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Abstract
The use of municipal solid waste and sludge within the waste to power initiative is evaluated following a multiscale approach. A techno-economic analysis is performed following a systematic procedure to determine the optimal operating conditions and to estimate the production and investment cost of the facilities as a function of the waste processing capacity. The facility consists of the boiler, the flue gas treatment chain, the turbine, and the cooling tower. Experimental data and first principles are used to model the boiler and the pollutant abatement technologies, while detailed thermodynamics and transport phenomena are used to model the turbine and the cooling tower to optimize the process using an equation-based approach. For the facility to produce power at a competitive price, 0.06 €/kWh, it has to process the waste generated at cities above 250 k habitants. The investment cost is beyond 30 M€ where gas treatment represents around 19%, with the turbine and the boiler representing 37% and 31% respectively. The rest corresponds to the cooling system. Next, at country level, a multiobjective facility location problem is formulated. From an economic point of view, only the largest cities would be selected. However, aiming at a social objective, power at a competitive price can be produced by selecting the appropriate locations for a budget available. The water - energy nexus is also evaluated for the facilities installed.
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1.-Introduction
[bookmark: _Hlk12701063][bookmark: _Hlk101284734][bookmark: _Hlk99524232]	Waste is a major issue of our society not only because of the amount generated annually but also the challenge its management represents [1]. It was estimated that by 2021, 6.1 million tons per day will be generated in urban areas [2]. The most common management technologies applied to municipal solid waste (MSW) are recycling, landfilling [3], anaerobic digestion and incineration [4]. Anaerobic digestion has previously been evaluated in terms of yields towards biogas and fertilizers so that, for a particular case study, it was possible to produce the natural gas required by the region several times [5].  However, the economy of such a facility relies on the possibility of selling the digestate as fertilizer, with no market established as of today. Alternatively, incineration plants can be considered due to the high yield to power [6]. In a direct comparison among thermochemical processes for valorization of municipal solid waste, authors in reference [7] showed that incineration presented high potential for electricity generation using a Rankine cycle since the yield of thermal power plants can reach 40% in energy production versus the 12% that electric power generation presents [8]. The incineration of MSW can play a role in reducing the share of fossil fuels towards the production of power. As a result, for the last decade there has been an increase in the installation of such facilities [1]. In addition to MSW, dried sludge that reaches a production of 13 Mt in 2020 in the EU [9], can also be used as a resource [10]. Sludge can be used within the cement industry after dewatering, used as a fertilizer or incinerated. Incineration is the second-best alternative in the EU after its use as fertilizers. The ashes, if rich in P, can still be used as fertilizers, else they can be used in the construction of roads, the production of cement or disposed in a landfill [11]. In addition, it is also possible to gasify the dewatered sludge [12]. Sludge has similar energy content as woody biomass but higher ash content [11]. Therefore, co-combustion of MSW and sludge is the most common processing technology [13] to deal with the water content of the sludge in an integrated treatment [14]. Alternatively, gasification can be used [15]. However, the water content provides unique challenges in their operation [16] and co-gasification of other biomass and coal is more common [17].
[bookmark: _Hlk99522649][bookmark: _Hlk100093170]	The body of literature is detailed evaluating the power island to compute the energy produced from incineration. Different approaches have been used, for example, the use of simulation packages for the entire power island in steady state such as the process simulator W2E [18], as well as integrated systems that include logistics [19]. In addition, some groups have focused on the analysis of the incinerator [20] evaluating circulating beds using population balances [21] as well as different fixed bed reactors [22] using DEM [23] developing surrogate models for the emissions of the combustion [24], as well as studying the dynamics [25], with no details on the removal of dioxins and the co-incineration of sludge and MSW [26]. However, while most of the process studies focus on the thermodynamic yield, a facility that processes MSW requires a flue gas treatment to avoid emitting NOx, SO2 [27] but above all, heavy metals, dioxins, and furans [28]. Pollution control systems have been implemented over the years so that current facilities require such systems in operation [1]. The studies that include the analysis of flue gas treatment, present either phenomenological models for the flue gas treatment stages [29] or simple models within ASPEN plus where the models for the removal of pollutants were developed using basic modules based on stoichiometric combined with custom models to represent particle removal, NOx control at the combustion chamber and SO2 abatement [30] or even HCl [31]. The typical analysis does not consider technologies for heavy metals, dioxins, and furans [32]. In addition, no process optimization of such facilities has been addressed. Guerras et al. developed detailed surrogate models to evaluate the performance of the flue gas treatment technologies for NOx, SO2 removal in the case of coal-based facilities [33], but the power island and the cooling system were not included. Therefore, the systematic process design and economic evaluation of a facility including power island, with high- medium- and low- pressure turbine, the design of a cooling tower, and pollution abatement process has not yet been addressed.
[bookmark: _Hlk99522802][bookmark: _Hlk99487026]	Once the facility is analyzed at process scale, the study of the exploitation or use of waste as a resource requires an analysis at a larger scale. A macro scale evaluation of the availability of the resources and the installation of the processing facilities is needed. It can be considered as an extended facility location problem [34] to select the size and location of the facilities to process waste towards the production of power for a certain budget and electricity cost. Several studies apply this type of formulations to waste management. The particular focus is the collection of the waste. Some are devoted to the analysis of the mathematical issues of the problem as a robust optimization one [35], the challenges that they present [36] or the use of swarm optimization to solve the problem [37]. Most of them consider economic objective functions for the selection of landfill sitting [38] or the selection of the collection planning [39]. The ones using a multi objective approach consider cost and the negative impact the distance to the container has on the population for the location of recycling containers across cities [40], combine environmental issues with social concerns related to the health-related problem of dealing with hazardous waste [41], the use of GIS and multicriteria decision making using a fuzzy analytic process considering sizing, location and economic assessment [42] as well as considering environmental, economic and socio-cultural dimensions where the social dimension is related to the desirability of the location [43]. However, the effect on the wealth and social benefits generated by the installation of large waste treatment facilities on the region have not been addressed. The management and use of waste within the waste to energy initiative [44] represents an opportunity to increase the GDP of the region by creating wealth and jobs at the same time of processing the waste generated by society. The facility location problem must consider social parameters [45] together with the economic ones. The Water-Energy (WE) nexus of the resulting infrastructure for waste processing is also an important criterion to assess the sustainability of the growth of society due to the current concerns on water availability [46].
[bookmark: _Hlk100328214]	This work presents a multiscale analysis, from the process to the facility location problem, for the optimal waste management. At process scale, it focuses on the design of co-incineration facilities for MSW and sludge evaluating the effect of the scale. A mathematical optimization approach is used for the optimal design of integrated facilities including the furnace, the gas treatment chain, the power island, and the cooling system. After the techno-economic analysis, the economies of scale are evaluated, developing surrogate models to estimate the investment required as well as the power production cost as a function of the waste processed that will allow formulating the facility location problem. This macro-scale problem aims at deciding where to install this kind of facilities at different cities across a country using the available sludge and MSW within range. The analysis at this scale allows evaluating the fraction of power that can be achieved from these residues, the share of the waste used and the budget that these facilities may require. 
2.- Methodology 

