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Photovoltaic
[bookmark: _GoBack][bookmark: _Hlk157886178]The distributed photovoltaics are a commonly used renewable energy technology, capable of converting solar energy into electrical energy through the photovoltaic effect [1]. The power generation (PPV(t), W) of PVs is influenced by factors such as solar irradiance and environment temperature, and its power output can be calculated using Equation (A1).
	

	(A1)

	

	(A2)

	

	(A3)


[bookmark: OLE_LINK14]where, Rad(t) is the solar irradiance, W/m2; APV is the area of a single photovoltaic panel, m2; fSTC is the power generation efficiency of the photovoltaic module under standard test conditions, %; ftem(t) is the temperature correction factor; finverter is the conversion efficiency of the inverter, %; TSTC is the temperature of PV under STC, °C; TPV,sur(t) is the actual operating temperature of the photovoltaic, °C; Tenv(t) is the ambient environmental temperature, °C; TNOCT is the nominal operating cell temperature of the photovoltaic, °C.
Lithium battery
[bookmark: OLE_LINK1]The state of charge (SOC) is a crucial performance metric for evaluating of lithium batteries, which can be calculated using Equation (A4) [2].
	

	(A4)


[bookmark: _Hlk157886238]where, SOCbat(t-1) is the SOC of the lithium battery at time t-1; Ebat,nom is the rated capacity of the lithium battery, kWh; Pbat,ch(t) and Pbat,dis(t) are the charging and discharging power of the lithium battery, respectively, kW; fbat,ch and fbat,dis are the charging/discharging efficiency of the lithium battery, respectively; γ is a binary variable, where γ=1 indicate that the lithium battery is in the charging state, and γ=0 indicate it is in the discharging state; Δt is the calculation time step, h.
During the operation of the lithium battery, it is necessary to consider the constraints on both charging and discharging power limits as well as the upper/under limits of the SOC, as illustrated by Equations (A5)-(A7).
	

	(A5)

	

	(A6)

	

	(A7)


Pbat,ch,max and Pbat,dis,max are the rated charging/discharging powers of the lithium battery, respectively, kW; SOCbat,min and SOCbat,max are the lower/upper limits of the SOC for the lithium battery, respectively.
[bookmark: OLE_LINK20]Furthermore, during operation, lithium batteries exhibit aging, leading to increased commissioning costs for the park energy system. The aging of lithium batteries encompasses calendar aging and cycle aging, which can be calculated using Equations (A8) and (A9) respectively [2].
	

	(A8)

	

	(A9)

	

	(A10)


Where, αbat,cal(t), αbat,cyc(t), and αbat (t) are the calendar aging, cycle aging, and total aging amounts of the lithium battery, respectively; Lbat,com is the rated cycle count of the lithium battery.
Thermal storage tank
Thermal storage tanks are capable of storing waste heating produced by the PES-HES and provide heating to users when required. The heat stored (QTST(t), kWh) in the thermal storage tank at time t, is shown in Equation (A11) [1].
	

	(A11)


[bookmark: _Hlk157886281]where, QTST,ch(t) and QTST,dis(t) are the charging and discharging power of the thermal storage tank, respectively, kW; fTST,ch and fTST,dis are the charging and discharging efficiencies of the thermal storage tank, respectively; QTST(t−1) is the heat stored of the thermal storage tank at the time t−1, kWh; δTST is the tank body loss coefficient of the thermal storage tank.
The thermal storage tank is constrained by charging/discharging power and rated capacity, as shown in Equations (A12)-(A14).
	

	(A12)

	

	(A13)

	

	(A14)


where, QTST,ch,max and QTST,dis,max are the rated charging and discharging power of the thermal storage tank, respectively, kW. QTST,nom is the nominal capacity of the thermal storage tank, kWh.
Chilled water storage
The technology of chilled water storages is mature and cost-effective, making it one of the commonly used thermal storage devices. In this study, chilled water storages (CCSWT(t), kWh) are selected for thermal storage [1].
	

