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Abstract7

Water-energy nexus is a highlighted topic nowadays, particularly, the energy con-
sumption in wastewater treatment plants (WWTPs) is becoming an important issue.
WWTPs typically consume more energy than the one that can be obtained from the bio-
gas produced from sludge anaerobic digestion. In this work, a process-level analysis is
presented to study the feasibility of integrating wastewater and municipal solid waste
(MSW) treatment to achieve the energetically self-sustainable operation of a WWTP.
The influence of the climate of different regions across the Iberian Peninsula on the en-
ergy requirements has also been evaluated. Mesophilic and thermophilic digestion is
compared in Salamanca as a case base, and the optimal digestion temperature is also
evaluated, finding a value of 30ºC. Moreover, in all cities considered, it is necessary for
MSW to provide between 37-40% of the facility energy consumption corresponding to
around 0.19 kg of MSW per kg of sludge, with a small difference between cities. From
an economic point of view, an investment between 0.09-0.16 €/kg of sewage sludge is
required for the integrated process. Therefore, this techno-economic assessment demon-
strates the feasibility of integrating these two treatments for a fully self-sufficient and
sustainable process.
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1. Introduction9

Pollution control and energy consumption are attracting attention because environ-10

mental pollution and resource depletion are indisputable facts that our society has to11
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face on its path towards sustainability. Wastewater treatment plants (WWTPs) are key12

facilities for limiting the potential environmental impact of wastewater discharges into13

receiving water bodies. However, they are not exempt from creating environmental im-14

pacts because they consume a certain amount of energy, which implies the emission of15

greenhouse gases (GHG) when generated from conventional (non-renewable) energy16

sources [1, 2]. Energy is not only used on-site, for aeration or pumping, for example,17

but also off-site for transportation and production of different chemicals used in the18

treatment processes [3].19

Until recently, energy was relatively affordable internationally, and most wastewa-20

ter treatment facilities were not designed and operated with the goal of limiting energy21

consumption [4, 5], but only to satisfy certain effluent quality requirements defined by22

national regulations [6]. However, this has been changing in recent years, mainly due23

to the general framework to achieve the 2030-2050 goals defined for Climate and En-24

ergy by the European Union [7]. Nowadays, rapid population growth and urbanization25

have led to an increase in wastewater production, so the number of WWTPs has also26

increased, and effluent quality requirements have also become more demanding. This27

fact has resulted in large energy consumption due to the operation of WWTPs, with the28

corresponding increase in their indirect GHG emissions [8].29

As a result, the water-energy nexus has begun to attract increasing attention from30

both environmental and economic points of view [9]. On the one hand, WWTPs can ac-31

count for 15–20% of the total energy consumption of municipal public structures and fa-32

cilities, representing, in addition, around 25-40% of the total operating costs of a conven-33

tional WWTP [5, 9]. On the other hand, the operation of WWTPs involves greenhouse34

gas emissions since the production of electricity with non-renewable energy sources35

generates them [6]. Moreover, these emissions have grown in recent years due to the in-36

crease in the volume of waste treated and the implementation of new processes aimed37

at achieving higher effluent quality [1]. This water-energy nexus is promoting a series38

of studies on the relationship between energy and water for sustainable development;39

in fact, the potential of energy self-sufficient WWTPs has become an area of increasing40

research and innovation.41

Energy self-sufficient WWTPs are those that generate 100% or more of their op-42

erating energy requirements only from the energy embedded in the water and waste43

they treat, with no external energy supply [5, 10]. All major processes associated with44

wastewater treatment and sludge disposal technologies require energy, mainly in the45

form of electricity, for pumping, mixing, separation, and the treatment of wastewater46

and sludge [5]. Sewage sludge, the second product of the wastewater treatment process,47

requires treatment prior to the final disposal. Anaerobic digestion is a common technol-48
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ogy for sludge treatment at WWTPs, but it is a very energy-intensive process itself [11]49

(about 14% of the total energy consumption of a WWTP [12]). However, anaerobic di-50

gestion produces biogas, which is the main energy source in a WWTP. The use of biogas51

for digester heating and electricity generation is a sustainable way to recover energy52

from WWTPs, as it could replace fossil fuels, with consequent sludge volume reduction53

[7]. However, not all WWTP have this option, because it is CAPEX intensive, and, in54

most cases, it does not cover the total energy requirements of the plant and is flared and55

wasted [11, 5], so natural gas and other fuels are used to produce electricity.56

Even in developed countries, there is still a gap in the energy self-sufficiency of57

WWTPs, so it is necessary to investigate and apply new trends in circular economy and58

energy integration, and new technologies to achieve it [4]. Several works have studied59

the feasibility of integrating new technologies to improve biogas production in order to60

increase the amount of energy that can be obtained from WWTPs [13]. There are vari-61

ous ways to enhance the rate of biogas production, and among them, the pretreatment62

of sewage sludge before anaerobic digestion and co-digestion processes with other or-63

ganic wastes have been widely studied. For example, on the one hand, Ferrer et al.64

[14] investigated the effect of a low-temperature pretreatment (70ºC) on the efficiency65

of thermophilic anaerobic digestion of primary and secondary waste sludge and they66

obtained an increase of up to 30% in biogas production. Ruffino et al. [15] evaluated the67

performance of mechanical and low-temperature (<100ºC) pretreatment of waste acti-68

vated sludge in the largest Italian WWTP and they achieved that the specific production69

increased by 21% and 31% for waste activated sludge sample treated for 3 hours at 7070

and 90ºC, respectively. Moreover, Jenicek et al. [16] showed that sludge thickening pre-71

vious to anaerobic digestion can also improve biogas production. On the other hand,72

Maragkaki et al. [17] attempted to optimize biogas production from sewage sludge by73

co-digestion with a dry mixture of food waste, cheese whey, and olive mill wastewater74

and obtained that, if the mixture exceeds 3% (v/v) concentration in the feed, it can boost75

biogas yields. Wang et al. [18] evaluated the effects of the mixing ratio of excess sludge76

with chicken manure on methane yield and digestate dewaterability at thermophilic77

and mesophilic temperatures, and their results at an appropriate mixing ratio indicated78

that this process could obtain a high methane yield and an adequate dehydratability of79

the digestate.80

In addition, one of the ways of generating clean energy that has gained importance81

in recent years is its production from waste, known as waste-to-energy (WTE). The col-82

lection and disposal of municipal solid waste (MSW) is one of the biggest challenges83

facing many countries today [19]. The increase in the world population, together with84

economic development, has led to rapid urbanization and industrialization, which has85
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changed the pattern of consumption, causing MSW to proliferate at an alarming rate86