	The methodology comprises the analysis at two scale levels. At process level, the transformation of waste, MSW and sludge, into power is analyzed developing an optimal process including the incineration of waste, the treatment of the flue gas, the production of power and the cooling system. The technical and economic aspects are to be determined to formulate the facility location problem where that information is required for the exploitation of the waste at country level. A scale-up evaluation study is required as a bridge between both problems, the process design, and the facility location one.

[bookmark: _Hlk12652768][bookmark: _Hlk12654715]	2.1.-Process synthesis and optimization
[bookmark: _Hlk111026247][bookmark: _Hlk111196869]	The process consists of four sections: the boiler, the flue gas treatment chain, the Rankine cycle, and the cooling system. Each one of the units is modelled using first principles (mass and energy balances), detailed thermodynamics, rules of thumb and industrial data. The boiler processes the mix of wastes, municipal solid wastes (MSW) and sludge, in a composition that can be managed by the boiler, below 10% sludge, to avoid issues due to the concentration of water. The model of the boiler provides the energy generated as well as the composition of the flue gas, validated using literature data. The flue gas is processed to remove NOx, SO2, as well as particles, dioxins, furans and heavy metals. Selective catalytic reduction, SRC, (R-02) is used to remove the NOx, dioxins, and furans by atomizing ammonia (AT01). Next, an electrostatic precipitator (PE01) removes particles. Subsequently, a Lime Dry Spray process (LSD) system is used (R04) for the removal of SO2. A filter (FM01) is located downstream the flue gas treatment chain before the adsorption tower (T01) that removes heavy metals. The energy produced by the incineration of wastes is used to produce overheated steam. A Rankine cycle with regeneration and reheating is considered. The steam turbine is modelled considering high, medium and low-pressure stages. The high-pressure stream is expanded at T1 and recycled to be heated up it the boiler to be overheated. In Figure 2 no specific HX is presented for this stage because it is part of the boiler design. The overheating stage is modelled as if an additional HX is within the boiler, see HX4 in the supplementary materials for the details of the model. Next, it is expanded in the medium pressure turbine. An extraction from T2 is used to represent the regeneration stage of the cycle. The Rankine cycle considered only one turbine extraction, instead of the multiple one’s typical schemes used. It is a simplification for optimization purposes. HX6 reheats the condensate to be fed to the boiler. Note that it is a simplification of the typical 7 extractions that are used in an industrial Rankine cycle. The rest of the steam is expanded below atmosphere in the low-pressure turbine. A natural draft cooling tower is used to cooldown the water used in condensing the exhaust steam determining the water consumption of the system. Figure 1 presents the flowsheet of incineration facility. The models are described in section 3.1.
[image: ]
Figure 1.-Flowsheet for the waste treatment facility


	2.2.-Techno-economic analysis
	The investment cost is computed using the widely accepted factorial method [47]. First, the major units are sized including the steam turbine, cooling tower, boiler, LSD, SCR, electrostatic precipitator, adsorption tower based on mass and energy balances. Their investment costs are estimated using correlations from the literature [48-50]. 
On top of the units’ cost, the estimation of the investment cost of the facility is computed by estimating the costs related to piping (20%), isolation (15%), instrumentation (20%), and utilities (10%) as a fraction of the units’ cost. It is assumed that the land and buildings cost add up to 8 M€. The same distribution of costs as presented in previous work dealing with a concentrated solar power plant [51] is used to establish a comparison. In addition, the fees (3% of the fix cost), overheads, administrative expenses and the plant layout represent 10% of the direct costs (fees plus fix capital) and 5% of the fix cost respectively. The plant start-up cost is assumed to represent 15% of the investment. 
	Apart from the investment cost, the production cost of electricity is also estimated. The items considered are the labour costs (0.5% of investment), amortization (linear with time in 20 years), equipment maintenance (2.5% of fix costs), overheads (1% investment), taxes (1% investment), and administration (5% of labour, equipment maintenance, amortization, taxes, and overheads) [51]. It is assumed that the collection of waste is already in place in major cities and does not correspond to the production costs of this facility.
	2.3.-Scale-up 
	To scale-up or down the investment cost as a function of the processing capacity, the capital costs must be correlated as a function of a characteristic variable, scaling variable, such as the power production of a turbine, the area of a heat exchanger or the flow rate of gas processed at the selective catalytic reduction and the electrostatic precipitator. The scaling variable is directly linked to the mass or energy flows within the unit. The factorial method is used including this issue. In addition, the size of standard units is limited. Therefore, if the processing capacity is exceeded, additional units in parallel must be purchased [52].
[bookmark: _Hlk12654964][bookmark: _Hlk12703258]	2.4.-Macro analysis: Potential of co-incineration of MSW and Sludge
	The power production and investment costs involved in the processing of waste within the waste to power initiative are to be included in the analysis. Country scale is evaluated where the larger cities/urban areas, responsible for generating most of the waste, are considered as potential locations for the installation of these kind of facilities. The size of the facility depends on the population that it serves. The water consumption of the cooling tower is estimated from the surrogate models developed in previous work as a function of the climate characteristics of the location [53]. A facility location problem is formulated to select the size and location of the incinerator plants towards the waste treatment and the social impact for a certain budget availability and targeting a certain electricity cost, see section 3.2.
3. Modelling 
	This section describes the main assumptions used to model the incineration process including the various sections and the facility location problem. It is divided into the model of the process and that of the facility location problem.
	3.1.-Process modelling
	This section presents the modelling principles of the four different sections of the facility such as the boiler, the flue gas treatment chain, the power island, and the cooling tower. 
		3.1.1- Boiler
	The composition of the feed, the municipal solid waste, and the sludge, to the boiler is taken from the literature, see Table 1 
Table 1.-Waste composition [54].
	Ultimate Analysis/Waste
	MSW
	Wet sludge