	(A15)


[bookmark: _Hlk157886333]where, CCWS,ch(t) and CCWS,dis(t) are the charging and discharging power of the chilled water storage, respectively, kW; fCWS,ch and fCWS,dis are the charging and discharging efficiencies of the chilled water storage, respectively; QCWS(t−1) is the heat stored of the chilled water storage at the time t−1, kWh; δCWS is the tank body loss coefficient of the chilled water storage.
The chilled water storage is constrained by charging/discharging power and rated capacity, as shown in Equations (A16)-(A18).
	

	(A16)

	

	(A17)

	

	(A18)


here, CCWS,ch,max and CCWS,dis,max are the rated charging and discharging power of the chilled water storage, respectively, kW. QCWS,nom is the nominal capacity of the chilled water storage, kWh.
Dual-purpose chiller
The cooling and heating capacities provided by the dual-purpose chiller to the users are calculated using Equations (A19) and (A20), respectively [3].
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[bookmark: OLE_LINK220]where, CDPC,cooling(t) and QDPC,heating(t) are the cooling and heating capacities of the dual-purpose chiller, respectively, kW; PDPC,cooling(t) and PDPC,heating(t) are the electrical power required for cooling and heating by the dual-purpose chiller, respectively, kW; COPcooling and COPheating are the energy efficiency ratio and the coefficient of performance of the dual-purpose chiller, respectively. In this study, a value of 4.0 is assumed for both.


[bookmark: OLE_LINK3]Photovoltaic
[bookmark: OLE_LINK88][bookmark: _Hlk143283219]The distributed PVs are a commonly used renewable energy technology, capable of converting solar energy into electrical energy through the photovoltaic effect [1]. The power generation (PPV(t), kW) of PVs is influenced by factors such as solar irradiance and environment temperature, and its power output can be calculated using Equation (B1).
	

	(B1)
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	(B3)


[bookmark: OLE_LINK165][bookmark: OLE_LINK229][bookmark: OLE_LINK10][bookmark: OLE_LINK5]where, Rad(t) is the solar irradiance, W/m2; APV is the area of a single PV panel, m2; fSTC is the power generation efficiency of the PV module under standard test conditions, %; ftem(t) is the temperature correction factor; finverter is the conversion efficiency of the inverter, %; TSTC is the temperature of PV under standard test conditions, °C; TPV,sur(t) is the actual operating temperature of the PV panel, °C; Tenv(t) is the ambient environmental temperature, °C; TNOCT is the nominal operating cell temperature of the PV panel, °C.
[bookmark: OLE_LINK4][bookmark: OLE_LINK9]Lithium battery
[bookmark: OLE_LINK89][bookmark: _Hlk139372724][bookmark: OLE_LINK18]The lithium batteries possess advantages such as high energy density, high operating voltage, and long cycle life, and it are the prevailing direction for electrochemical energy storage development at the time. In this study, it is assumed that the state of charge (SOC) has no impact on the charging and discharging power of the lithium battery, and their SOC at time t is calculated using Equation (B4) [4].
	

	(B4)


[bookmark: _Hlk143284435][bookmark: OLE_LINK90]where, SOCbat(t-1) is the SOC of the lithium battery at time t-1; Ebat,nom is the rated capacity of the lithium battery, kWh; Pbat,ch(t) and Pbat,dis(t) are the charging and discharging power of the lithium battery, respectively, kW; fbat,ch and fbat,dis are the charging/discharging efficiency of the lithium battery, respectively; γ is a binary variable, where γ=1 indicate that the lithium battery is in the charging state, and γ=0 indicate it is in the discharging state; Δt is the calculation time step, h.
[bookmark: OLE_LINK30]During the operation of the lithium battery, it is necessary to consider the constraints on both charging and discharging power limits as well as the upper/under limits of the SOC, as illustrated by Equations (B5)-(B7).
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[bookmark: _Hlk143284567]Pbat,ch,max and Pbat,dis,max are the rated charging/discharging powers of the lithium battery, respectively, kW; SOCbat,min and SOCbat,max are the lower/upper limits of the SOC for the lithium battery, respectively.
[bookmark: OLE_LINK91][bookmark: OLE_LINK41]In the actual operation of lithium batteries, their lifespan is closely related to factors such as the SOC, the working temperature and the cycle number. Irregular charging/discharging processes accelerate the aging of the lithium batteries, leading to a significant reduction in their service life. In the study, it was assumed that the battery operated at a constant temperature, and only the effects of calendar aging and cycle aging on lithium battery degradation were considered. The total effective discharge capacity over the full lifecycle of the lithium battery under rated conditions (Fbat,nom, kWh) is represented by Equation (B8). In this study, it was assumed that the operating temperature of the lithium battery remained constant, and its calendar aging model (αbat,cal(t)) and calendar aging cost (cbat,cal(t), USD) are calculated using Equations (B9) and (B10), respectively [5].
	