[20]. Worldwide, approximately 33% of MSW generated is inadequately managed,87

resulting in a number of consequences such as environmental pollution and climate88

change [21]. The rapid depletion of fossil fuel reserves and the associated greenhouse89

gas emissions have sparked worldwide interest in exploring the use of these waste90

streams as renewable energy sources [22]. Waste-to-energy conversion not only protects91

human health and the environment but also contributes considerably to the efficient92

saving of fossil primary energy, promoting the transformation of the energy structure93

[23]. Several waste-to-energy technologies, both conventional and non-conventional,94

have been described in recent literature. Conventional waste treatment or disposal95

techniques include composting, anaerobic digestion, and landfilling, while incineration,96

pyrolysis, gasification, and hydrothermal processing are considered non-conventional97

waste-to-energy technologies [21]. These nonconventional processes are thermochem-98

ical conversion processes and have become the focus of attention over the past few99

decades due to their benefits, such as higher conversion efficiency, zero waste concept100

and compatibility with a variety of feedstocks [22]. Among all of them, incineration is101

regarded as the most mature WTE technology used in the world. This process involves102

thermal decomposition by taking advantage of the heating value of the waste and the103

combustion heat generated can be converted into hot water, steam, or electricity [19].104

For example, González-Núñez et al. [24] presented a multiscale approach for the val-105

orization of MSW and sludge via co-incineration to produce power over 65 major cities106

of Spain. In their work, at process scale, the systematic techno-economic evaluation of107

the facility showed that 1.336 MW/kg of mixed waste could be produced.108

As it can be seen in the literature, most of the works that study the treatment109

of sludge are focused on the increase of biogas production yield to achieve the self-110

sufficient operation of WWTPs. Another way to achieve the self-sufficient operation is111

the use of an external source of energy. Several works have considered the use of exter-112

nal sources, mainly renewable energy, but they have to deal with the inherent variability113

of these sources, and only a few works have considered the use of MSW as an external114

source of energy. For example, Odabaş Baş and Aydınalp Köksal [25] analyzed the envi-115

ronmental and economic benefits of integrating renewable energy sources, biogas, and116

solar energy in urban WWTPs. Nakatsuka et al. [26] conducted a life cycle assessment117

of the integration of wastewater treatment and incineration plants for energy-efficient118

urban biomass utilization. They focused their attention on clarifying the conditions nec-119

essary for the sustainable integration of WWTPs and MSW incineration plants, but they120

did not perform a process-level analysis to study the energy requirements in detail. In121

this work, a process design has been proposed in order to evaluate the integration of122
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wastewater treatment and MSW incineration to achieve a self-sufficient operation in a123

WWTP. MSW is used within an integrated facility to produce steam to provide the ther-124

mal energy requirements in the anaerobic digestion process of the sewage sludge that125

cannot be covered by the biogas generated, and, also, to produce the total electricity126

requirements of the WWTP. However, the location of the facilities has an effect on the127

water temperature and, as a result, on the energy needs. A process system approach is128

used to integrate the use of MSW within WWTPs across different climates to evaluate129

the feasibility of such integration, the amount of MSW required across the territory as130

well as the cost of the integrated facility.131

2. Process description132

In this work, the integration of wastewater and MSW treatment combines two133

sections: sewage sludge treatment, because is the main thermal energy consumer of134

wastewater treatment, and the incineration of MSW, that is the provider of additional135

thermal energy to the previous section and supplies power to all the wastewater treat-136

ment to achieve an energetically self-sufficient operation. Note that it could be possible137

to reduce a certain amount of water before the digestion implementing thickening pro-138

cesses and, consequently, reduce the heating needs. However, the estimation of the139

power required to achieve that required further experimental results that are out of the140

scope of this work. Certainly, can be a matter of study for future work.141

The sewage sludge treatment process is divided into four sections: biogas produc-142

tion, biogas purification, digestate conditioning, and energy production (biogas com-143

bustion). Firstly, the sewage sludge is fed into a bioreactor where it is anaerobically144

digested to produce biogas, which contains methane, carbon dioxide, nitrogen, hydro-145

gen sulfide, ammonia, and moisture, and a decomposed substrate (digestate). The two146

main types of anaerobic digestion are considered, mesophilic and thermophilic, which147

operate between 30-37ºC and 50-55ºC, respectively [27]. Then, the produced digestate148

is conditioned in a reboiler, removing the excess of water and ammonia. This step is149

included so that the digestate can be used as a fertilizer later. The third step consists150

of the biogas purification by removing the CO2 (and traces of NH3) and the H2S in a151

Pressure Swing Adsorption (PSA) system and a fixed-bed reactor, respectively. Once152

the biogas is mainly methane, it is burned with air in a furnace to provide the thermal153

energy requirements of the process. The combustion heat is used to heat the combustion154

air and the sludge feed and, in addition, to produce steam to heat the bioreactor and the155

heat exchanger of the sludge conditioning step.156

The incineration of MSW is used to produce the additional thermal energy needed157

in the anaerobic digestion and the digestate conditioning and to supply the power re-158
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quirements of the WWTP. MSW is burned in a furnace to produce the steam to heat the159

bioreactor and the heat exchanger of sludge conditioning when biogas is not sufficient,160

and the steam to feed a Rankine cycle to generate power. In the Rankine cycle, three161

different sections of the steam turbine are considered in this work with various oper-162

ating pressures (high, medium, and low pressure). The treatment of the combustion163

gases generated in the incineration is not considered in this work. The evaluation of164

the incineration flue gas treatment has already been considered in a previous work [24],165

consisting of a selective catalytic reduction system, to remove NOx, dioxins and furans166

by atomizing ammonia, an electrostatic precipitator to remove particles, followed by a167

Lime Dry Spray process to remove SO2. Next, a filter is located before the adsorption168

tower devoted to remove heavy metals. An schematic diagram of the integrated process169

of sewage sludge and MSW treatment is shown in Figure 1.170

Integrated process

Anaerobic
digestion

Biogas
purification

Biogas
combustion

MSW
incineration

Digestate
conditioning

MSWSludge

WWTP

Figure 1: Schematic diagram of the integrated process of sludge and MSW treatment.

