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Abstract

The aim of this study is to propose a detailed and comprehensive plant-wide model for assessing
the energy demand of different wastewater treatment systems (beyond the traditional activated
sludge) at both steady- and unsteady-state conditions. The proposed model enables calculating
power and heat energy requirements (W and Q, respectively), and energy recovery (power and
heat) from methane and hydrogen capture. In order to account for the effect of biological processes
on heat energy requirements, the model has been coupled to the extended version of the plant-wide
mathematical model BNRM2, which is implemented in the simulation software DESASS. Two
case studies have been evaluated to assess the model performance: (1) modelling the energy
demand of two urban WWTPs based on conventional activated sludge (CAS) and submerged
anaerobic MBR (AnMBR) technologies at steady-state conditions; and (2) modelling the dynamics
in reactor temperature and heat energy requirements in an AnMBR plant at unsteady-state
conditions. The results indicated that the proposed model can be used for assessing the energy
performance of different wastewater treatment processes, thus being useful for different purposes,

e.g. WWTP design or upgrading, or development of new control strategies for energy savings.
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1. Introduction

Wastewater treatment is an energy-intensive activity whose energy costs vary considerably from
one wastewater treatment plant (WWTP) to another, depending on the type of influent, treatment
technology and required effluent quality. Different environmental concerns (e.g. global warming
and greenhouse gases (GHG) emissions) are some of the driving factors promoting changes in the
wastewater treatment field [1]. Indeed, sustainable water management is increasingly important for
utilities and is driving efforts to reduce energy consumption in WWTPs without compromising
effluent quality. Specially, energy saving is the fastest, highest impacting and most cost-effective
way of reducing GHG emissions [2]. Therefore, energy saving in WWTPs is a key point for

improving overall environmental performance in wastewater treatment domain [3].

Besides actions focussed on saving energy and increase energy efficiency, the expansion of
renewable energies is viewed to be an important factor for a secure energy future [4]. In this
respect, since the water-energy-carbon nexus is gaining increasing importance as a field of research,
biogas production from sewage sludge digestion is a subject of interest in both energy and
wastewater domains [5]. Part of the energy recovered from wastewater in the form of biogas is
usually used for heating purposes, whilst the rest can be employed for meeting WWTP power
requirements after conversion to electrical power. Hence, the possibility of energy recovery from
wastewater is a key operating opportunity in the wastewater treatment field in order to find energy
savings thus reducing operating costs. Furthermore, biogas offers greater energy and environmental
benefits when generating power and heat simultaneously using CHP (combined heat and power)

technology than when generating both separately [6].

To date, the interest of the scientific community involved in the wastewater treatment field has been
mainly focused on water quality and associated plant-wide modelling issues [7]. In this respect, the

use of mathematical models for WWTP design and upgrading, process optimisation, operator



training, and development of control strategies has become a standard engineering tool in the last
decade (see, for instance, [8, 9]. Indeed, model-based analysis seems to be a promising method for
improving energy efficiency in wastewater treatment [10]. Process variables can be both tuned and
optimised, and technologies can be compared in a rigorous way, especially by including energy
aspects in the computations [7]. Hence, plant-wide energy models are expected to be a promising
tool for selection of the best among the alternatives aimed to meet the desired criteria in the WWTP

network (e.g. low energy consumption) [10].

Different studies can be found in literature dealing with energy modelling in wastewater treatment.
Jeppsson et al. [11] proposed an extension of the Benchmark Simulation Model no 1 (BSM1) aimed
at facilitating control strategy development and process performance evaluation at a plant-wide
level, including therefore a complete energy balance. Gdmez et al. [12] presented a new
biochemical model for aerobic digestion that introduced an energy balance to dynamically predict
the temporary evolution of temperature in an autothermal thermophilic aerobic digester. Righi et al.
[13] assessed the environmental profile and energy balance of different waste treatment systems.
Another representative study was conducted by Lemos et al. [14], who assessed the environmental
performance and the electricity consumption of an entire urban water system; whilst Nowak et al.
[15] considered several ways of ensuring positive energy balance in wastewater treatment.
However, scarce literature has been found dealing with the development of a plant-wide energy
model including new technologies for treating urban wastewater at full-scale, such as membrane-

based ones.