	C
	57.62
	36.42

	H
	8.45
	7.38

	O
	31.5
	39.77

	N
	0.24
	4.55

	S
	0.47
	11.82

	Cl
	1.72
	0.06

	Total moisture (%)
	50
	83.18



	The reactions taking place are complex, some of the most important are shown below, eq. (1):

										(1)
To match the experimental composition, data from the literature is used [55]. The CO2 to CO ratio is taken to be 1.24 [56]. The NOx produced are assumed to be 500 mg NOx/Nm3 with a composition of 95% NO and 5% NO2. Finally, the mass flow rate of PCDD/Fs is 0.9 ng TEQ/Nm3 [57]. Both will be removed simultaneously [58].
The energy produced out of the combustion of each residue depends on the composition. For the low heating value, LHV, of the MSW we use eq. (2)

				(2)
	
While for the case of the sludge a value of 1734.3 kJ/kg (414.9 kcal/kg [59]) is used. An adiabatic energy balance is formulated to the furnace to compute the energy that is absorbed to generate steam. The flue gas exit temperature is assumed to be 493 K based on literature data [60].  The high moisture content of the sludge limits the blending with MSW to 10 wt. % at the most [54].

3.1.2.-Rankine cycle analysis
[bookmark: _Hlk12653997]The Rankine cycle consists of a high, medium, and low-pressure turbine, steam condensation, the reheating , and the regeneration stages. Each one is modeled unit by unit using mass and energy balances and detailed thermodynamics. To include the thermodynamics, correlations for the enthalpy and entropy of the streams as a function of the pressure and temperature are used [61].
[bookmark: _Hlk100004009][bookmark: _Hlk99523608][bookmark: _Hlk116483776]The mix of wastes is burned generating steam. A regenerative Rankine cycle with reheating is considered for the facility. The overheated steam is fed to the high-pressure turbine. An operating range for the feed pressure of 90-125 bar is considered [62-63]. The steam is expanded down to a pressure within the range from 11 to 35 bar [62-64] and sent back to the boiler for the reheating before feeding the medium pressure turbine where it is further expanded. This stream is split in two. An extraction from the turbine preheats the condensed steam, regenerative section of the cycle, and the rest is fed to the low-pressure turbine for its further expansion. The exhaust pressure is assumed to be within the range of 0.05 bar to 0.31 bar [64-65] and is also an optimization variable. The exhaust steam can contain up to 8% of moisture. Each expansion is modelled assuming a non-ideal isentropic expansion with an isentropic efficiency of 0.85 [66]. See the supplementary material for further details. No additional mechanical constraints have been added to this model, but it is flexible enough to include them. The estimation of the cost of the turbine is carried out using the same correlation as in previous work that relies only on the power production capacity [51].
		3.1.3.-Flue gas treatment
Gas emissions represent a challenge in the valorization of waste via incineration. They require the removal of chlorine compounds as well as SO2, NOx, particle matter, heavy metals, dioxins, and furans. A flue gas treatment chain is set up to purify the gas within legal regulations.
[bookmark: _Toc43201316][bookmark: _Hlk528494034] (NOX), dioxins and furans (PCDD/Fs): Selective catalytic reduction (SCR) is used for the removal of both, NOx and PCDD/Fs [67].The reactions that take place use NH3 as presented in eq. (3)-(4) and oxygen as in eq. (5). Seveso dioxin is considered to represent them all, so that n is equal to 4 in eq. (5). 

								(3)-(4)

				(5)
Ammonia 99.5%, with air as impurity, is fed at 423 K [68] in a 5 % excess with respect to the stoichiometric [69]. In addition, oxygen is added in the form of atmospheric humid air. The ratio air to ammonia is fixed to 20, working below flamability limits [70]. The removal yield of NOx is assumed to be above 90%. This technology is also capable of removing 95-99% of polychlorinated dibenzo-p-dioxins (PCDD) and polychlorinated dibenzofurans (PCDF). A removal rate of 97.24% for PCDD/Fs is assumed [53].
[bookmark: _Hlk528494578]The SCR unit model comprises the stoichiometry of the reactions, the conversion for the NOx and the experimental removal ratio for the PCDD/Fs, a mass balance to compute the feed of NH3 and air, and an adiabatic energy balance. For the cost estimation, the unit is over designed to assume 100% removal of the NOx. A correlation from [48] eq. (6), is used where mNOx is tons processed in a year of NOx:

									(6)

Electrostatic precipitator (EP): The EP charges the particles in suspension generating an electric field to remove them by attracting them to the walls. The maximum particle concentration allowed is 50 mg /Nm3 [71]. The EP is simulated considering a mass balance, a removal ratio for the solids, and an energy balance. The typical exit temperature is around 423 K [72]. 