3. Modeling approach and cases of study171

3.1. Modeling approach172

This section presents a brief description of the different approaches to model the173

units involved in the process. Both processes, stand-alone digestion in Salamanca and174
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the integrated process in all cities, have been modeled using an equation-based ap-175

proach. These models are formulated using mass and energy balances, thermodynam-176

ics, chemical, and vapor-liquid equilibria, etc., to evaluate their performance and are177

based on the work of León and Martı́n [28]. The entire superstructure is formulated as178

a non-linear programming problem and is implemented in GAMS using CONOPT 3.0179

[29] as preferred solver in a multistart optimization approach. The objective function180

is the minimization of the external energy requirements, given by Eq. 1. The aim of181

the work was to make the WWTPs as self-sufficient as possible. Based on that the opti-182

mization targeted reducing the external energy requirement. It is possible to use other183

objective functions that include the investment. In that case a multiobjective formula-184

tion can be presented to minimize also the infrastructure. However, this was out of the185

scope of the work.186

Z = (Ediges −Ebiogas) −EMSW (1)

Where Ediges is the total thermal energy required in the digestion process, Ebiogas is187

the thermal energy supply by the generated biogas, and EMSW is the external thermal188

energy that needs to be provided by MSW. The size of the problem is approximately 850-189

950 equations, depending on if stand-alone digestion or integrated process is modeled,190

and variables for each of the cases.191

3.2. Biogas production192

The anaerobic digestion of biomass is a decomposition process in the absence of193

oxygen that produces a gas, composed mainly of methane and carbon dioxide (biogas),194

and a decomposed substrate (digestate) and occurs at a bioreactor (shown in Fig. 2).195

This process is carried out by several reactions, such as hydrolysis, acidogenesis, and196

methanogenesis, and can take place at mainly two different ranges of operating tem-197

peratures: mesophilic (30 to 37ºC), and thermophilic (50 to 55ºC) [27].198

In this study, the biomass considered is the sewage sludge produced at the WWTPs199

included in the evaluation (see Section 3.7). Apart from methane and carbon dioxide,200

biogas also contains nitrogen, hydrogen sulfide, oxygen, and ammonia, and is assumed201

to be saturated with water. In addition, it is considered that the volume of biogas pro-202

duced in the digestion process depends on the operating temperature following the203

experimental data of Guo et al. [30] and Zupancic and Ros [31]. The other stream leav-204

ing the bioreactor is the digestate which is composed of the rest of the biomass, whose205

composition is calculated from the composition of the sludge by a mass balance and is206

bounded considering the work of Hernández et al. [32].207
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Figure 2: Flow diagram of the biogas production and digestate conditioning sections of the process.

Before entering the bioreactor, the sludge is preheated to the digestion temperature208

in the biogas furnace, thus, the energy balance to the digester only considers the reac-209

tion heat, which is computed considering the heat of combustion of each of the compo-210

nents. These energy requirements are covered by steam, which is produced via biogas211

combustion and MSW incineration when needed. Further details on sludge and biogas212

composition, the correlation of biogas production with temperature, and different mass213

and energy balances are shown in the Supplementary Material.214

3.3. Digestate conditioning215

The aim of conditioning the digestate is to remove the remaining H2O and NH3 via216

evaporation (Snk7 shown in Fig. 2). Both equilibrium systems, water, and ammonia are217

solved to obtain the outlet temperature, whose maximum value is 150ºC. Considering218

that water is partially removed and ammonia is totally eliminated, the outlet digestate219

is comprised of the water that is not evaporated, C, NOrg, K, P, and the mixture of ele-220

ments defined as ”Rest”, and the mass flow rates of the different compounds leaving the221

evaporator are computed by mass balances. Finally, three parameters defined as K, N,222

and P indexes are computed that need to be met for the digestate to be used as fertilizer223

and to obtain some additional value from the biomass waste. Once computed mass bal-224

ances, the energy balance is also computed to obtain the thermal energy requirements225

of this equipment considering the evaporation of water and ammonia. Further details226

can be found in the Supplementary Material.227
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3.4. Biogas purification228

The biogas purification takes place in two stages: the H2S removal and the CO2,229

NH3, and H2O removal. A flow diagram of this section is shown in Figure 3.230

Figure 3: Flow diagram of the biogas purification section of the process.

3.4.1. H2S removal231

The remaining H2S in the biogas is removed using a bed of Fe2O3 operating at 25-232

50ºC, where the following reaction takes place [33]:233

H2S + ZnO → H2O + ZnS (2)

and, that can be regenerated using oxygen, following this reaction [33]:234

Fe2O3 + 3 H2S → Fe2S3 + 3 H2O (3)

Considering that the H2S is completely removed and the factor that the solid remains235

in the bed and water is generated, the mass balance model is computed based on the236

stoichiometry of the first reaction.237

3.4.2. CO2, NH3, and H2O removal (PSA)238

A PSA system, which consists of a packed bed of zeolite 5A, is used to remove the239

CO2. This system, typically, operates at low temperatures (25ºC) and moderate pres-240

sures (4.5 atm). In order for the plant to work in continuous operation, the system is241

modeled as two beds in parallel and, while the first is in operation, the other is regener-242

ated. In addition, it is assumed that, in the PSA system, any other gas in the mixture is243
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recovered, except NH3, which is fully recovered, and the CO2, which is recovered up to244

95% [34].245

3.5. Biogas combustion246

After being conditioned, the biogas produced in the anaerobic digestion is burned247

with air in a furnace. The energy produced in the combustion of biogas is used for three248

purposes: to heat up the sludge fed to the digester, to pre heat up the air used in the bio-249

gas combustion and to produce utilities, steam, later used to provide the thermal energy250

requirements of the process in the bioreactor and the heat exchanger that conditions the251

digestate. A flow diagram of this section is shown in Figure 4.

Figure 4: Flow diagram of the biogas combustion section of the process.

252

It is considered that the methane of the biogas totally reacts to carbon dioxide, fol-
lowing the next reaction:

CH4 + 2 O2 → CO2 + 2 H2O (4)

In addition, it is considered that the air has a composition of 21% oxygen and 79%253

nitrogen and it is introduced with an excess between 20-50% with respect to the sto-254
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ichiometric and at the atmosphere temperature, taking into account the month of the255

year.256

The total thermal energy that can be generated in the furnace (QFurnace1) can be257

obtained by the energy balance, considering that the upper limit of the adiabatic com-258

bustion temperature at the furnace is 1627ºC [35]. Further details are shown in the Sup-259

plementary Material.260

Firstly, the inlet sludge is introduced into the furnace to be heated up to the operating261

temperature of the bioreactor, depending on the type of digestion that is taking place.262

Considering that the specific heat capacity of the sludge has the same value that the263

water one, the necessary heat (Qsludge) is computed taking into account the inlet water264

temperature depending on the month considered.265

Then, the combustion air is also introduced to the furnace to be heated up to 25ºC266

before reacting. The necessary heat (Qair) in this case is computed taking into account267

the atmosphere temperature depending on the month considered.268

After heating these two streams, saturated steam at 10.2 atm [36] is produced us-269

ing the combustion gases in order to use it to maintain the temperature conditions in270

the bioreactor and to dehydrate the digestate in the heat exchanger. This pressure is271

chosen to always maintain the gradient temperature in the heat exchanges, because the272

maximum outlet temperature of the conditioned digestate is fixed to 150ºC in the heat273

exchanger, and, also, because they are common conditions on commercial steam. The274

energy needed to produce this steam (Qsteam) as well as the energy to heat up the sludge275

and the combustion air are computed in the Supplementary Material.276

The maximum amount of steam that can be produced by the combustion of biogas
is obtained by an energy balance (Eq. 5) combining the different energy requirements.

