12c)

CHP 
𝑖,𝑠,ℎ 

≤ 𝛽CHP 
𝑖,𝑠,ℎ 

(12d) 

To avoid drastic variation of CHP’s power output, the output differ-

nce between last and this time-step is limited to 50% of the installed

apacity (Eq. 13). 

 

CHP 
𝑖,𝑠,ℎ 

− 𝐸 

CHP 
𝑖,𝑠,ℎ −1 ≤ 0 . 5 × 𝐶𝐴𝑃 CHP 

𝑖 
(13a)

 

CHP 
𝑖,𝑠,ℎ −1 − 𝐸 

CHP 
𝑖,𝑠,ℎ 

≤ 0 . 5 × 𝐶𝐴𝑃 CHP 
𝑖 

(13b)

DES model – Storage constraints . We model both battery and cooling

torage. Eq. (14a) –(e) is given as an example to illustrate the cooling

torage constraints, whereas similar constraints apply to other storage

evices. 

 

in−st 
𝑖,𝑠,ℎ 

= 𝜂in−st ×𝑄 

in−st 
𝑖,𝑠,ℎ −1 + 𝜂cha ×𝑄 

cha 
𝑖,𝑠,ℎ 

− 𝑄 

disc 
𝑖,𝑠,ℎ 

∕ 𝜂disc (14a)

 

in−st 
𝑖,𝑠,ℎ 

≤ 𝐶𝐴𝑃 st 
𝑖 

(14b)

 

cha 
𝑖,𝑠,ℎ 

≤ 𝛼cha 
𝑖,𝑠,ℎ 

×𝑄 

cha 
𝑖,𝑠,ℎ 

(14c)

 

disc 
𝑖,𝑠,ℎ 

≤ 𝛼disc 
𝑖,𝑠,ℎ 

×𝑄 

disc 
𝑖,𝑠,ℎ 

(14d)

disc 
𝑖,𝑠,ℎ 

+ 𝛼cha 
𝑖,𝑠,ℎ 

≤ 1 (14e)

DES model – Grid connection . The power exchange between utility

rid and the integrated energy system is defined in Eq. 15. 

 

ex 
𝑖,𝑠,ℎ 

≤ 𝛿ex 
𝑖,𝑠,ℎ 

× 𝐸 

ex 
𝑖,𝑠,ℎ 

(15a)

 

im 
𝑖,𝑠,ℎ 

≤ 𝛿𝑖𝑚 
𝑖,𝑠,ℎ 

× 𝐸 

im 
𝑖,𝑠,ℎ 

(15b)

ex 
𝑖,𝑠,ℎ 

+ 𝛿𝑖𝑚 
𝑖,𝑠,ℎ 

≤ 1 (15c)

DES model – Network constraints . The energy exchanges via cooling

nd heating network are similar from the modelling perspective, as con-

trained below. The heating transfer can only take effect when two
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uildings are connected by heating pipework as defined in Eq. (16a) .

oreover, only connection between two buildings is allowed as con-

trained in Eq. (16b) . 

𝑗≠𝑖 

𝑄 

hf( 𝑖,𝑗 ) 
𝑖,𝑗,𝑠,ℎ 

≤ 𝛿DH 
𝑖,𝑗 

×𝑄 

hf( 𝑖,𝑗 ) 
𝑖,𝑗,𝑠,ℎ 

(16a) 

DH 
𝑖,𝑗 

+ 𝛿DH 
𝑗,𝑖 

≤ 1 (16b)

Similarly, cooling energy can only transfer when cooling pipework

xists as defined in Eq. (17). 

𝑗≠𝑖 

𝑄 

cf( 𝑖,𝑗 ) 
𝑖,𝑗,𝑠,ℎ 

≤ 𝛿DC 
𝑖,𝑗 

×𝑄 

cf( 𝑖,𝑗 ) 
𝑖,𝑗,𝑠,ℎ 

(17a) 

DC 
𝑖,𝑗 

+ 𝛿DC 
𝑗,𝑖 

≤ 1 (17b)

Meanwhile, building ( i ) cannot receive and transfer heating/cooling

nergy to other buildings ( j ) simultaneously at each time step ( Eq. (18a) –

d)). 