									(7)				
The removal yield, , is a function of the particle size, d. The particle size distribution is discretized into 7 sizes, eq. (8), to determine the removal ratios per bin. Industrial data point out that most of the particles are of 10 m [72]. The matrixes in eq. (8) are developed using literature data [73] to model the removal performance. The average efficiency of the EP is computed as in eq. (9) The cost of the EP is estimated using eq. (10) developed from matche.com

 				(8)



										(9)
[bookmark: _Toc43201317]

								(10)

Removal of sour gases (SO2, HCl & HF): Two technologies dominate the market, dry (LSD) or wet (LFSO) removal [33]. Among the two, dry removal is cheaper and capable of dealing with low concentrations of sulfur as in the case of waste incineration. Dry removal feeds the spray tower using a slurry of CaO with 35% of water. The temperature of the gases before entering the LSD is to be adjusted between 393 K and 448 K. The removal of the gases takes place following the reaction mechanism presented in eq. (11) [74]. 

							(11)
	Typically, a molar ratio CaSO3 to CaSO4 of 9:1 is achieved because of the absence of forced oxidation [75]. The removal ratio of SO2 is a function of the S in the raw material and the molar ratio between Ca and [53] developed a model for a flue gas generated by burning coal that is assumed to be acceptable in this case due to the lack of studies for other flue gases, eq. (12)

	(12)
The unit model considered a mass balance to the species involved, as presented by eq. (11), the removal efficiency, eq. (12), and an energy balance assuming adiabatic operation. The flue gas is saturated with water at 65ºC. The moisture in the exiting gas is computed using Antoine’s correlation. The investment cost of the entire LSD section is estimated using eq. (13) as a function of the SO2 processed in t/y [48].

										(13)
Filter: The subsequent flue gas treatment stage is the use of a filter to remove the remaining solids before the adsorption of heavy metals. The filter sizing depends on the air to cloth ratio, ac, considered to be 5 based on literature (powderprocess.net) and a correlation is developed for its cost as a function of the area from Matche, eq. (14). 

									(14)
Where the area of the filter is computed as in eq. (15) as a function of the air-to-cloth ratio, ac, and the gas density


										(15)

Heavy metals: To remove the heavy metals it is important to highlight the fact that they volatize in the combustion so that no solid removal unit is efficient. It is possible to use adsorbent beds for such operation. The removal rate depends on the adsorption capacity of the bed, typically activated carbon to remove species such as Hg⁰(g), or its oxidized forms (Hg2+X(g)) and Hg atoms linked to particles (Hg(p)). The adsorbent beds are cost estimated using the price of the adsorbent and vertical vessels, eq (16). 100 % removal is assumed. Two beds are needed to ensure continuous operation. An over-design factor of 10% is used for safety reasons.

								(16)
W is the weight of the vessel in kg. The weight of steel is estimated as a function of the diameter and thickness of the vessels. The diameter of the vessels is calculated considering spherical heads for the vessels as well as a length L = 4Dc, see [59]. The volume of the bed is calculated as a function of bed mass required to capture the heavy metals and the bulk density, 400 kg/m3 [76]. The bed size depends on the adsorption capacity of mercury and the amount of mercury in the flue gas. In this type of bed, the adsorption capacity of mercury is 75.56 milligram per gram of active carbon [77]. 
3.1.4.-Cooling tower design
[bookmark: _Hlk3325547][bookmark: _Hlk100004038][bookmark: _Hlk28270545]The model of the cooling tower [78] is based on the literature [79] and has already been presented in previous work [53], see also the supplementary material. The packing height is computed using eq. (17) [80]:

										(17)
	The mass transfer coefficient, ky, is estimated using correlations from the literature [81] eq. (18). The fillings contact area is assumed to be 250 m2/m3 

								(18)
 	In eq. (17) S is the specific contact area and Gflux and Lflux correspond to the cross-sectional flows. The flow of water, fWa, is determined by the energy balance to HX 5 and it is allowed to be heated up 8-10 ºC [82] while the flow of air, fair, is determined in the optimization. The water is cooled by evaporation, representing the water loses, computed as in eq. (19) [82].

									(19)

	The tower structure aims at providing the driving force to the air , and corresponds to the buoyancy, eq. (20).

     								(20)
This pressure drop generated should be enough to overcome the pressure losses across the support of the tower, the contraction, the tower packing, the pressure drop generated by the spray of water and the one due to the mist eliminator [81].
The cooling tower geometry is a hyperboloid [83] whose characteristic dimensions, are optimized. To guarantee a stable design, geometrical constraints based on rules of thumb are imposed [84] as shown in eq. (21) [85].

								(21)
To prevent cold inflow a diameter ratio around 0.58 is recommended [86]. The cost for the cooling tower, CT, can be estimated from eq. (22) as a function of the cooling load, Cload, developed from Matche.com.

									(22)
	The water consumption of the system corresponds to the evaporation loses, FE, and the blow down, FB. It is assumed that the drift is negligible. The recycle ratio, given by the cycles of concentration (COC), relate both, eq. (23). Values from 3 to 7 are typically used in industry [87]. Thus, COC equal to 6 is assumed. 