	(B8)
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	(B10)


where, Lbat,nom is the rated depth of discharge in lithium battery; cbat,ini is the initial investment of per unit capacity in the lithium battery, USD/kWh.
[bookmark: OLE_LINK43]The degree of cycle aging of the lithium battery when operating under different conditions varies significantly. This study mainly focused on the impact of charging/discharging power, and the SOC on the cycle aging of the lithium battery. To calculate the lifespan degradation for the lithium battery operating under different conditions, it is necessary to convert its actual discharge amount to the effective discharge amount under rated conditions, as shown in Equation (B11) [6].
	

	(B11)


where, dnom(i) and dactual(i) is the equivalent and actual discharge amounts of the lithium battery during its ith cycle, respectively; Lbat(i) is the actual cycle life of the lithium battery corresponding to its ith cycle.
[bookmark: OLE_LINK92][bookmark: OLE_LINK49]The average discharge power, actual discharge amount, and actual cycle life of the lithium battery are calculated using Equations (B12), (B13), and (B14), respectively.
	

	(B12)

	

	(B13)

	

	(B14)


where, j=1, 2, …, n is the discharge duration of the lithium battery during its ith cycle; SOCbat(i) is the SOC during the ith discharge process of the lithium battery; a, b, and c are fitting coefficient s.
[bookmark: OLE_LINK93][bookmark: OLE_LINK52]Consequently, the cycle aging cost (cbat,cyc(i), USD) of the lithium battery during its ith cycle, can be expressed as:
	

	(B15)


[bookmark: OLE_LINK54]The aging cost of the lithium battery during its operational period (Cbat,aging, USD) can be calculated using Equation (16):
	

	(B16)


[bookmark: _Hlk139357969][bookmark: _Hlk143285118]Thermal storage tank / chilled water storage
[bookmark: OLE_LINK209][bookmark: OLE_LINK94][bookmark: _Hlk143284937][bookmark: OLE_LINK57]Compared to electrical storage, thermal storage has the advantages such as low unit storage costs, and environmental friendliness. Thermal storage tanks are capable of storing waste heating produced by the PES-HES and provide heating to users when required. The heat stored (QTST(t), kWh) in the thermal storage tank at time t, is shown in Equation (B17).
	

	(B17)


[bookmark: _Hlk143284997][bookmark: OLE_LINK11]where, QTST,ch(t) and QTST,dis(t) are the charging and discharging power of the thermal storage tank, respectively, kW; fTST,ch and fTST,dis are the charging and discharging efficiencies of the thermal storage tank, respectively; QTST(t−1) is the heat stored of the thermal storage tank at the time t−1, kWh; δTST is the tank body heating loss coefficient of the thermal storage tank.
[bookmark: OLE_LINK95][bookmark: OLE_LINK62]The thermal storage tank is constrained by charging/discharging power and rated capacity, as shown in Equations (B18)-(B20).
	

	(B18)

	

	(B19)

	

	(B20)


[bookmark: _Hlk143285069]where, PTST,ch,max and PTST,dis,max are the rated charging and discharging power of the thermal storage tank, respectively, kW. QTST,nom is the nominal capacity of the thermal storage tank, kWh.
[bookmark: OLE_LINK67]Assuming the thermal storage tank is cylindrical in shape, its rated capacity (QTST,nom, kWh), volume (VTST, m3), and surface area (ATST, m2) are calculated using Equations (B21), (B22), and (B23), respectively.
	