𝑗≠𝑖 

𝑄 

cf( 𝑖,𝑗 ) 
𝑖,𝑗,𝑠,ℎ 

≤ 𝛾DC 
𝑖,𝑠,ℎ 

×𝑀 3 (18a) 

𝑗≠𝑖 

𝑄 

cf( 𝑗,𝑖 ) 
𝑗,𝑖,𝑠,ℎ 

≤ (1 − 𝛾DC 
𝑖,𝑠,ℎ 

) ×𝑀 3 (18b)

𝑗≠𝑖 

𝑄 

hf( 𝑖,𝑗 ) 
𝑖,𝑗,𝑠,ℎ 

≤ 𝛾DH 
𝑖,𝑠,ℎ 

×𝑀 4 (18c) 

𝑗≠𝑖 

𝑄 

hf( 𝑗,𝑖 ) 
𝑗,𝑖,𝑠,ℎ 

≤ (1 − 𝛾DH 
𝑖,𝑠,ℎ 

) ×𝑀 4 (18d)

upply chain profit-allocation model 

We developed the supply chain profit-allocation model to maximise

he profit of whole supply chain considering profit allocation fairness.

q. 1 in the Model framework defines the profit for EV, DES, and D&R

ectors, respectively. Eq. (19a) formulates an objective function to max-

mise the summation of all sectors’ profits. This objective function repre-

ents the centralised optimisation solutions leading to maximised supply

hain profit, but it may lead to an unfair profit distribution. Here, we

ntroduce Nash-type objective function as formulated in Eq. (19b) to

nsure profit allocation fairness. This Nash-type formulation maximises

he overall profits as the product of each sector’s profit to achieve fair

rofit allocation, in the meantime, it offers flexibility to evaluate differ-

nt profit distribution strategies [ 24 , 25 ]. 

= 

∑
𝑝 

𝜋𝑝 (19a)

= 

∏
𝑝 

( 𝜋𝑝 − 𝜋L 
𝑝 
) (19b)

here the subscript p denotes supply chain nodes i.e. EV sector, DES

ector, and D&R sector; the superscript L represents lower bound. 

Supply chain model outputs . The outputs from the model include (a)

etired batteries’ sales price, (b) market volume of the retired batteries

tilised (i.e., installed capacity of retired batteries in the DES applica-

ion), (c) total profit of whole supply chain and the profit share of each

ector. 

odel integration and linearisation 

As derived in Eq. (19b) , the Nash-type formulation leads to a non-

inear optimisation problem. Another non-linear equation Eq. (1a) de-

ermines profit of EV sector which are dependent on two continuous

ariables i.e., retired batteries’ price and capacity ( CAP RB and price RB ).

ere, we apply two programming approaches to linearise the framework

s a MILP optimisation model [35] . 

Modelling technique I – Equivalent linear formulation . To linearise the

q. (1a) , we adopt piecewise linearisation approach [36] . The price of
etired batteries is discretised to k levels by introducing a parameter

rice 
RB 

k in Eq. (20a) , where the number of k is a user-defined parameter.

 k represents a binary variable. As defined in Eq. (20b) , no more than

ne discrete price level can be selected in each solution. 

𝑟𝑖𝑐 𝑒 RB = 

∑
𝑘 

price 
RB 

𝑘 
𝑋 𝑘 (20a)

𝑘 

𝑋 𝑘 = 1 (20b)

Then, CAP RB price RB in Eq. (1a) can be reformulated as Eq. (21) ,

etermined by a continuous variable ( CAP RB ) and a binary variable ( X k ).

 𝐴 𝑃 RB 𝑝𝑟𝑖𝑐 𝑒 RB = 𝐶 𝐴 𝑃 RB 
∑
𝑘 

price 
RB 

𝑘 
𝑋 𝑘 (21)

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

traints in Eq. (22a) –(e), CAP RB price RB can be replaced by 
∑
k 
price 

RB 

k Z k 
nd linearised. 

 𝑘 = 𝐶𝐴 𝑃 RB 𝑋 𝑘 (22a)

 𝑘 ≤ 𝐶𝐴 𝑃 RB 𝑋 𝑘 (22b) 

 𝑘 ≤ 𝐶𝐴 𝑃 RB (22c)

 𝑘 ≥ 𝐶𝐴 𝑃 RB − (1 − 𝑋 𝑘 ) 𝐶𝐴 𝑃 RB (22d)

 𝑘 ≥ 0 (22e)