											(23)
The total consumption of waster is computed by eq. (24)

											(24)

The problem is formulated in general form as in eq. (25)

 										(25)
Where h represents the equality constraints (mass and energy balances, thermodynamics of the turbine, design correlations for the cooling tower, etc.) and g corresponds to the inequality constraints (limits to temperatures, pressures, sizes of the cooling tower, etc.). See further details in the supplementary material. The model for the facility is an NLP consisting of 968 equations and 1241 variables optimizing the power produced by the facility. It is written in GAMS and solved using a multistart optimization approach.
3.2.- Process evaluation and facility location.
	The selection of the location of the incinerator plants is a facility location problem [88]. The idea is, on the one hand, to be able to produce power at a competitive price, using the budget allocated, while, on the other hand, make the most of the opportunity to create wealth and jobs in regions that are suffering underpopulation issues or/and underdeveloped with respect to others in their surroundings. For that the social indexes presented in [45] are going to be used within a mathematical optimization formulation to develop a social objective function to determine the location of the facilities.
	The three indexes are:
-The Relative unemployment ratio with reference to the minimum unemployment ratio across the region under study, defined by eq. (26)

										(26)
- Human well-being, that considers the GDPi of any region i, relative to the maximum within the territory under study to help promote investments in that region, Eq. (27) defines this index:

										(27)
-The population density: Unemployment does not capture the reality of society since if there are not job opportunities people migrate. Therefore, a relative population index of a region i, DHi, is defined to favour the generation of jobs in regions with lower population density rinhab, with respect to the maximum population density, Maxrinhab ,within the studied region (28)

									(28)
	The jobs created in a region are a function of the investment. 0.57 jobs per million invested are created directly while a job multiplier of 7.5 is used for the chemical and energy industry [45].
	The extended facility location problem is formulated as follows, eq. (29)

			(29)
	The model in an MINLP consisting of 65 binary variables, corresponding to all province capitals and cities/towns over 100k habitants of mainland Spain, 394 continuous variables and 396 equations written in GAMS and solved using BARON. 

4.-Results
	This section is divided into presenting the main operating conditions of the facility, the economics of the facilities located at different cities, and the evaluation of the possibility of using the waste generated not only at city level but in the entire province. Next, the scale up correlations are developed to formulate the facility location problem that is presented in the last subsection.
	4.1.- Process yields
[bookmark: _Hlk112170055][bookmark: _Hlk112170332][bookmark: _Hlk116483267][bookmark: _Hlk116483250][bookmark: _Hlk99523427][bookmark: _Hlk111820136][bookmark: _Hlk99523631][bookmark: _Hlk111820117][bookmark: _Hlk99533231][bookmark: _Hlk111057980][bookmark: _Hlk111300860][bookmark: _Hlk116484491][bookmark: _Hlk116483483]	Due to the amount of water in the sludge, up to 10% can be mixed with MSW for the incineration. Based on current availability, that is possible in all regions under study within Spain. Table 2 shows the major operating parameters of the facility. Note that water consumption is a function of the location and therefore it is not detailed in this table, but in the particular cases and the facility location problem, sections 4.2 and 4.3. The results of the operating pressures of the turbine are similar to the actual values of typical Rankine cycles [89,90]. While the first expansion shows a small ratio, it is due to the lack of additional constraints to the pressure. An additional study has been reported in the supplementary material to evaluate that with a limited effect in the yield to power. In particular, note that the high-pressure steam as well as the extractions of the T2 and T3 are similar to the values of the detailed simulation reported in [78]. That work represents a fully detailed regenerative Rankine cycle with reheating. Note that this work does not evaluate the same cycle even if it shares some features. The optimization of the model presented in this work shows that 16% of the steam is used in the regeneration section of the cycle. Figure 2 shows the Sankey diagram of the operation of the facility where only 21% of the energy within the resources result in the production of power. Note also the important loses within the flue gas as well as the energy discharged with the cooling water and the importance of the water – energy nexus. Please note that the problem is highly non-linear and non-convex. Alternative yield results, not far from the ones shown in Table 2, could be achieved if additional constraints, operational or mechanical, are added to limit the pressure ratio at the first expansion or the steam temperature, the operation of the turbine or the boiler, see the supplementary material for the additional example. The results obtained in Table 2 in terms of power and cooling load are within 3% of the ones shown in the supplementary material. Therefore, the values reported in Table 2 are considered robust enough to develop the surrogate models for macroscopic analysis. 
[bookmark: _Hlk111058184]Table 2.- Summary of performance values for the operation of the facilities.
	[bookmark: _Hlk99523453]Variable
	Value