QFurnace1 = Qsludge +QAir +Qsteam (5)

The outlet temperature of the flue gases is computed by another energy balance277

taking into account that there must be a minimum temperature rise of 10ºC between278

this temperature and the hottest inlet stream (see Supplementary Material).279

Comparing the energy provided by the steam with the energy requirements of the280

bioreactor (QBioreactor) and the heat exchanger (QHX3), it can be seen that the en-281

ergy provided by the biogas combustion is not sufficient to produce the necessary282

steam to cover the total energy requirements. This energy is devoted to the bioreactor283

(QsteamBioreactor
) and to the heat exchanger that conditions the digestate (QsteamHX3

), so284

the Equation 6 must be satisfied.285
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Qsteam = QsteamHX3
+QsteamBioreactor

(6)

To compute the additional energy that has to be supplied to the equipment by the286

steam produced through MSW incineration, two more terms are added to the energy287

balances: QextraBioreactor
for the additional energy in the bioreactor, and QextraHX3

for288

the additional energy in the heat exchanger. Therefore, the Equations 7 and 8 must be289

satisfied.290

QHX3 = QsteamHX3
+QextraHX3

(7)

QBioreactor = QsteamBioreactor
+QextraBioreactor

(8)

The amount of condensing steam that has to be produced in the furnace in which291

the MSW is incinerated to provide these energy requirements can be obtained by doing292

the energy balance (See Supplementary Material).293

3.6. MSW incineration294

HX5

HX4

Src4
Water

Src5
MSW

Funace2

Turb1 Turb2 Turb3

To Mix1
Steam

Snk10
Flue gases

Figure 5: Flow diagram of the MSW incineration section of the process.

The section concerning MSW incineration is divided into two stages: MSW combus-295

tion and the Rankine cycle. MSW combustion takes place in a furnace and the energy296

that can be obtained depends on the composition (shown in Table 1) and is related to the297

lower heating value (LHVMSW ), which is computed by the equation of Dulong modi-298

fied for the MSW.299

12



LHVMSW (
kcal

kg
) = 80.56 C(%) + 338.89(H(%) −

1

8
O(%)) + 22.22 S(%) + 5.56 N(%) (9)

Table 1: MSW composition.

Component Ultimate Analysis

C 57.62
H 8.45
O 31.50
N 0.24
S 0.47
Cl 1.72

Total moisture (%) 50

Part of this energy is devoted to the production of steam that provides additional300

energy in the digestion process. This steam is considered to be saturated at 10.2 atm as301

well as the produced with flue gases obtained by biogas combustion. The amount of302

MSW that is needed for thermal requirements (fc(MSWthermal)) is computed taking into303

account the amount of condensing steam needed considering the value of the additional304

thermal energy in the bioreactor and the heat exchanger (see Supplementary Material).305

So, in the end, the global energy balance on Eq. 10 must be satisfied.306

QextraHX3 +QextraBioreactor = (fc(H2O,Furnace1,Mix1) + fc(H2O,Furnace2,Mix1)) ⋅Hsteam (10)

where Hsteam is the specific enthalpy of the steam computed in the Supplementary307

Material.308

The rest of the energy generated in the incineration of MSW goes for the production309

of steam that feeds the Rankine cycle to provide electrical energy. In this case, the en-310

ergy contained in the flue gases is used in the different heat exchangers of the Rankine311

cycle to produce steam at different conditions. High, medium, and low pressure steam312

turbines are introduced to represent the multistage expansion in a real steam turbine.313

Common ranges in the operation of a Rankine cycle are considered: between 95-125 bar314

in the inlet stream of the high-pressure unit, between 11-35 bar for the medium pressure315

unit, and a range of 5-9.5 bar for the low pressure unit. The enthalpies and entropies316

13



of the different streams involved in the Rankine cycle are computed by the correlations317

proposed by León and Martı́n [28] as a function of pressure and temperature. In each of318

the turbines, the isoentropic efficiency is fixed at 0.9. The sum of the power produced in319

the turbines has the same value as the electrical consumption, so, modeling the Rank-320

ine cycle, the amount of steam and the energy requirements can be obtained. Once321

obtained these energy requirements the amount of MSW needed for power purposes322

(fcMSWelectrical
) can be determined by an energy balance. Further details are shown in323

the Supplementary Material.324

Finally, by doing a mass balance, the total amount of MSW that is needed to provide325

the additional thermal energy requirements in the digestion process and the electrical326

requirements in the WWTP is determined (Eq. 11).327

fc(MSW,Src6,Furnace2) = fcMSWthermal
+ fcMSWelectrical

(11)

3.7. Cases of study328

The aim is to obtain the thermal energy requirements in sewage sludge digestion329

to evaluate the self-sufficient performance of the process. It is necessary to study how330

much of this energy can be produced using the generated biogas and how much energy331

has to be provided by MSW. This study is divided into two stages:332

1) The evaluation of the operating conditions and optimization of the operating tem-333

perature of the anaerobic digestion, minimizing in both cases the external supply of334

thermal energy. Firstly, the evaluation and comparison of the operating conditions are335

made to the two main types of anaerobic digestion which operate at a different tem-336

perature: mesophilic (35ºC), and thermophilic (55ºC). This study has been developed337

considering the variation of the water and air temperature that exists along the year in338

the city of Salamanca, as a case base, because the thermal energy requirements depend339

on these temperatures. And, secondly, the operating temperature of the sludge diges-340

tion has been optimized considering the different water temperatures over the year, due341

to its effect on the amount of biogas produced and the energy consumption to heat up342

the sludge and dewatering step.343

2) The study of the influence of the location on the thermal energy requirements. For344

the optimized process, different regions of the Iberian Peninsula have been studied con-345

sidering the different climates that influence the air and water temperature each month346

which are shown in the Supplementary Material. In addition, the process of the inciner-347