Modelling technique II – Separable programming . The nonlinear non-

onvex optimisation problem in Eq. (19b) is transformed to convex op-

imisation by adopting the linearisation approach 35 . Assuming f ( x ) is a

ontinuous convex function with a variable x , it can be approximated

ia a piecewise linear function of f( x q ) with A grid points as shown in

q. (23a) . 𝜆q is a set of special order variables with only two adjacent

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

( 𝑥 ) = 

𝐴 ∑
𝑞=1 

𝜆𝑞 f ( 𝑥 𝑞 ) (23a)

𝐴 

𝑞=1 
𝜆𝑞 = 1 (23b)

𝑞 ≥ 0 ∀𝑞 (23c)

As mentioned in Model framework, the Nash-type objective function

f Eq. (19b) leads to a non-linear problem which is difficult to solve.

ere it was firstly reformatted as Eq. (24a) and further transformed to

 logarithmic differentiation as formulated in Eq. (24b) . 

ax 𝜙 = 

∏
𝑝 

(
𝜋𝑝 − 𝜋L 

𝑝 

)
(24a) 

axln 𝜙 = 

∑
𝑝 

ln 
(
𝜋𝑝 − 𝜋L 

𝑝 

)
(24b) 

here the superscript of L denotes the lower bound of profit for each

ector. 

Therefore, the objective is to maximise 𝜙̂ as demonstrated in

q. (25a) –(e), while 𝜋pq is constrained by Eq. (26a) –(c) for each player.

ax 𝜙̂ = 

∑
𝑝 

𝐴 ∑
𝑞 

𝜆𝑝𝑞 θ𝑝𝑞 (25a) 

̂ ≡ ln 𝜙 (25b) 
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[  

[  

 

[  

 

[  

 

[

𝑝𝑞 = ln ( 𝜋𝑝𝑞 − 𝜋L 
𝑝 
) (25c)

𝐴 

𝑞=1 
𝜆𝑝𝑞 = 1 ∀𝑝 ∈ { EV , DES , D R } (25d)

𝑝𝑞 ≥ 0 ∀𝑝, 𝑞 (25e)

here 𝜃pq is defined as a parameter , 𝜋pq is the discrete profit at q level

or each player p . 

𝐴 

𝑞 

𝜆EV ,𝑞 𝜋EV ,𝑞 = CA 𝑃 RB pric 𝑒 RB − CA 𝑃 RB C EV = 

∑
𝑘 

price 
RB 

𝑘 
𝑍 𝑘 − CA 𝑃 RB C EV

(26a) 

𝐴 

𝑞 

𝜆DES ,𝑞 𝜋DES ,𝑞 = 𝐶 

NB 
DES − 𝐶 

RB 
DES (26b)

𝐴 

𝑞 

𝜆D R ,𝑞 𝜋D R ,𝑞 = 𝐶𝐴 𝑃 𝑅𝐵 × benef i t D R (26c)

Based on above linearisation programming approach, it is vital to

etermine the upper and lower bounds for the 𝜃pq values. For the EV

ector, the upper bound of 𝜃pq is derived by maximising the sales price

nd the sold capacity, the lower bound is determined by minimising

ales price and capacity. For the DES sector, the upper bound is obtained

y solving DES model with a minimum retired batteries price, and the

ower bound reaches zero when the retired batteries price is equal to

hat of new batteries. For the D&R sector, the upper and lower bound

alues depend on capacity. 

By linearisation, the final derived MILP model was built and solved

n GAMS 25.0.3 [38] , using the CPLEX solver [39] on an 8 × 12 – Core

eon X5675 clusters with 48GB RAM. The number of variables is 30,544

ncluding 15,738 binary variables; the number of constraints is 40,217.

he CPU times vary between 30 and 90 min. The optimality gap is set

o 1%, and all other settings remain at default values. 

odel validation 

Although we present a linear equivalent for the non-linear problem

f Eq. (19b) , a gap still exists between the non-linear term and the linear

quivalent, which depends on the number of discrete levels q . Hence,

he selection of q may affect the results. To validate the proposed model,

e tested the profit fluctuations with different linearisation pieces ( q ) of

rofit. Detailed validation procedure is given in Supplementary SI-2 .

ith the discretisation level q above 25, the results were found to be

table, i.e., almost half of the total profit (49%) is allocated to the DES

ector, the EV sector shares 45% of the total profit, and the remaining

% is allocated to the D&R sector. This is consistent with the fairest

olution we presented in the Case study and optimal solutions . Meanwhile,

he retired batteries price ( price RB ) is discretised into 50 levels ( k = 50),

hich produced stable results. 
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