Supplementary Material
A. Mass balance calculations for SVT units 
Sludge Thickening
Thickening is an important process in the sludge treatment to reduce the water content of SS  to 95 wt% (Tambo et al., 1982). The moisture contents of each stream in the thickening unit are tabulated in Supplementary Material Table B1. Note that gravitational thickening is considered in this study, whereby two streams will be produced during the sludge thickening process, i.e. thickened sludge stream  and wastewater stream . It is assumed that 5% of dry solid would be lost in the wastewater stream. The mass balances in the sludge thickening unit are formulated as follows:
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Where,  is the mass flow rate, superscript  is thickening, S is sludge stream, WW is wastewater stream; subscript  is the mass fraction of water, and  is mass fraction of dry solid. 

Sludge Stabilization 
The thickened sludge is then sent to either the sludge stabilization and/or dewatering unit. The details of dewatering technology will be discussed in the later section. There are two types of sludge stabilization technology, i.e. mesophilic anaerobic digestion (MAD) and thermophilic anaerobic digestion (TAD). AD is a biological process that can convert volatile solids in SS to biogas in the absence of oxygen, which significantly reduces the volatile organic matters and harmful pathogens present in SS (Nakashimada et al., 2008). 
MAD consists of 2-stage digestion with an operating temperature ( of 35. The retention time ( and ) of 1st and 2nd Stages of MAD is assumed to be 20 and 10 days respectively (Rivero et al., 2014). It is reported that the two-staged MAD with acidogenic and methanogenic processes in series can achieve a higher yield of biogas and a more stable operation (Pham Van et al., 2020). On the other hand, TAD usually operates at an elevated temperature  of 55 in single stage with  of 15 days (Xie et al., 2016). 


Two different streams will be produced during the operation of the AD, i.e. a digested sludge stream with a mass flow rate of   and a biogas stream with a mass flow rate of . The biogas yield of MAD and TAD is assumed to be 0.48 and 0.576  of volatile solid (VS) according to (Gebreeyessus & Jenicek, 2016). Generally, biogas produced from AD is constituted of  65 vol% of  , 28 vol% of  , 1 vol% of , 6 vol% of , and negligible  (Anukam et al., 2019). A digested sludge normally has a moisture content of 95 wt%. The k subscript represents the types of AD used where MAD is  and TAD is , for . The mass balances of AD can be performed as:
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Where,  is the standard condition (STC) pressure (101325 Pa),  is STC temperature , R is the gas constant ,  is the molecular weight of  ,  is ,  is , and  is .

Energy Mass and Recovery
Two energy and mass recovery pathways of SS are presented in this study, which are the energy recovery of biogas produced from AD, and phosphorus recovery from digested sludge. Biogas produced from AD can be utilized to generate heat and electricity through the CHP system. It is assumed that only 95% of biogas will be used for energy generation while the rest will escape into the atmosphere as fugitive emissions  (Hobson & Martinsen, 2001). The volume of biogas enters the CHP can then be computed as shown in Eq. (A.11).
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Alternatively, the digested sludge from AD can be sent to the phosphorus recovery unit, where magnesium salts  are added to precipitate struvite from SS with a cost ( of 351.75 RM/tonne (Kabbe, 2013). Struvite is a slow-release phosphate fertilizer that could potentially substitute manufactured fertilizer for arable crop production (Vries et al., 2016). The dosing of MgCl2 is linearly proportionate to the given MgCl2 dosage from the literature. Revenue can be obtained from this process through the sale of struvite as fertilizer. AIRPREX is one of the phosphorus recovery methods that can recover 95% of phosphorus from SS (Yoshida et al., 2019). The typical moisture content of SS  is after AIRPEX is 27 wt%. The mass balances in the phosphorus recovery unit are expressed as shown in Eq. (A.12) – (A.16). 
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Where,  is MW of struvite ,  is MW of phosphorus ,  is annual operating days,  is the mass flow rate of phosphorus in the raw SS feed,  is literature Mg dosage , and  is literature capacity 

Dewatering
Dewatering is a requisite process in SSTP to further reduce moisture content of SS to 75 wt% (Arisily et al., 2020). Dewatering is necessary as it allows effective sludge handling and landfill construction during the downstream processes. (O'kelly, 2005). Note that only one DW technology is considered, which is the belt filter press. The dewatering process will produce two streams, including a dewatered sludge stream with a mass flow rate of , and a wastewater stream . It is assumed that 5% of dry solids from SS is discharged together with wastewater. Since there are three pathways that are connected to the dewatering unit, which are from thickening, AD, and phosphorus recovery processes, the mass balance in the dewatering unit can be expressed as:
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Drying
Đurđević et al. (2019) stated that dewatered sludge has no practical energy value owing to its high water content. Incineration is one of the widely-accepted alternative end disposal methods to eliminate the dewatered sludge. However, further treatment of SS is required before entering incineration, whereby the SS will be dried to lower the moisture content of SSFurther treatment is required before SS enters incineration to reduce the moisture content of SS further from 75 wt% to 40 wt%. Drying process increases the lower heating value of SS so that the combustion of SS can be autogenous in an incinerator (Bianchini et al., 2015). The drying of SS will produce two streams, i.e. dried SS with a mass flow rate of  and flue gas with mass flow rate of . The mass balance of drying process can be expressed as:
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Incineration
Incineration  is the combustion of SS under oxygenated conditions. The benefits of incinerationinclude the destruction of any remaining pathogens, cleaner energy generation as compared to fossil fuels, and the reduction of sludge volume to a small fraction (Đurđević et al., 2019). Only 10 wt% of the initial mass of dried sludge remained after incineration. Same as the drying process, incineration produces two streams, i.e. ash with a mass flow rate of and flue gas with mass flow rate of . The mass balance in the incineration process can be expressed as:
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Disposal Method
There are three final disposal methods considered, i.e. landfilling , land application , and building material  . Note that only digested sludge can be used for land application due to the presence of potentially harmful pathogens or toxicants in undigested sludge (Elmi et al., 2020). Landfilling and land application can only be selected for dewatered SS. Meanwhile, the SS incineration residue can be used as the filler material in a building construction compound. 
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Energy Balances 
Note that the energy balances in this study will be focused on AD, CHP, dewatering, and incineration, which involve considerable energy production, consumption, and exchange.  As AD is a relatively heatsensitive process where temperature control is essential, the heat consumption of AD  can be expressed as:
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Where,  is the specific heat capacity of thickened sludge (assumed to be same as water = ),  is the temperature required for AD technology k, and  is the surrounding temperature . 