ation of MSW is modeled and integrated with the sludge anaerobic digestion to obtain348

the amount needed to provide the additional thermal energy and the power to operate349

the WWTP in these cities. Particularly, the climates that are chosen are:350
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• Oceanic climate in A Coruña, with temperatures between 10-13ºC and 10-11ºC in351

winter, and 16-19ºC and 14-16ºC in summer for air and water, respectively.352

• Coastal Mediterranean climate in Barcelona, with temperatures between 9-13ºC353

and 9-10ºC in winter, and 20-23ºC and 17-19ºC in summer, for air and water, re-354

spectively.355

• Continental Mediterranean climate in Salamanca and Madrid. In Salamanca, with356

temperatures between 4-6ºC and 6-7ºC in winter, and 18-21ºC and 15-17ºC in sum-357

mer, for air and water, respectively; and, in Madrid, with 6-8ºC and 8ºC in winter,358

and 21-25ºC and 17-20ºC in summer.359

• Oceanic Mediterranean climate in Sevilla, with temperatures between 11-12ºC and360

11ºC in winter, and 23-27ºC and 19-21ºC in summer, for air and water, respectively.361

These cities have been chosen to study most of the climates within the Iberian Penin-362

sula, but also to cover a wide range of WWTPs sizes in order to evaluate their influence363

on the results.364

The population of the different cities that are considered and the size of their WWTP365

is shown in Table 2. The size of each WWTP is related to the amount of organic matter366

that is treated, also shown in Table 2, considering that a person in Spain produces 26.9367

kg of dry matter per year [37]. Also, it conditions its electricity consumption, shown368

in Table 2 too, considering that the average consumption of a WWTP in Spain is 5.6369

kW/hab.eq. [38]. In the case of Madrid, it is shown that the size of the WWTP is lower370

than the population, and, also, that the size is lower than the size of the WWTP of371

Barcelona, despite the fact that the population of the latter is smaller. There is not one372

WWTP that covers the total population of Madrid, because of its high population, so373

there are several WWTPs distributed throughout the city and one of the largest is chosen374

in this work.375

Table 2: Population of the city (hab.), size of the WWTP (hab.eq.), processed sludge in the WWTP (kg/s),
total electricity consumption in the WWTP (kW) in Salamanca, La Coruña, Sevilla, Madrid, and Barcelona.
a: Huerta Otea WWTP [39], b: Bens WWTP [40], c: Copero WWTP [41], d: La China WWTP [42], e: Baix
Llobregat WWTP [43].

City Salamanca La Coruña Sevilla Madrid Barcelona

Population (hab.) 144000a 244850b 689000c 3266000d 1637000e

WWTP size (hab.eq.) 260040 600000 950000 1335000 1706250
Processed sludge (kg/s) 1.34 3.10 4.91 6.90 8.82

Electricity consumption (kW) 1.46 3.36 5.32 7.48 9.56
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4. Results376

In this section, the process analysis and economic results are presented for the case377

base of the WWTP in Salamanca and the integrated processes in the different WWTPs378

considered.379

4.1. Case base analysis380

4.1.1. Process analysis381

As a case base, the operating conditions of the two operating modes of anaerobic382

digestion have been studied in the city of Salamanca. In both cases, mesophilic and383

thermophilic digestion, the most intensive sections of the process are the digestion it-384

self and the digestate dewatering. The thermal energy needed in the process is pro-385

vided by biogas combustion. The amount of biogas generated depends on the digestion386

temperature, obtaining 0.47 m3/kg in the mesophilic condition and 0.58 m3/kg in the387

thermophilic condition. The thermal energy that is needed in the digester has the same388

value in both cases, 914.5 kW, because it is considered an isothermal process, so it only389

depends on the enthalpy of the reaction. Nevertheless, the digestate dewatering con-390

sumes more energy in the mesophilic case, 467 kW vs. 358 kW, because the outlet tem-391

perature of the heat exchanger has always the maximum value (150ºC), so the gradient392

temperature of the thermophilic case is lower, and the average temperatures have the393

same value in both cases. These two thermal energy requirements do not change over394

the months. However, there are two more energy requirements in the process, which395

are the sludge heating before digestion and the air heating before combustion, and these396

values do change with the different water and air temperatures over the months. These397

values are shown in Figure 6. For the mesophilic case, the sludge and air heating con-398

sume from 163 kW and 13 kW, respectively, in January, the coldest month, to 101 kW399

and 2 kW in July, the warmest month. For the thermophilic case, the energy consump-400

tion changes from 275 kW to 213 kW in sludge heating, and, the energy consumption401

for air heating is the same as in the mesophilic case (from 13 kW to 2 kW), because402

the amount of air and the temperature gradients are the same in both cases. Figure 6403

shows the additional thermal energy that is necessary for both digestion processes. The404

analysis shows that the energy provided by biogas combustion is not enough to comply405

with the total energy requirements. Although the digestion temperature is lower in the406

mesophilic case, it can be seen that the amount of additional energy is higher than in the407

thermophilic case, from 40% to 38% in mesophilic and from 38% to 36% in thermophilic,408

and, in both cases, is lower as the month gets warmer. As expected, this fact is due to409

the significant contribution of digestate dewatering to the total thermal energy require-410

ments of the process, which is higher in mesophilic digestion (approximately 30% vs.411
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23%). In fact, the additional thermal energy without considering digestate conditioning412

is higher in the thermophilic case (16-20% vs. 9-14%) (Figure 6). Although it is shown413

that digestate dewatering consumes a large amount of energy this section of the process414

is included due to its advantages. The digestate can be used as fertilizer because it is415

rich in nutrients such as nitrogen, phosphates, and minerals, so it can reduce the need416

for artificial or synthetic fertilizers which are known to be harmful to the environment,417

and, also, more expensive. The removal of water reduces handling, transport, and stor-418

age costs and results in a drier compost that is easier to spread on the soil, and nutrients419

are not compromised during the dewatering process [44].420
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Figure 6: Energy contribution of sludge and air heating to mesophilic and thermophilic digestion in
Salamanca and percentage of additional energy needed.