On the other hand, some software in the field of wastewater engineering already included not only
the analysis of process water management and sludge treatment, but also the assessment of energy

consumption and efficiency (e.g gPROMS, Simba 6, W2E, WWTP/check, etc.). For instance, Tous



et al. [16] applied the simulation program W2E for calculating the energy and mass balance of
different sewage sludge treatments; Descoins et al. [7] developed a plant-wide model, implemented
in the modelling software gPROMS, including not only the main biochemical transformations but
also the energy consumption for each involved physical unit operation; and Pijajova and Derco [17]
assessed the performance of urban wastewater treatment systems using the simulator SIMBA 6.
However, these modelling softwares do not include new promising technologies aimed at enhancing

wastewater treatment, such as anaerobic membrane bioreactor (AnMBR).

Contrary to aerobic processes for UWW treatment, where significant energy input is required for
aeration and energy recovery from organic matter is not maximised [18], AnMBR technology
reduces sludge production, eliminates aeration and generates methane [19]. Hence, although
AnMBR technology has not been applied to full-scale UWW treatment yet, recent literature ([20])

has reported increasing interest by the scientific community on its applicability.

Hence, the aim of this study is to propose a detailed and comprehensive plant-wide model for
assessing the energy demand of different wastewater treatment systems (beyond CAS) at both
steady- and unsteady-state conditions. The proposed model has been coupled to the extended
version of the plant-wide mathematical model BNRM2 [21] proposed by Duran [22], which is
implemented in the new version of the simulation software DESASS [9]. DESASS allows the
design, upgrading, simulation and optimisation of municipal and industrial WWTPs, including,
among others, aerobic membrane bioreactor (AeMBR) and AnMBR technologies. In this respect,
the proposed energy model allows calculating the overall energy demand of different WWTPs,
enabling therefore their analysis and improvement from an environmental point of view (e.g.
reduction of GHG emissions associated with energy consumption). Specifically, the model enables

calculating power and heat energy requirements (W and Q, respectively), and energy recovery



(power and heat) from methane and hydrogen capture during the anaerobic treatment of organic
matter. The W term (power energy) entails the main equipment employed in WWTPs (e.g. blowers,
pumps, diffusers, stirrers, dewatering systems, etc.). The Q term (heat energy) considers heat
transfer through pipe and reactor walls, heat transfer due to gas decompression, external heat
required when temperature is controlled, and enthalpy of the biological reactions included in the

extended version of the plant-wide model BNRM2.

2. Materials and methods

2.1 Energy model description

The proposed model, which is coupled to the extended version of the plant-wide mathematical
model BNRM2 [21,22], consists of a set of energy equations that could be solved for both steady
and dynamic conditions. The model represents the total energy demand of the evaluated treatment
scheme using Equation 1. This equation symbolises the sum of potential energy (Ep), kinetic energy
(Ex), and internal (molecular) forms of energy (h) such as electrical and chemical energy, being
equal to the heat transferred to the system (Q) and the work applied by the system on its
surroundings (W) during a given time interval.

AEp+ AEk+ Ah=W +Q Equation 1

2.1.1. Power energy (W)
The equipment considered for calculating the W term (power energy) consists of the following:
pumping equipment (pumps and blowers), diffusers, stirrers, circular suction scraper bridges (for

primary and secondary settlers and sludge thickeners), rotofilters and sludge dewatering systems.