	Boiler
	

	Flue-gas (kg/kg MSW)
	23.2

	Ashes (kg/kg MSW)
	0.10

	Tin (ºC)
	158

	Tout (ºC)
	783

	Turbine
	

	W1/W2/W3 (kJ/kg MSW)
	619.6/178;538,1

	P1/P2/P3/P4 (bar)
	154/11/5.8/0.08

	Fraction extracted
	0.16

	P(kJ/kg MSW)
	1336

	Cooling cycle
	

	Cooling (kJ/kg MSW)
	1579

	Water
	Location dependent





[bookmark: _Hlk100328641]Figure 2.- Sankey diagram of the facility

	4.2.- Economic evaluation and scale-up
	Instead of evaluating a general facility, 9 different cities well known to the international public (Madrid, Barcelona, Santiago de Compostela, Valencia, Seville, Gijón, Granada, Pamplona and Salamanca) have been selected to cover a wide range of population sizes and locations. The availability of waste comes from the national institute for statistics [91]. From the household residues, only the combustible fraction is considered assuming the average composition of the waste fraction, around 90% [92]. The data available correspond to the autonomous regions and it is assigned to the provinces and cities by the number of habitants. 
		4.2.1.-Economic evaluation
	Table 3 shows the major economic results, investment costs for the facilities to process the waste generated at those places as well as the electricity costs. The investment ranges from 23 M€ for a 100 k habitants city, producing 1.3 MW out of the waste, to the 67 M€ of the country’s capital, with a production capacity of 39.2 MW. Previous analyzed CSP facilities produced an average of 18 MW, similar tot the case of the facilty to be located in Barcelona. Considering this case, not only the investment, 5 times lower, but also the production costs, almost one order of magnitud lower [51], are in favor of using waste. However, note that the waste resources are limited. Smaller facilites can create up to 111 jobs, including indirect ones, while larger ones can generated over 325 total jobs. The production costs range within an order of magnitude from 0.013 €/kWh to 0.11 €/kWh, without considering the cost of the waste collection since it is assumed that the recollection infrastructure is already in place and these facilities only chage the end of use, from landfil to incineration. The power produced is relatively low, with production capacities that are not comparable with previous power facilites based on fossil fuels. The water consumption from the different facilities range from 1.45 L/kWh in Salamanca, to 1.72 L/kWh in Seville, due to the average weather conditions. Cooler locations require less water. Water issues can also affect the selection of the plant location.
	If it would be possible to make use of the entire amount of residues generated per province, that includes the supply chain from every small village to a processing facility, the production capacity can rise. While the production costs in the table decreases, the cost for the shipping of all the material is not included yet as the supply chain is out of the scope of this work, see Table 3. 
Table 3.-Summary of economic parameters of facilites in different places
	City
	Madrid
	Barcelona
	Valencia
	Sevilla
	Gijon
	Granada
	Pamplona
	Salamanca
	Santiago

	Habs (khabs)
	3266
	1637
	794
	689
	270
	232
	201
	144
	96

	P(MW)
	39.2
	18.8
	12.6
	11.8
	3.8
	4.0
	1.9
	2.0
	1.3

	I (M€)
	67.3
	46.6
	39.0
	37.9
	27.1
	26.9
	23.7
	24.0
	22.8

	CE(€/kWh)
	0.013
	0.018
	0.023
	0.025
	0.049
	0.05
	0.086
	0.08
	0.112

	Water(L/kWh)
	1.55
	1.59
	1.67
	1.72
	1.50
	1.56
	1.47
	1.45
	1.51

	Jobs
	325
	227
	189
	184
	130
	131
	115
	117
	111

	Province
	
	
	
	
	
	
	
	
	

	Habs (khabs)
	6377
	5427
	2528
	1941
	1042
	917
	637
	342
	1129

	P(MW)
	76.6
	62.4
	40.2
	33.3
	14.9
	8.9
	5.9
	4.89
	14.9

	I (M€)
	99.9
	88.7
	68.3
	63.3
	41.1
	35.1
	30.4
	29.1
	41.1

	CE(€/kWh)
	0.007
	0.008
	0.011
	0.012
	0.021
	0.030
	0.039
	0.045
	0.021

	Water(L/kWh)
	1.55
	1.59
	1.67
	1.72
	1.50
	1.56
	1.47
	1.45
	1.51

	Jobs
	485
	430
	332
	298
	200
	166
	148
	126
	200


	
	Figure 3 shows the distribution of the different sections of the facility to the total investment cost. The contribution of the cooling section increases as the facility is smaller, while that of the gas treatment or the boiler decreases. The contribution of the turbine is always within 15%


Figure 3.-Effect of the facility size on the contributtion of the plant sections on its cost.
	Considering all province capitals and major cities, over 100 k habs, it is possible to produce up to 234 MW of power at an average cost of 0.05 €/kWh, assuming no waste collection costs. The total investment to build all the facilites adds up to 1690 M€. A total of 8225 jobs (999 direct) can be generated by installing all the facilities. However, the amount of residues produced in the country is far larger. It is possible to evaluate the yield to power assuming that its is possible to process it all. Under this scenario, the total power produced reaches three times the previous value, 605 MW at an investment cost just slighly larger, 1790 M€, for a production cost of electricity of 0.021 €/kWh. This is due to the economies of scale of the facilities. However, note that collecting waste from smaller cities, towns and villages to feed a larger facility per province would represent a large supply chain cost and an additional impact in CO2 emissions due to the transportation.
		4.2.2.-Scale-up economics.
	The scale-up of the process allows computing the investment and production costs as a function of the waste processing capacity. Those results are important for the formulation towards the best usage of the residues across a particular region. Following the procedure presented in section 2.3, the investment as well as the electricity costs as a function of the processing capacity are evaluated. The results are correlated as follows for the investment cost (Ii (M€)) as a function of the waste processed, eq. (30)

								(30)
	the power production, Pi, eq. (31)

											(31)
	and the electricity, CE,i, and total production costs, Cp,i, of a facility as a function of its size is given by eq. (32)

										(32)
	4.3.-Production of power from waste across a country.  
	The base case for the study consists of the optimization of an economic objective function, for a budget of 250 M€. Under this scenario, only large cities are selected (Madrid, Barcelona, Valencia, Seville, Malaga and Albacete to cover the budget), for a power production of 92 MW and a cost of electricity of 0.019 €/kWh. For a larger budget, the selection of smaller cities increases the production cost to 0.026 €/kWh, adding to the list of possible locations medium cities over 200k habitants and a power production of 139 MW. Finally for 1000 M€ the electricity cost increases to 0.037 €/kWh, for a total production capacity of 192 MW using cities above 150 khab.
	The next stage is the evaluation of the potential that the waste to power initiative has to help create wealth. The variable composition of the MSW can make a difference from one location to another. To avoid this uncertainty average values are used. In addition, the availability of the MSW has become a variable detailed collected by governmental databases. For a fixed budget and imposing electricity prices below 0.06 €/kWh [93] the installation of the facilities is evaluated. The facility location problem requires an objective function that considers the social implications of the installation of the facility in a particular region. Jobs and GDP are to be considered. However, two of the social indicators are related to the generation of Jobs at the location, Ji. Thus, two different objective functions are considered, one using population density as the weight for the contribution of the jobs to generate wealth, eq. (33), and another one that averages the contribution DH and the relative unemployment in the weight to the generation of jobs, eq. (33).
	The first objective function for the facility location problem, eq. (29), is given by eq. (33).