Then, once the process operation has been presented, the optimal digestion tem-421

perature is to be determined within the 30-55ºC range. It turned out to be 30ºC for all422

months, regardless of the water temperature. The optimization selects the lowest di-423

gestion temperature of the range in order to reduce the thermal energy involved in the424

process. Considering the previous part, the total energy requirements are slightly lower425

in the mesophilic case, because there is a net energy difference in its favor considering426
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sludge heating up and digestate conditioning. However, while the additional thermal427

energy requirements are reduced with increasing digestion temperature, the increase428

in biogas production does not compensate. Therefore, the value of the total energy is429

crucial to obtain the optimal temperature. This optimal temperature is the value used430

to study the influence of the climate because it determines the value of the energy that431

heats up the sludge before digestion and the air before combustion. In this case, approx-432

imately, an additional energy between 38-40% is needed, a higher value than in the case433

of mesophilic digestion at 35ºC because the digestion temperature is lower. The change434

over the months and the different contributions to the total energy are shown in Section435

4.2, where they are compared to other climates.436

4.1.2. Economic analysis437

An economic analysis of the digestion process for both operating conditions,438

mesophilic and thermophilic, in Salamanca, is presented in this section. Investment439

and operating cost are estimated. The investment does not present a variation over the440

months, so the total operating cost neither changes, because the amount of sludge that441

is treated is considered the same over the year and the design of the WWTP does not442

change over the months. The equipment cost was obtained for each month, and the443

maximum value has been considered to obtain the capital cost, i.e., the equipment is the444

same each month and only changes the utilization factor of some of them. The utiliza-445

tion factor is defined as the ratio between the capacity in each month of the equipment446

and its maximum capacity. In both digestion processes, only the utilization factor of the447

furnace changes. Taking into account the heat duty over the months shown in Figure 6448

and the maximum capacity corresponding to January in both cases, the utilization factor449

of the furnace is reduced to 83.6% in the case of mesophilic and to 85.4% in the case of450

thermophilic. Regarding annualized investment, considering an annual capital charge451

ratio of 0.3 [45], similar costs are obtained: 0.079 €/kg of sludge for mesophilic diges-452

tion and 0.080 €/kg of sludge for thermophilic. These values are close because the main453

contributor to the investment is the equipment cost, particularly, the cost of the digester454

which is the same for both digestion processes. The cost of the digester contributes455

84.6% to the total equipment cost in the case of mesophilic and 83.6% in the case of ther-456

mophilic. This gap is caused by the difference in the heat exchangers and furnace cost457

because the cost of the rest of the equipment has the same value in both cases. In Figure458

7, the value and the breakdown of the equipment cost for both mesophilic and ther-459

mophilic processes in Salamanca are presented. The cost of the furnace in mesophilic460

digestion is lower because the thermal energy requirements are also lower, so the size461

of the equipment is reduced. The price of the furnace contributes to the equipment cost462

with a percentage of 7.97% in the case of mesophilic and 8.24% for thermophilic. For the463
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heat exchangers, the cost is higher in the case of thermophilic, although the cost of the464

heat exchanger that dehydrates the digestate is lower, because the gradient temperature465

is lower, however, the cost of the heat exchanger after the digester is higher, for the same466

reason, and makes the total heat exchangers cost increases. Its contribution to the total467

equipment cost is 2.82% for mesophilic and 3.57% for thermophilic. The contribution468

for the rest of the equipment in both cases is 3.70% for compressors and 0.87% for the469

PSA system. In the case of operating cost, it is also similar in both digestion processes,470

because of the similarity in the investment cost, only deferring the items that directly471

depend on it. The operating cost has a value of 0.072 €/kg for mesophilic 0.073 €/kg472

for thermophilic. The operating cost and its breakdown are also shown in Figure 7 for473

mesophilic and thermophilic conditions in Salamanca.474
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Figure 7: Value and breakdown of the capital cost (CC) and operating cost (OC) for mesophilic and
thermophilic anaerobic digestion in Salamanca.

4.2. Integrated process475

An integrated process that processes sewage sludge and municipal solid waste has476

been developed to provide for the energy required by the plant over the year, aiming477
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at energy self-sufficient operation. Once the integrated process has been modeled, the478

influence of the climate on the energy requirements has been studied for different cities479

(Salamanca, Madrid, Barcelona, La Coruña, and Sevilla) taking into account that the480

optimal temperature for the digestion process is 30ºC. In all cases, the highest energy481

consumption corresponds to the digestion itself and to the digestate conditioning, it482

increases with the sewage sludge treated in the facility and it does not change over483

months. The value of energy required in the digester per kilogram of sludge is the same484

in all cities, 680 kJ/kg, because the digestion is considered an isothermic process and485

it occurs at the same temperature. The energy required to dehydrate the digestate per486

kilogram of digested sludge is around 364 kJ/kg in all cases because the model always487

chose the same value for the outlet temperature of the heat exchanger, 150ºC, assuming488

that the composition of the sewage sludge is the same in all cases. In Figure 8, it can489

be seen the total energy requirements per kilogram of sewage sludge treated for each490

city over the months. In all cases, the energy requirements are lower in the warmest491

months; however, the comparison between the highest and lowest value is different492

depending on the month. Most of the months, the energy requirements of Salamanca493

are the highest, because this city has the lowest temperature values, except June, July,494

and August. In these months, La Coruña has the highest energy consumption because495

the Oceanic climate tends to present mild summers, so water and air temperatures are496

lower. In Madrid, although it has the same climate as Salamanca, the energy require-497

ments are lower, because the water temperature is, approximately, 2ºC higher and the498

air temperature is 3ºC higher each month, due to the lower altitude of the city. They499

are also slightly higher than in the case of Barcelona, except in summer when the trend500

changes. From January to April, between Madrid, Barcelona, and La Coruña, the first501

one is the major energy consumer per kilogram of sludge treated, and the same occurs502

from October to December; however, this trend changes between April and October,503

when the energy requirements of La Coruña increase, becoming even higher than those504

of Salamanca, which are the highest in most months. In all months, Sevilla presents the505

lowest energy requirements because the Continental Mediterranean climate presents506

the warmest temperatures, both air, and water.507

As it has been discussed above, the energy required per kilogram of sludge for heat-508

ing the sludge and the combustion air changes depending on the water and air temper-509

ature of the month, and in Figure 9 these energy requirements are shown for all cities.510

For all cases, June, July, and August present the lowest values because are the warmest511

months. Salamanca presents the maximum values, around 110 kJ/kg, because the win-512

ter in the Continental Mediterranean climate is the coldest one; nevertheless, in the513

warmest months, La Coruña exceeds the energy requirements of Salamanca, because it514
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Figure 8: Total energy requirements per month in Salamanca, La Coruña, Sevilla, Madrid and Barcelona.

presents colder temperatures, around 61-70 kJ/kg vs. 56-66 kJ/kg. The minimum val-515

ues are obtained in Sevilla, from 37 kJ/kg to 86 kJ/kg, because it is the city located in516

the most southern part of the Iberian Peninsula, so it presents higher temperatures every517

month. The highest difference between the maximum and minimum value is shown in518