	(B21)
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	(B24)


where, ρwater is the density of water, kg/m3; cwater is the specific heat of water, kJ/(kg·K); TTST,h and TTST,c are the designed maximum and minimum hot water temperature of the thermal storage tank, respectively, °C; rTST and hTST are the radius and height of the thermal storage tank, respectively, m; ARTST is the aspect ratio of the thermal storage tank.
[bookmark: OLE_LINK69][bookmark: OLE_LINK96][bookmark: OLE_LINK17][bookmark: OLE_LINK71]The inlet (TTST,ch, °C) and outlet (TTST,dis, °C) water temperatures of the thermal storage tank are maintained at TTST,h and TTST,c, respectively. The charging and discharging power are adjusted by controlling the water flow rate (GTST(t), kg/s). The heat storage capacity of the thermal storage tank at time t is represented using an equivalent temperature (TTST(t), °C). The thermal storage tank model is described by Equation (B25).
	

	(B25)

	

	(B26)

	

	(B27)

	

	(B28)


[bookmark: OLE_LINK74]where, ΔQTST(t) is the change in stored heat of the thermal storage tank at time t, kWh; PTST,loss(t) is the heat dissipation loss of the thermal storage tank, kW; h is the convective heat transfer coefficient of the thermal storage tank, which is 2.668 W/(m2·K).
[bookmark: OLE_LINK76]The real-time dynamic energy balance for the thermal storage tank is shown in Equation (B29) [7].
	

	(B29)


[bookmark: OLE_LINK97][bookmark: OLE_LINK79]In this study, a chilled water storage was utilized for cooling energy storage. Compared to the thermal storage tank, the chilled water storage exhibits differences in parameters such as design maximum/minimum temperatures, convective heat transfer coefficient, and ambient temperature. The energy storage principles and models for the chilled water storage were similar to the thermal storage tank, and thus, they were not introduced again.
Dual-purpose chiller
[bookmark: OLE_LINK98][bookmark: OLE_LINK15][bookmark: OLE_LINK194]The schematic diagram of the dual-purpose chiller with an economizer is depicted in Supplementary Figure 1. The equipment comprises a compressor, condenser, evaporator, economizer, expansion valve I, and expansion valve II [8]. Specifically, the economizer is capable of separating the flash vapor when the high-pressure liquid refrigerant from the condenser is throttled and depressurized to an intermediate pressure. This vapor is then directed to the compressor for compression, achieving the objective of conserving compressor power consumption. The pressure-enthalpy diagram and temperature-entropy diagram of the dual-purpose chiller are illustrated in Supplementary Figure 1(b) and (c), respectively.
[image: ]
[bookmark: _Hlk157861541][bookmark: OLE_LINK37]Supplementary Figure 1. Schematic diagram of the dual-purpose chiller with an economizer [8].
[bookmark: OLE_LINK99]The intermediate pressure (pm, kPa) of the dual-purpose chiller is determined by equating the compression ratios of the high and low-pressure compressors. 
	

	(B30)


where, p0 is the pressure of the refrigerant at the evaporator outlet, kPa; pk is the pressure of the refrigerant at the condenser inlet, kPa.
[bookmark: OLE_LINK84]When the cooling capacity (ϕ0, kW) is known, the refrigerant mass flow rate (Mr1, kg/s) through the evaporator (low-pressure compressor) can be calculated using the following equation:
	

	(B31)


where, h1 and h8 are the specific enthalpy at the outlet and inlet of the evaporator, respectively, kJ/kg.
[bookmark: OLE_LINK86]The mass flow rate (Mr, kg/s) of the refrigerant entering the high-pressure compressor is the sum of the refrigerant mass flow rate (Mr1, kg/s) from the evaporator and the mass flow rate (Mr2, kg/s) of saturated gas from the economizer.
	

	(B32)


[bookmark: OLE_LINK87]In the economizer during the gas-liquid separation process, the heat released by Mr1 (converted into saturated liquid) is equal to the heat absorbed by Mr2 (converted into saturated vapor). The corresponding heat balance equation is as follows: 
	

	(B33)


where, h6 is the specific enthalpy of the refrigerant at the outlet of expansion valve I, kJ/kg; h7 and h3 are the specific enthalpies of the refrigerant as saturated liquid and gas within the economizer, respectively in kJ/kg.
[bookmark: OLE_LINK106]The superheated steam at the high-pressure compressor inlet is obtained by mixing the saturated steam from the economizer outlet with the superheated steam from the low-pressure compressor outlet. The heat balance equation for this process is presented in Equation (B34).
	