Table 1 shows the equations employed for calculating W. The energy consumption of blowers

(Equation 2 and 3), general pumps (feeding and recycling) (Equation 4) and permeate pumps



(Equation 5) is calculated as proposed by Judd and Judd [23]. To calculate the net power energy
required by the permeate pump (Ppermeate), the sum of the power energy consumed in the following
four membrane operating stages was considered: filtration (Prittration), back-flushing (Pback-flushing),
degasification (Pgegasification) and ventilation (Pventilation). Equation 5 is used to calculate the power
energy consumed in filtration, back-flushing and degasification stages, whilst Equation 4 is used to
calculate the power energy consumed in ventilation stage since the fluid does not pass through the

membrane ([24]).

Power energy for stirring and dewatering systems is calculated by Equations 6 and 7, respectively.
The default values included in DESASS for the specific energy consumption (Edewatering) Of the
different types of dewatering systems considered in the model are 5-20, 15-40, 30-60 and 50-150

kWh-tSS™ for band filter, press filter, centrifuge and vacuum filter, respectively.

2.1.2. Heat energy (Q)

Table 2 shows the equations employed for calculating Q. Q was assumed to be the sum of the
following terms: external heat energy (input or output) required when temperature is controlled
(QexternaL, Equation 8); heat energy dissipated through pipes and reactor walls (QpissipaTeD,
Equation 9); heat energy released or absorbed by the gas decompression process (QoecompRrEssION,
Equation 13); and heat energy released or absorbed by the biological reactions taking place in the
treatment unit (QentHaLpy, Equation 20). Figure 1 illustrates an example of the process flow

diagram related to temperature and heat energy requirements in a closed-air reactor.

For calculating the heat energy dissipated (or gain) through the walls of the reactor (QoissipateD), the
heat transfer coefficient in both surface and buried section of the reactor (see Equation 10 and 11,

respectively) and the soil conductivity (see Equation 12) are taken into account. As Equation 12



shows, the relationship between soil conductivity and moisture is obtained by linear interpolation,
assuming that moist soil is completely saturated on water (100 % humidity and Ks of 3.7 kcal- m"

L.ht.eCty and dry soil is completely dried (0% humidity and Ks of 1.2 kcal- m™*-ht.°C?).

As Figure 1 illustrates, temperature variations occurring through the gas recirculation system have
been also estimated in order to calculate the heat absorbed or released in the reactor during the gas
decompression process (Qoescompression). T0 this aim, it has been assumed that the gas presents a
temperature Ty in the inlet of the recirculation system equal to the temperature of the mixed liquor
inside the reactor. Then, the gas moves through the pipe from the reactor to the blower inlet causing
heat loss or gain until reaching a temperature T> (Equation 14). In the blower the temperature is
increased from T» to T3 due to the gas compression process (Equation 15). Finally, the gas moves
through the pipe from the blower output to the reactor causing heat loss or gain until reaching a

temperature T4 (Equation 14).

As the proposed energy model was coupled to the plant-wide model BNRMZ2, the enthalpy of some
key biological reactions involved in wastewater treatment can be calculated. Specifically, from a
total of 67 equations from the model BNRM2, 27 equations were employed for calculating molar
enthalpy at a given temperature by means of Kirchhoff equation (see Equation 16). Hydrolysis,
fermentation, precipitation, re-dissolution, bacterial lysis and gas stripping (see [21,22]) were not
included in the model since the heat absorbed or released in these reactions was considered
negligible. The empiric formulas used to determine the specific heat of solids and liquids, gases and
dissolved methane are shown in Equation 17, 18 and 19, respectively (see Table 2). The standard
molar enthalpy of formation at 298K and the coefficients of the molar heat capacity at constant
pressure (A, B, C, D and E) for each substance are shown in Table S1 (Supplementary Data). Table

3 shows the biological reactions (including its corresponding molar enthalpy) considered in the



proposed energy model. To convert the molar enthalpy of the reactions (kcal-mol™) to heat units
(QenThaLpy, kcal-h™), the stoichiometric matrix and kinetics of the biological reactions included in

the BNRM2 are used (see Equation 20 in Table 2).