Madrid, 58%, because it presents the largest gradient temperature over the months, and519

the minimum is found in La Coruña, 32%, where the thermal amplitude is lower due520

to the proximity of the Atlantic Ocean, which makes the climate milder; while, in Sala-521

manca, this difference is 49%, in Sevilla, 56%, and, in Barcelona, 50%. This difference522

can also be seen in the shape of the curve presenting the data for the additional energy,523

which is more pronounced in the case of Madrid. The amount of additional energy524

to be provided by the MSW slightly varies between the different cities and is between525

37% and 40% of the total energy required for the digestion process for all of them. This526

percentage is similar because the main contributor to the total energy required in the527

process is the energy for digestion and digestate conditioning, which represent around528

91% of the total thermal energy. Its value increases as thermal energy requirements in-529

crease, so the same trend is observed as in the case of the energy needs throughout the530
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year between cities. Therefore, the extremes are Seville, with the lowest percentage of531

additional energy, and Salamanca, with the highest, except in summer, when it is sur-532

passed by La Coruña. In Madrid, Barcelona, and La Coruña occurs the same as in the533

previous case, the difference between the values of the additional energy is different534

depending on the month.
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Figure 9: Energy contribution of sludge and air heating to digestion and percentage of additional energy
needed in the different WWTPs per month: a) Salamanca, b) La Coruña, c) Sevilla, d) Madrid and e)

Barcelona.

535

The average of the total amount of MSW fed to the incineration system is shown in536

Table 3. A fraction of this MSW is devoted to the production of steam to provide the537

additional thermal energy in the digestion process and the rest to produce electricity.538

The amount of MSW that is needed to provide the additional thermal energy is shown539

in Figure 10 for each city and changes over the months because of the variability in540

thermal energy requirements. As the size of the WWTP increases, the amount of MSW541

needed also increases. The variability of the amount of MSW in the smaller WWTP,542

as Salamanca and La Coruña, is almost negligible because it is a low value, around543

0.03 kg/s and 0.08 kg/s, respectively; however it can be seen in the case of Barcelona,544

Madrid, and Sevilla, with an average of 0.21 kg/s, 0.17 kg/s, and 0.11 kg/s, respectively.545

The rest of the MSW is used in the Rankine cycle and this amount of MSW does not546

change over the months because the power consumption does not do it either. The547

high contribution of the electricity generation in the total amount of MSW fed, 87-88%,548

makes it to be almost constant over the year. This amount can be defined considering549

the amount of treated sludge and has a value of around 0.19 kg MSW/kg sludge in all550
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cities.551
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Figure 10: Amount of MSW to provide extra thermal energy requirements per month in Salamanca, La
Coruña, Sevilla, Madrid, and Barcelona.

Regarding the electricity consumption, the amount of MSW needed to provide the552

electrical requirements is shown in Table 3, and it depends on the size of the WWTP. The553

highest consumption is found for Barcelona, 1.46 kg/s, which shows also the highest554

energy consumption (shown in Table 2). This amount can also be defined in terms of555

energy consumption, and, in all cities, it has a value of 0.55 kg/kWh in all months, as556

it was considered to vary only with respect to the size of the WWTP and invariable557

throughout the year. Also, in Table 3, the average percentage of the amount of total558

MSW generated in each city that is consumed, considering that, a person produces 455559

kg of MSW per year [46], is shown. This percentage slightly changes over the months,560

because, as it was said, most of the fed MSW is devoted to electricity production and561

this amount does not change over the year. It can be seen that the percentage of the total562

MSW is not directly related to the size of the WWTP. This percentage is higher as the563

relationship between the population and the equivalent population (hab.eq.) of each564

city increases. Furthermore, in all cases, there is enough MSW to supply the plant, a fact565
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that could be relatively predicted previously according to the work of González-Núñez566

et al. [24], where the energy that can be produced from MSW of different cities studied567

in this work is shown.568

Table 3: Average of total MSW consumption (kg/s) in the integrated process, amount of MSW (kg/s) devoted
to electricity and average percentage of the total amount of MSW produced in each city for each WWTP.

City Salamanca La Coruña Sevilla Madrid Barcelona

Total MSW consumption (kg/s) 0.26 0.59 0.93 1.31 1.67
MSW for electricity (kg/s) 0.22 0.51 0.81 1.14 1.47

Percentage of total MSW (%) 11.19 16.64 9.33 2.77 7.07

4.2.1. Economic analysis569

An economic analysis of the integrated process for the different cities is presented570

in this section. Investment and operating cost are estimated. As explained in the pre-571

vious economic analysis, neither the investment nor the operating cost change over the572

months. As in the previous case, the utilization factor of the furnaces, the biogas furnace573

and the MSW one is the only one that changes. Taking into account the energy require-574

ments shown in Figure 9, the utilization factor of the biogas furnace can be obtained. Its575

minimum values for the different cities are: 83.3% in Salamanca, 90.2% in La Coruña,576

83.8% in Sevilla, 80.9% in Madrid, and 84.1% in Barcelona. The maximum reduction577

is obtained in the case of Madrid which shows the biggest difference in the energy re-578

quirements comparing cold and warm months and the minimum in La Coruña, whose579

difference is the smallest. In the case of the MSW furnace, the reduction in the utiliza-580

tion factor is almost insignificant, because the majority of the MSW is devoted to the581

production of electricity, whose consumption does not change over the months. The582

minimum value is around 98.9% for all cities. However, if only the production of steam583

to provide the thermal energy requirements in the digestion process is considered in584

the furnace, a big reduction in the value of its utilization factor can be seen. Its value is:585

90.9% in Salamanca, 94.7% in La Coruña, 91.7% in Sevilla, 89.4% in Madrid, and 91.4%586

in Barcelona. The difference between the maximum and the minimum value of these587

values is due to the same reason as the biogas furnace. In Table 4, the total investment588

cost for the integrated process per kilogram of sewage sludge that is treated and per589

kilogram of MSW that is needed is shown. The total investment cost per kg of sludge590

goes from 0.09 €/kg to 0.16 €/kg and per kg of MSW, from 0.46 €/kg to 0.86 €/kg, in591

Barcelona and Salamanca, respectively. It can be seen that, as the size of the WWTP in-592

creases, the investment cost per kg of sludge and per kg of MSW decreases. Therefore,593
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although, both capital costs are higher in the larger WWTP, they benefit from economies594

of scale. Figure 11 shows the breakdown of the equipment and the operating cost for

Table 4: Total investment cost of the integrated process per kg of sludge and per kg of MSW for the different
cities.