								(33)
	The problem takes over 2 h and 30 min to reach each of the solutions and increases up to 3 h 20 min for the case of an electricity cost of 0.04 €/kWh. The reason is the close values obtained from different solutions requiring a high number of iterations within the global optimization problem. The solution aims at regions with lower population density and GDP’s using larger cities to adjust the price of the electricity to the target. Figure 4a shows the locations and sizes of the facilities for 0.06 €/kWh. 27.7 MW are produced from cities selected that are within the radius of Madrid. This result can be interpreted by the fact that over the last years people has moved to Madrid looking for job opportunities at the expense of depopulating some of these areas. However, for the power production cost to be competitive it is necessary to use a larger city, Zaragoza, to produce there 9.4 MW, and a number of medium size cities and facilities are built in Córdoba, 5.6 MW, and smaller cities and facilities of around 2-3 MW in Badajoz, Caceres, Burgos, and Albacete so as to average the cost to 0.06 €/kWh. The facilities use the entire amount of waste available in the city. The water consumption is around 1.611 L/kWh, which is a competitive value with thermal based power plants [53]. A total of 1211 jobs are generated. It can be seen that a number of small facilities are built for the social purpose of generating jobs and processing waste more than for the profit. 
	As the targeted price of electricity decreases, the number of larges facilities also increase, Figure 4b. Three larger facilities are suggested to be installed in cities like Zaragoza, Seville and Valladolid, as well as a number of really small facilities, aiming at just generating jobs due to the fixed costs associated with the installation of the facilities. The reason behind can also be presented based on the fact that larger cities use the entire availability of waste and the rest just a fraction. The water consumption increases to 1.654 L/kWh but the total power produced is similar, 28.3 MW.  The total number of jobs remains constant since it is a function of the investment, and it is fully used. If the cost of electricity is targeted to be 0.04 kWh, Figure 4c, the number of medium and larger size cities involved increases including Seville, Zaragoza, Murcia and to a lesser extent Cordoba (5.6 MW) that make use of the entire availability of waste while the rest of the smaller cities and towns build smaller facilities. The total power produced reaches 39.8 MW and the consumption of water is 1.677 L/kWh. It can be seen that in all cases a number of provinces are always selected in the west, but avoiding the coast, as well as in the central part and the south of Spain, towards the generation of wealth and jobs in regions that have suffered to depopulation. Using larger budgets, the number of alternatives increases, and the problem takes more than 10 h. The reason again is the small differences in the indexes that provide the weights to the selection of the facility location



Figure 4.- Facility location as a function of the target cost of electricity. Budget of 250 M€ a) 0.06 €/kWh; b) 0.05 €/kWh; c) 0.04 €/kWh

A second objective function, eq. (34), is evaluated. To avoid double counting the contribution of jobs in the objective function, the RU is normalized with the maximum value. 

							(34)
	Budgets from 250, 500 and 1000 M€ and targeted electricity prices from 0.04-0.06 €/kWh are evaluated. Using this new objective function, the selection of the locations goes south, where the unemployment is larger. Figure 5a shows the case of a budget of 250 M€ and a targeted electricity cost of 0.06 €/kWh. For this scenario, most of the locations make full use of the waste, but the largest city selected, Seville, that only processes 83% of the waste for a power production of 9.8 MW. There are places with just 25% usage whose selection is related to the social benefit of creating jobs, i.e. Toledo and Almería. The water consumption of the system is 1.673 L/kWh and the production capacity reaches 27 MW. When the electricity cost is targeted at 0.05 €/kWh, and still the budget available is 250 M€, all locations make full use of the waste while larger cities such as Seville, Malaga or Granada are selected so that economies of scale help reduce the production costs. The water consumption remains similar at 1.669 L/kWh. As a result of targeting a lower electricity cost, the production capacity increases to 41 MW, almost 50% higher than in the previous case. If the electricity cost is expected to be even lower, 0.04 €/kWh and the budget available remains at 250 M€, only medium to large cities are selected to the south and others towards the north such as Valladolid, producing 4.2 MW, Murcia, with 7.7 MW, or Zaragoza, with 9.4 MW, join Seville and Cordoba. Still smaller places are selected to improve the social indexes with a use of waste below the availability. Water consumption is 1.682 L/kWh for this system. The total power production is 42 MW, almost the same as when the electricity price target was 0.05 €/kWh. As the budget available increases to 500 M€, Figure 5d, a larger number of locations was selected to the north, most of them in autonomous regions of Castile la Mancha and Castile and Leon, due to the depopulation suffered over the last years and the combination with lower GDP. Most of the same ones already chosen for the lower budget and the same targeted electricity price, Figure 5a, remain but the processing capacity of the facility increases such as in the case of Seville, while Murcia and Cartagena were selected within the region of Murcia. The power production reaches 55 MW while the water consumption decreases to 1.649 L/kWh, compared with the case of the 250 M€ budget. The larger budget provides more flexibility in the selection of the locations. If the budget available reaches 1000 M€, Figures 5d&e, not only the water consumption decreases to 1.613 L/kWh but the production capacity reaches 107 MW. Most of the regions across the county are selected, but for those with the higher GDP such as Madrid, Barcelona, The Basque Country, Valencia or Alicante. Thus, the social objective function achieves its purpose, the generation of jobs and wealth. By comparing the three budgets it can be seen that if the money is not available at once or planned over a number of years there may be decisions on the size of some facilities that would result in suboptimal investments. 


