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 parameterization is given in Supplementary Information Table SI-1.
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 hours

	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

	

	Lower bound of variables

	

	

	Parameters
	Definitions

	CEV
	Cost of EV sector for reassembling the retired battery

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

	

	


Unit capital cost [$/kW] of different energy technologies (); unit capital cost [$/m2] of energy network (); and unit capital cost [$] of different options for roof, window, and wall energy saving retrofit ()

	DXi,j
	Distance between buildings

	η
	
Efficiency of CHP (ηCHP), boiler (ηb), electric chiller (ηec), absorption chiller (ηac), heat pump (ηhp), PV panel (), storage self-discharge (ηin-st), storage charge/discharge (ηcha/disc)

	H-to-P
	Heat to power ratio for CHP output

	

	

Unit cost of natural gas [$/kWh] at hour h for CHP (), boiler () 

	Cmaint
	







Maintenance cost [$/kWh] of CHP (), boiler (), electric chiller (), absorption chiller (), heat pump (), PV panel (), battery storage (), cooling storage tank ()

	

	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 () and cooling ()

	

	

Demand saved in building i by energy saving strategies s’ via option k’ for heating (), and for cooling ()

	Lopipe
	Thermal loss rate for cooling network (Loc-pipe), heating network (Loh-pipe)

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

	M
	The “big M” big enough values for M1 ~ M4

	
	Parameters for discretise the retired battery price (priceRB)

	πpq
	Discrete profit at q level for each player p

	θpq
	Intermediate parameters for linearisation of supply chain model

	
	

	Continous Variables
	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

	
	

	Binary Variables
	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

	Xk
	=1 to select one discretised level of retired battery price (priceRB)

	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

	priceRB
	The retired battery price

	CAPRB
	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

	

	




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

	

	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

	

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

	

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

	

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

	

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

	

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

	

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

	

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

	

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

	

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

	

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

	

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

	

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

	

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

	

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

	

	The electricity discharged in building i at season s hour h

	

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

	

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

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



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 optimizes the system design and operational strategy simultaneously. It offers flexible energy design options that all buildings in the case district can build their own energy systems, equip battery storage technologies, implement energy-saving measures, inter-connected as local networks, and interact with the macro grid. We model the system operation with hourly resolution. The operation of all devices, state-of-charge for energy 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 horizon, (c) real-time electricity and natural gas tariffs, (d) solar radiation index, (e) electricity, cooling and heating energy demand, (f) technical 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 considered21, 

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) optimised 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. 

	
	

	(2)



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.

	
	

	(3a)

	
	

	(3b)



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. 

	
	

	(4)



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

	
	

	(5)


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

	
	

	(6)



DES model constraints. The model constraints include electricity, cooling, and heating energy balances (i.e., supply-demand balance), operation constraints (e.g., ramping and energy conversion), storage constraints (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 constraints are detailed below.
DES model – Energy balances. The energy balances include electrical 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 reduction by implementing energy saving strategies are modelled. Similar with the heating balance, Eq. 9 presents the cooling balance.
	
	

	(7)

	
	

	(8)

	
	

	(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. 10f-j.
	
	

	(10a)
(10b)
(10c)
(10d)
(10e)

	
	

	(10f)
(10g)
(10h)
(10i)
(10j)



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. 

	
	

	(11a)
(11b)



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

	
	

	(12a)
(12b)
(12c)
(12d)



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

	
	

	(13a)
(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.
	
	

	(14a)
(14b)
(14c)
(14d)
(14e)



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

	
	

	(15a)
(15b)
(15c)



DES model – Network constraints. The energy exchanges via cooling and heating network are similar from the modelling perspective, as constrained below. The heating transfer can only take effect when two buildings are connected by heating pipework as defined in Eq. 16a. Moreover, only connection between two buildings is allowed as constrained in Eq. 16b. 
	
	

	(16a)
(16b)



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

	
	

	(17a)
(17b)



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

	(18a)
(18b)
(18c)
(18d)



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 maximise the summation of all sectors’ profits. This objective function represents 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 different profit distribution strategies40,41.
	
	

	(19a)
(19b)



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 application), (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 optimization problem. Another non-linear equation Eq. 1a determines profit of EV sector which are dependent on two continuous variables i.e., retired batteries’ price and capacity (CAPRB and priceRB). Here, we apply two programming approaches to linearise the framework as a MILP optimisation model42,43. 

Modelling technique Ⅰ – Equivalent linear formulation. To linearise the Eq. 1a, we adopt piecewise linearisation approach42. The price of retired batteries is discretised to k levels by introducing a parameter  in Eq. 20a, where the number of k is a user-defined parameter. Xk represents a binary variable. As defined in Eq. 20b, no more than one discrete price level can be selected in each solution. 
	
	

	(20a)
(20b)


Then, CAPRB priceRB in Eq. 1a can be reformulated as Eq. 21, determined by a continuous variable (CAPRB) and a binary variable (Xk). 
	
	

	(21)


By further introducing a variable Zk and a series of inequality constraints in Eq. 22a-e, CAPRB priceRB can be replaced by    and linearised.

	
	

	(22a)
(22b)
(22c)
(22d)
(22e)



Modelling technique Ⅱ – Separable programming. The nonlinear nonconvex optimisation problem in Eq. 19b is transformed to convex optimisation by adopting the linearisation approach35. Assuming f(x) is a continuous convex function with a variable x, it can be approximated via a piecewise linear function of f(xq) with A grid points as shown in Eq. 23a. λq is a set of special order variables with only two adjacent nodes taking non-zero values42,44.

	
	

	(23a)
(23b)
(23c)



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.
	
	

	(24a)
(24b)


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 πpq is constrained by Eq. 26a-c for each player.
	
	

	(25a)
(25b)
(25c)
(25d)
(25e)



where θpq is defined as a parameter, πpq is the discrete profit at q level for each player p.

	
	

	(26a)
(26b)
(26c)



Based on above linearisation programming approach, it is vital to determine the upper and lower bounds for the θpq values. For the EV sector, the upper bound of θpq 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 linearization, the final derived MILP model was built and solved in GAMS 25.0.3, using the CPLEX solver45 on an 8*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 to 90 minutes. The optimality gap is set to 1%, and all other settings remain at default values.

Model validation
[bookmark: _Hlk30496793]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 q 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 q 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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