2.1.3. Energy recovery from methane capture

CHP technology is used as alternative to conventional energy generation systems. CHP consists of
cogeneration through which electrical and heat energy production occurs simultaneously, obtaining
an overall efficiency of up to 70-80%. In WWTPs, CHP technology transforms the hydrogen and
methane obtained during the anaerobic digestion of organic matter into heat and power energy,

considering the efficiency of the different CHP technologies according to EPA [25].

Table 4 shows the equations employed in the model for calculating the energy recovery from
methane and hydrogen capture in terms of heat (Qmethane, Equation 21) and power (Wmethane, Equation
22). The maximum allowable concentration of H>S (see Equation 23 in Table 4) in the biogas

entering CHP motors (e.g microturbine for cogeneration) was set to 70 mg-MJ™* biogas [26].

2.2 Implementation of the energy model in the simulation software DESASS

Ferrer et al. [9] developed a computational software called DESASS for designing, simulating and
optimising both aerobic and anaerobic wastewater treatment technologies, considering the most
important physical, chemical and biological processes taking place in a traditional WWTP.
Afterwards, DESASS was extended and updated for including new technologies such as SHARON,
BABE, AeMBR and AnMBR. Moreover, DESASS incorporates a tool for designing the whole
aeration system (i.e. blowers, piping and valve system, diffusers and their supports). As commented
before, the simulation software incorporates an extended version of the plant-wide model BNRM2
[21], including the competition between both acetogenic and methanogenic microorganisms and

sulphate-reducing microorganisms [22]. This mathematical model was validated beforehand using



experimental data obtained from different wastewater treatment processes (see, for instance,
[27,28,29,30]), including AnMBR likewise [22]. Apart from being useful for designing, simulating
and optimising WWTPs in terms of process performance, DESASS has been updated for
incorporating an energy model toolbox entailing the proposed plant-wide energy model. The
principles guiding the development of this toolbox are user friendliness and flexibility to

incorporate several elements involving power and heat energy demand in different WWTPs.

Figure S1 (Supplementary Data) shows some of the windows that can be generated in DESASS by
using the developed toolbox. In particular, this figure shows the design parameters related to the
power energy requirements of a blower (Figure S1a); and the heat energy requirements in an
AnMBR (Figure S1b). In order to calculate the energy demand of a WWTP through the proposed
tool, the following steps must be trailed:

(1) Creating a wastewater treatment layout incorporating both treatment units (e.g. settler, reactor,
digester, thickener, dewatering system, etc...) and mechanical elements (e.g. pumps, blowers,
diffusers, rotofilter, mechanical stirrers, circular suction scraper bridges, and sludge dewatering
system).

(2) Defining all the necessary design parameters related to power and heat energy requirements (see
Figure S1).

(3) Simulating the defined layout in order to obtain the results from the applied model.

Once the simulations have been finished, DESASS provides the energy model results of the
evaluated system, including the before-mentioned terms: power requirements, heat energy
requirements, cogenerated energy, and net energy demand. Moreover, the power energy
requirements of each mechanical element and the heat energy requirements of each treatment unit

can be shown independently clicking on the elements included in the designed layout.



Design parameters related to power energy reqguirements

Regarding the design of pumps and liquid pipelines, the toolbox allows the user editing the
following terms: height difference in fluid level between two treatment units connected by a
pumping system; engine and pump efficiency; and inlet and outlet pipe characteristics. As regards
pipe characteristics, the following terms can be edited: material in order to establish the roughness
and conductivity; either nominal diameter and fluid velocity for calculating the number of pipes or
number of pipes and fluid velocity for calculating the nominal diameter; thickness; length; and

equivalent length of accessories.

Regarding the design of blowers and gas pipelines, the toolbox allows the user editing the following
terms: headspace pressure in closed-air reactors; type of compression (adiabatic and isentropic,
isothermal or polytropic); branch and model of the diffusers in order to calculate the head loss; inlet

and outlet pipe characteristics (same terms as liquid pipelines); and engine and blower efficiency.