City Salamanca La Coruña Sevilla Madrid Barcelona

Investment (€/kg sludge) 0.163 0.116 0.099 0.093 0.086
Investment (€/kg MSW) 0.859 0.610 0.525 0.491 0.456

595

the different cities. The digester is the main item in the distribution of the capital cost in596

all cities, with around 51% of the total inversion, followed by the steam turbines, with597

a 25%. The digester percentage changes with the size of the WWTP, i.e., the amount of598

sewage sludge processed, it goes from 43% in Salamanca, which is the smallest WWTP,599

to 57% in Barcelona, which is the largest WWTP. The percentage corresponding to the600

steam turbines follows the opposite trend, it is lower as the size of the WWTP increases,601

ranging from 33% in Salamanca, to 20% in Barcelona, although their cost is higher in602

the last one because of the electricity consumption. The capital cost of the rest of the603

equipment slightly changes between cities. An average of 5.3% for the heat exchangers,604

3.3% for the biogas furnace, and 13.1% for the MSW furnace, and the rest goes for the605

compressors and the PSA system. Regarding operating cost, all items that constitute606

this cost, increase with size, however, their contribution to the total value is different.607

The main contributor to the total value is the capital charges item with an average per-608

centage of 60% of the total operating cost, but with a small increase with the size of609

the WWTP. It ranges from 58.2% to 61.1% in Salamanca and Barcelona, respectively.610

The percentage of the three other items which are represented that barely increase with611

the size and are almost constant are maintenance, insurance, and local taxes, with an612

average value of 20%, 4%, and 8%, respectively. As there are items whose percentage613

increases, the labor and the item which is called others decrease with the size. The re-614

lationship between the labor cost and the size of the WWTP is nonlinear, so, although615

the value increases with the size, its contribution to the total operating cost decreases;616

so, they benefit from economies of scale in this case. In the case of the item others, it617

is constituted by four contributors: miscellaneous materials, utilities, laboratory, and618

supervision. The miscellaneous materials and utilities cost are almost constant with the619

size; however, the laboratory and supervision costs are obtained as a percentage of the620

labor cost, so they decrease with the size and make the item other also decrease. Fur-621

thermore, it must be noted that the cost of the raw materials, sludge, and MSW, has not622

been considered, because as they are residues, they have been considered free. Con-623

25



sidering only the section concerning the incineration of MSW, a price can be obtained624

for the electricity and put into perspective with other generation sources. This price is625

lower as the higher electricity consumption, so the biggest WWTPs take advantage of626

economies of scale. The highest price is obtained in Salamanca, 0.23 €/kWh, followed627

by La Coruña and Sevilla, with a price of 0.14 €/kWh and 0.12€/kWh, respectively, and,628

finally, the lowest electricity prices are obtained in Madrid and Barcelona, 0.10 €/kWh629

and 0.08 €/kWh, respectively. These prices are nearly constant throughout the months,630

as they minimally change because the operating cost also changes. This cost changes631

because the furnace is also used to produce the steam that provides the thermal energy632

requirements to the WWTP, which are different over the year, so the amount of MSW633

also changes changing the items of the cost depending on it. However, this price will634

increase if the gas treatment section, which is not considered, is included in the process.635

These prices are not far from the prices that present the two main renewable sources,636

0.05-0.1 €/kWh for solar PV panels and 0.1-0.15 €/kWh for wind turbines, especially in637

the largest WWTP. If compared to the traditional energy sources, in most cases, they are638

lower that the prices of natural gas-based facilities that have an average value of 0.22639

€/kWh and near to the prices of the coal-based plants, in the largest WWTP, which are640

around 0.1 €/kWh [47].641

5. Conclusions642

In this work, the energy requirements of different WWTP have been studied, par-643

ticularly, the attention is focused on sewage sludge treatment. The thermal energy re-644

quirements of sewage sludge treatment are a difficult problem because the anaerobic645

digestion of sludge does not produce enough biogas to cover them. Because of that, an646

integrated process of sludge treatment and municipal solid waste treatment has been647

evaluated in order to make the WWTP self-sufficient in terms of energy. MSW is em-648

ployed to supply the thermal energy that is necessary to cover the total process and can649

not be supplied by biogas, apart from generating the power requirements of the entire650

WWTP. Moreover, the influence of the climate in different regions of the Iberian Penin-651

sula has been studied. The results show that it is feasible to integrate the treatment652

processes because there is enough MSW to provide energy to the WWTP in all cities.653

The amount of MSW required per kilogram of sludge is around 0.19 kg/kg, with a very654

small difference between cities, being lower as the average of additional thermal energy655

decreases. The investment cost ranges from 0.09 €/kg to 0.16 €/kg of sewage sludge,656

depending on the size of the WWTP due to economies of scale. Additionally, prices657

ranging 0.08-0.23 €/kWh are obtained for the electricity produced by the incineration658

of MSW. Comparing these prices to other renewable or traditional sources, there is a659
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Figure 11: Value and breakdown of the capital cost (CC) and operating cost (OC) of the different WWTPs.

proximity in prices that makes feasible the use of MSW as an energy source in order to660

reduce the use of fossil fuels. This analysis allows for a successful integration of these661

treatment processes with the objective of a fully self-sufficient and sustainable system.662

Nomenclature663

Indices / sets/ subsets664

b {Bioreactor, HX3}
m {Steam, Air, Sludge}

Variables/ parameters665

Ebiogas Thermal energy provided by biogas (kW)
Ediges Thermal energy requirements in digestion process (kW)
EMSW Thermal energy provided by MSW (kW)
F(unit,unit1) Mass flow rate of stream from unit to unit1 (kg s−1)
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fc(k,unit,unit1) Mass flow rate of component k from unit to unit1 (kg s−1)
fcMSWelectrical

Mass flow of MSW to provide electrical energy (kg s−1)
fcMSWthermal

Mass flow of MSW to provide thermal energy (kg s−1)
Hsteam Specific entalphy of saturated steam (kJ kg−1)
LHVMSW Lower heating value of MSW (kcal kg−1)
Qextrab

Additional energy requirements in unit b (kW)
Qm Energy requirements of stream m (kW)
Qsteamb

Thermal energy provided by steam in unit b (kW)
Qunit Heat exchanged in unit (kW)
Z Objective function

Equipments and others666

Bioreactor Digester
Compresi Gas compressor i
Furnacei Furnace i

HXi Heat exchanger i
Mixi Mixer i
MSi Molecular sieve i

Sepi Separator i
Snki Sink of stream i

Srci Inlet source i

Turbi Gas expander i
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