Figure 5.- Facility location as a function of target cost of electricity and budget. A) I=250 M€;0.06 €/kWh; b) I=250 M€; 0.05 €/kWh; c) I=250 M€; 0.04 €/kWh; d) 500 M€; 0.06 €/kWh; e) 1000 M€; 0.06 €/kWh

5.- Conclusions
[bookmark: _Hlk101284897][bookmark: _Hlk26542438]A multiscale approach is presented for the valorization of urban waste within the waste-to-power initiative. At process scale, the systematic techno-economic evaluation of the facility shows that 1.336 MW/kg of mixed waste can be produced. For the facility to produce power at a competitive price, it has to process the waste generated at cities above 200 k habitants. The investment cost is beyond 25 M€ where gas treatment represents around 16%, with the turbine and the boiler representing 19% and 22% respectively. The rest is the cooling. Economies of scale favor the larger facilities where gas treatment reaches 36% of the investment costs.
At country level, for the major cities in Spain (over 65 across the mainland) it would be possible to produce 235 MW from the waste generated at them with a production cost of 0.05 €/kWh and a total investment of 1700 M€. While the average costs are competitive, at regional level, some regions would produce at a high cost and only the national strategy would justify the use of waste at smaller cities. The total waste availability could produce up to 605 MW with an investment of 1800 M€ and a reduced production cost of 0.021 €/kWh, but the collection and transportation of waste from the smallest village to a centralized facility is to be further studied. While the economic solution selects only larger cities, due to the economies of scale, the social aspect is to be evaluated. An optimization formulation is developed for the selection of facility location and size across the territory evaluating budget available and targeted electricity cost. Larger cities are selected as the electricity cost is targeted to be lower, but major capitals are never selected based on social indexes. The larger is the budget available, the locations cover from south to north based on the current unemployment and GDP ratios. Water issues can be further evaluated since most of the locations selected at low budget available are currently under water stress
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6.-Nomenclature
A: 		Cooling tower cross sectional Area (m2)
AFilter: 		Filter area (m2)
ac:		air cloth ratio “(1)”
Budget:		Available investment (M€)
Ci: 		Cost of i (€/unit)
Ce 		production cost of electricity (€/kWh)
CE,i 		production cost of electricity of facility i (€/kWh)
CL		Cooling load (kW)
Cp:		Heat capacity (kcal/kg ºC)
Cpi:		production cost of electricity at facility in location i (M€/y)
CT:		Cost of cooling tower system (€).
C(%)		Percentage of carbon in the waste
Dbase: 		Diameter of the base of the tower (m)
DHi: 		Relative population index in location i. “(1)”
DRi:  		Development ratio in location i. “(1)”
GIS		Geographical information systems
GDPi: 		Gross domestic product of region i (€/hab)
Ji: 		Jobs generated at location i by per investment or size (Number of jobs)
MaxGPD: 	Maximum gross production (€/hab)
MinU: 		Minimum unemployment ratio.
UR: 		Unemployment ratio. 
fair: 		Air flow (kg/s)
fWa:    		Water flow for cooling (kg/s)
FB		Cooling tower blowdown flow (kg/s)
FE 		Cooling tower evaporation flow (kg/s)
FM 		Cooling tower make-up flow (kg/s)
Fgas		Gas flow rate (Nm3/s)
g:		Gravity (m/s2)
Gflux: 		Air flow per unit area (kg/m2s)
hL :		Heat transfer resistance (kcal/m2·s)
hliquid: 		Liquid enthalpy (kcal/kg)
h: 		Humid air enthalpy (kJ/kg)
Hm: 		Air Humidity (kJ/kg)
H(%)		Percentage of hydrogen in the waste
Ii:		Investment in location i (M€)
ky : 		Mass transfer resistance (kg /m2s)
Lflux: 		Water flow per unit area (kg/m2s)
LHV:		the low heating value (kcal/kg)
mi		mass flow of species i in a year (t/y) i={NOx, SO2}
N(%)		Percentage of nitrogen in the waste
O(%)		Percentage of oxygen in the waste
p:		Pressure (bar)
PHeight: 		Height of the cooling tower packed section (m)
Pi:	         	Power generated at location i (MW)
Q(unit)		Energy at unit (kW)
rt:  		Minimum radius of the hyperboloid of the cooling tower (m)
rH:  		Top radius of the hyperboloid of the cooling tower (m)
S:   		Specific contact area of the packing of the cooling tower (m-1)
S(%)		Percentage of sulfur in the waste
tL 		Temperature of the water flow (ºC)
T:		Ambient temperature (ºC)
T(unit)		Stream temperature (ºC)
THeight:		Cooling tower height (m)
Wi:		Flow of MSW processed (kg/s)
W:		Weight of the vessel (kg)
Wateri:		Consumption of water of a facility in location i (L/kWh)
yi		Binary variable to select the location of the facilities.
Y,		Air moisture (kg moisture per kg dry air)
ZH: 		Height of the section H of the tower (m)
Zu: 		Height of the section u of the tower (m)
PGenerated  : 	Driving force for the pressure (Pa)

Symbols
gas: 		Air density (kg/m3)
rinhab,		Population density (hab/m2)
h: 		yield  “(1)”

Units: 
AT:		Atomizer		
Bed		Adsorbent bed
Boiler		Boiler
C		Compressor
CT		Cooling tower
HX		Heat exchanger
FM		Filter.
MS		Molecular sieve
PE		Electrostatic precipitator
Snk		Sink
Spl		Splitter
Src: 		Source
Str: 		Storage
R:		Reactor
T.		Packed tower.
Turbine		Steam Turbine
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