In order to calculate the real power energy requirements of pumps and blowers, the toolbox allows
selecting commercial equipment extracted from an editable database including the following
specifications: model, branch, flow, pressure and motor power. Flow, pressure and theoretical
power consumption are calculated using Equations 2 to 5, and are compared to those included in the

database in order to propose a list of equipment fitting the requirements of the evaluated layout.

Regarding the design of stirrers, the user is able to edit power energy consumption in terms of W-m-
3 and efficiency. Therefore, the toolbox compares the theoretical power requirements of the stirrer
(calculated using the corresponding tank volume) to the power requirements from commercial

equipment included in the editable database in order to propose a list of equipment fitting the design

10



specifications. Concerning the dewatering system, the user is able to edit type (e.g. band filter, press
filter, centrifuge and vacuum filter) and efficiency, thus the toolbox automatically selects power
energy consumption in terms of kWh-tSS™ in order to calculate the power requirements of the
selected item. As regards rotofilter, the user is able to edit the motor power in terms of W; whilst for
circular suction scraper bridges, the toolbox provides a list of models from the database that fit the

corresponding motor power by selecting the unit branch.

Hence, the toolbox includes a database for selecting commercial equipment fitting the design

criteria. This database can be edited by the user in order to incorporate new equipment.

Design parameters related to heat enerqy requirements

In order to calculate the heat energy dissipated through the walls of the reactor, the toolbox allows
the user editing the temperature inside and outside the reactor, the temperature of the inflow, the
type and thickness of reactor material (in order to calculate the conductivity), the type and thickness
of insulating material (in order to calculate the conductivity), the reactor geometry and dimensions,
the % of the outer reactor, the % of soil humidity and the thickness of the soil in contact with the
reactor.

As previously mentioned, the toolbox allows the user editing the design parameters of the blower
(e.g. headspace reactor pressure, type of compression, inlet and outlet pipe characteristics, etc.) in

order to calculate the heat energy released or absorbed by the gas decompression process.

Moreover, the user is able to choice one of the two following options for heat energy calculation:

(1) operating at fixed temperature thus simulating total heat energy requirements; or (2) operating at

fixed heat energy requirements thus simulating system temperature.
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Design parameters of cogeneration energy

For the cogeneration system, it is possible to select the type of CHP system to be used (e.g. steam
turbine, reciprocating internal combustion engine, gas/combustion turbine and microturbine) in

order to calculate power and heat energy production efficiency and also the efficiency of the heat
exchanger. Therefore, the tool calculates the power and heat energy recovery from hydrogen and

methane capture (biogas and dissolved methane in the effluent).

3. Case study
3.1 Modelling energy demand in a CAS and AnMBR urban WWTP at steady-state conditions

3.1.1 Design and operating parameters

The performance of the proposed plant-wide energy model at steady-state conditions is illustrated in
this study by two case-specific examples of urban WWTP, including as main treatment technology:
1) CAS, and 2) AnMBR coupled to an aerobic-based post-treatment for nutrient removal. These
treatment schemes were designed for meeting the European discharge quality standards (sensitive
areas and population of more than 100000 p-€) as regards solids (<35 mg-L* of tSS), organic matter
(<125 and 25 mg-L* of COD and BOD, respectively) and nutrients (<10 and 1 mg-L™ of N and P,
respectively). It is worth to point out that chemical removal of phosphorus was assumed in both
cases for meeting phosphorous effluent standards. In addition, a maximum value of 35% of

biodegradable volatile suspended solids (BVSS) was considered as sludge stabilisation criteria.

The AO (anoxic — oxic) configuration was selected for designing the aerobic-based treatment units
(CAS-based WWTP and post-treatment unit in the AnMBR-based WWTP). It is important to note
that CAS was represented in this study as an anoxic-oxic process rather than an aerobic activated
sludge process.The volume of anoxic and oxic tanks was 40 and 60% of total reactor volume,

respectively.