	(B34)


where, h2 is the specific enthalpy of the refrigerant at the outlet of the low-pressure compressor, kJ/kg; h2´ is the specific enthalpy of the refrigerant at the inlet of the high-pressure compressor, kJ/kg.
[bookmark: OLE_LINK108]The heating (ϕk, kW) to be removed by the condenser can be calculated using Equation (B35).
	

	(B35)


where, h4 and h5 are specific enthalpy at the inlet and outlet of the condenser, respectively, in kJ/kg.
[bookmark: OLE_LINK109]The theoretical power consumption of the compressor (Pth, kW) can be calculated using Equation (B36):
	

	(B36)


[bookmark: OLE_LINK110]The energy efficiency ratio and coefficient of performance of the dual-purpose chiller are calculated using Equations (B37) and (B38), respectively.
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Supplementary Table 1. Technical, economic, and environmental parameters of the IPES-HES.
	Equipment
	Parameters

	PV [1]
	APV=2 m2, fSTC=17.1%, finverter=98%, fPTC=0.43 %/°C, TNOCT=40 °C, TSTC=25 °C, cequ,PV=570 USD/kWh ,com,PV=0.003 USD/kWh,

	Lithium battery [2,4–6]
	fbat,ch=0.96, fbat,dis=0.96, SOCbat,min=0.2, SOCbat,max=1, SOCbat,nom=1, Lbat,nom=3000, a=1953, b=1.98, c=0.016, cequ,bat=285 USD/kWh, cequ,bat,ch=170 USD/kW, cequ,bat,dis=170 SD/kW, com,bat=0.004 USD/kWh

	TST [1,7]
	δTST=0.01, fTST,ch=0.91, fTST,dis=0.91, ρwater=1000 kg/m3, cwater=4.187 J/(kg·K), TTST,c=35 °C, TTST,h=50 °C, h=2.668 W/(m2·K), cequ,TST=65 USD/kWh, cequ,TST,ch=20 USD/kW, cequ,TST,dis=20 USD/kW, com,TST=0.0037 USD/kWh

	CWS [1,7]
	δCWS=0.01, fCWS,ch=0.91, fCWS,dis=0.91, TCWS,c=35 °C, TCWS,h=50 °C, cequ,CWS=80 USD/kWh, cequ,CWS,ch=23 USD/kW, cequ,CWS,dis=23 USD/kW, com,CWS=0.0037 USD/kWh

	DPC [3,8]
	Fluid=R134a, fcon=0.85, feva=0.85, fexp=0.85, fcom=0.85, cequ,DPC=171 USD/kW, com,DPC=0.0033 USD/kWh

	Other [3]
	Lequ=20 year, ce=0.5703 kg/kWh, fgen=0.4, fgrid=0.92



Supplementary Table 2. Optimization ranges for each decision variable.
	Decision variable
	NPV
(pcs)
	xP2H
	Pbat,ch,max
(kW)
	CCWS,ch,max
(kW)
	QTST,ch,max
(kW)
	rTST
(m)
	ARTST

	Optimization range
	[0,20000]
	[0, 1]
	[0.2, 0.5]×Ebat,nom
	[0.2, 0.5]×CCWS,nom
	[0.2, 0.5]×QTST,nom
	[2, 9]
	[0.5, 2.0]

	Decision variable
	Ebat,nom
(kWh)
	xP2C
	Pbat,dis,max
(kW)
	CCWS,dis,amx
(kW)
	QTST,dis,amx
(kW)
	rCWS
(m)
	ARCWS

	Optimization range
	[0,8000]
	[0, 1]
	[0.2, 0.5]×Ebat,nom
	[0.2, 0.5]×CCWS,nom
	[0.2, 0.5]×QTST,nom
	[2, 10]
	[0.5, 2.0]



[image: ]
Supplementary Figure 2. Hourly meteorological data of Beijing in typical year.

[image: ]
Supplementary Figure 3. Hourly cooling, heating, and electric loads for a certain industrial park during a typical year.

[image: ]
Supplementary Figure 4. Time-of-use electricity pricing and feed-in tariffs in the Beijing [3].
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