	The heat and electrical energy generation from CHP  through the combustion of biogas produced are computed. The heating value of methane is approximately according to (Khanal, 2008). The electricity generation factor of CHP  is 0.4 where the overall efficiency of CHP  is 0.85. The electricity generation  can be calculated as:
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Whereby,  is the volume fraction of  in biogas.

The heat generation of CHP  can be calculated as:
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	The heat required to dry per unit mass of SS  is assumed to be 2880 kJ/kg of water dried (Đurđević et al., 2019). The heat consumption of DR  can be calculated as:
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	The energy output of incineration  of stabilized and unstabilized SS are 10 MJ/kg sludge and 18 MJ/kg sludge, respectively  (Đurđević et al., 2019). The overall efficiency of the incineration process  is 0.6. The heat generation from incineration process can be calculated as:
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B. Conversion from volumetric flow rate to mass flow rate and calculation of densities

Equation (A.1) derives the density of streams. 
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Where,  is the volume fraction of water in equipment z,  is the density of water ,  is the density of dry solid .


Table B.1 summarizes the densities and mass fractions of each stream in the SSTP.

[bookmark: _Ref54724059]Table B.1 Densities and mass fractions of each stream
	Streams
	Component
	Density 
	Weight percentage (%)

	RF
	H2O
	1024
	97

	
	DS
	
	3

	TH,S
	H2O
	1040
	95

	
	DS
	
	5

	AD,S
	H2O
	1040
	95

	
	DS
	
	5

	DW,S
	H2O
	1200
	75

	
	DS
	
	25

	AP,Ph
	H2O
	1584
	27

	
	DS
	
	73

	DR,S
	H2O
	1480
	40

	
	DS
	
	60



C. Linearization of non-linear constraint

Piecewise linearization is used to linearize non-linear equations to formulate a MILP model. There are two non-linear equations found in this model, which are Eq. (17) and Eq. (30).  
For Eq. (17):
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Rearrange,
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Representing the ln function with a hat:
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Using Eq. (C.1.a) – (C.1c), equation (C.1) can be rewritten as:
	
	
	(C.1.d)



Eq. (C.1.b) to (C.1.c) are replaced with a set of linear approximations on a natural logarithm curve as shown in Figure C.1.

[bookmark: _Ref54725860]Figure C.1 Piecewise linear approximation on natural logarithm curve.
The detailed piecewise linear approximation approach and its application in the optimization model are adopted from Lindo Systems (2019). The blue curve in Figure C.1 represents the natural logarithm curve while the dotted line represents a set of a linear functions. The blue markers on the dotted lines represent the corresponding values for the x-axis and y-axis respectively as shown in Table C.2.
[bookmark: _Ref54728213]Table C.2 Corresponding x-axis and y-axis for the piecewise linear function. 
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	5
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	6
	10
	2.3

	
	7
	40
	3.7

	
	8
	100
	4.6

	
	9
	200
	5.3

	
	10
	500
	6.2

	
	11
	1000
	6.9

	
	12
	2500
	7.8

	
	13
	5000
	8.5

	
	14
	10000
	9.2

	
	15
	20000
	9.9

	
	16
	50000
	10.8

	
	17
	100000
	11.5

	
	18
	200000
	12.2

	
	19
	500000
	13.1

	
	20
	1000000
	13.8

	
	21
	2000000
	14.5

	
	22
	5000000
	15.4



Using the values in Table C.2, the approximated values of  and  can be determined by using the constraint:
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Where,  is non-negative weight to be applied to point ;  and  are the x-axis and y-axis values at point .

Based on the same approach, the approximated values for  and  can also be obtained. In order to ensure the point corresponding to a particular set of weights lies on the curve, a function named “@SOS2” in LINGO v18.0 is required to enforce the weights with a value greater than 0 to be adjacent to each other.

The same method is repeated for Eq. (30).
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D. Linearization of production between binary terms and continuous variables
The nonlinearity of production between binary terms and continuous variables are shown in Eq. (34) to Eq. (39). To achieve MILP, these nonlinear equations are converted to linear equations by assuming that the expression , where b is a binary variable and x is a continuous carriable.

If  is bounded below by zero and above by the maximum value of , then it can be expressed as:
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These constraints are applied to Eq. (34) to Eq. (39). Note that the maximum values of  are determined by using the maximum flow rate of sewage sludge directed to individual equipment.
Piecewise linear approximation
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