12



Figure 2 shows the main window of DESASS with the layout of the CAS- and AnMBR-based
WWTPs evaluated in this study. These treatment schemes were designed and simulated for a
treatment flow rate of 50000 m3-day™* and ambient temperature of 20 °C. The full characterisation
of the urban wastewater (UWW) used in this study is shown in Table 5. This characterisation
corresponds with the effluent from the pre-treatment of the Carraixet WWTP (Valencia, Spain).
Two simulation scenarios were evaluated: the treatment of sulphate-rich UWW (9.45 mg COD-mg'*
S04-S, corresponding with an influent sulphate concentration of 100 mg SO4-S-L1); and the
treatment of low-sulphate UWW (94.5 mg COD-mg? SOs-S, corresponding with an influent
sulphate concentration of 10 mg SO4-S-L™1). Methane capture efficiency was set to 100% in this

case study.

CAS technology: As commented before, the CAS unit consisted of an AO (anoxic — oxic)
configuration, which was operated at hydraulic retention time (HRT) of 24 hours, sludge retention
time (SRT) of 10 days and mixed liquor suspended solids (MLSS) concentration of 2.3 g-L . An
anaerobic digester (operating at 35 °C) was also included as main element of the CAS-based
WWTP to meet the sludge stabilisation criteria. Heat energy input was needed to maintain a
temperature of 35 °C in the anaerobic digester unit. Biogas was considered to be captured from the

anaerobic digester unit and used to generate energy.

ANMBR technology: The AnMBR unit was operated at HRT of 18 hours, SRT of 40 days, 20 °C-
standardised transmembrane flux (J20) of 20 LMH, specific gas demand per square metre of
membrane area (SGDm) of 0.1 m3-m2.h"t and MLSS in the membrane tank of 14 g-L™. This
operating mode resulted in minimum filtration costs in previous studies [31,32]. Further digestion

of the sludge was not required since the AnMBR unit was already designed for meeting the sludge
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stabilisation criteria. Biogas and methane dissolved in the effluent were both considered to be

captured and used to generate energy.

A post-treatment step based on AO (anoxic — oxic) configuration with chemical addition for
phosphorous removal was included in the AnMBR-based treatment scheme in order to meet
nutrient effluent standards. This step contemplated two possibilities: AeMBR- and CAS-based post-
treatment. The AeMBR-based post-treatment was operated at SRT of 10 days, J2o of 29 LMH,
specific air demand per square metre of membrane area (SADm) of 0.3 m®-m2-h't and MLSS in the
membrane tank of 2.6 g-L*; whilst the CAS-based post-treatment was operated at SRT of 10 days
and MLSS concentration of 2.3 g-L™. A fraction of the influent wastewater was bypassed anyhow
to the post-treatment unit in order to meet effluent quality standards (further organic matter was
required for denitrification rather than the contained in the effluent from the AnMBR unit).
Specifically, around 27% of the wastewater entering the AnMBR-based WWTP was derived

directly to the post-treatment unit (see Figure 2).

3.1.2 Simulation results

Figure 3 shows the weighted average distribution of the simulated energy input and output for the
CAS- and AnMBR-based WWTPs. As Figure 3 shows, the main term contributing the energy
demand of the CAS-based WWTP was the power energy input (about 62.3%). In absolute terms,
power requirements resulted in 0.48 kwWh-m3, heat energy requirements (to maintain a temperature of
35 °C in the anaerobic digester) resulted in 245 kcal-m=and power and heat energy recovery from
the produced biogas was 0.30 kwWh-m and 222 kcal-m, respectively. As regards the simulated
AnMBR-based WWTP, energy demand was completely related to power energy input, since heat
energy requirements were null due to operating at ambient temperature conditions. In absolute terms,
power requirements resulted in 0.66 and 0.48 kWh-m-3 in AeMBR- and CAS-based post-treatment

configurations, respectively. Power recovery from methane in both AeMBR- and CAS-based post-

14



treatment configurations was 0.27 and 0.45 kWh-m when treating sulphate-rich (100 mg SOs-S-L"
1y and low-sulphate (10 mg SOs-S-Lt) urban wastewater, respectively. Therefore, the energy
demand of CAS technology resulted in approx. 0.21 kwWh-m whilst for AnMBR coupled to an
AeMBR- and CAS-based post-treatment resulted in approx. 0.38 and 0.21 kWh-m, respectively,
when treating sulphate-rich UWW. Nevertheless, this energy demand could be reduced to 0.21 and
0.04 kWh-m= in AnMBR coupled to an AeMBR- and CAS-based post-treatment, respectively,
when treating low-sulphate UWW. Hence, it can be concluded that from an energy perspective,
ANMBR coupled to a CAS-based post-treatment may be a sustainable approach for UWW
treatment in comparison with other existing technologies under the operating conditions and WW

characteristics evaluated in this case study.

3.2 Modelling temperature and heat energy requirements in an AnMBR system at unsteady-state
conditions.

3.2.1 Design and operating parameters

The performance of the proposed plant-wide energy model at unsteady-state conditions was
assessed using experimental data obtained from an AnNMBR plant that treated effluent from the pre-

treatment of a full-scale WWTP (Valencia, Spain) (see Table 5).

The AnMBR plant consists of an anaerobic reactor with a total volume of 1.3 m3 (0.4 m® head-space
volume) connected to two membrane tanks each one with a total volume of 0.8 m3 (0.2 m® head-
space volume). Each membrane tank includes one ultrafiltration hollow-fibre membrane
commercial system (PURON®, Koch Membrane Systems, 0.05 um pore size, 30 m? total filtering
area). A rotofilter of 0.5 mm screen size has been installed as pre-treatment system. One
equalisation tank (0.3 m®) and one CIP tank (0.2 m®) are also included as main elements of the pilot

plant. In order to control the temperature when necessary, the anaerobic reactor is jacketed and

15



connected to a water heating/cooling system. Further details on this AnMBR can be found in

Giménez et al. [19] and Robles et al. [33].

Numerous on-line sensors and items of automatic equipment were installed in order to automate and
control plant operations and provide on-line information about the state of the process [33]. The on-
line sensors employed in this study consist of the following: two pH-temperature transmitters used
to measure the temperature in both inflow and AnMBR; one flow indicator transmitter used for
calculating the amount of mixed liquor to be heat; and one automatic valve that allows to pass water
through the reactor jacket for controlling the temperature in the system. Besides the on-line process

monitoring, grab samples of anaerobic sludge were taken for measuring sludge density.

As commented above, the temperature of the wastewater entering the AnMBR plant and the
temperature inside the reactor were continuously recorded. Ambient temperature was obtained from
a weather station located near the position of the plant. Hourly and daily average ambient

temperature data was facilitated by the Spanish State Meteorological Agency [34].

According to the structure of the AnMBR plant, the following heat energy design parameters were
considered for simulating the heat energy dissipated though the reactor walls: steel as reactor
material, 3-cm reactor wall thickness, fiberglass as insulating material, 2-cm fiberglass thickness,
cylinder and rectangular geometry for reactor and membrane tanks, respectively, 0.7-m diameter
and 2.1-m height for reactor dimensions, 3-m height, 1.1-m width and 0.3-m depth for membrane

tank dimensions, and 100% of outer volume.

The performance of the energy model was assessed for both short-term and long-term operation.

The short-term assessment comprised an operating period of 24 hours, whilst the long-term

16



assessment comprised an operating period of 30 days. Both assessments aimed at evaluating the
capability of the model to reproduce energy variations in AnMBRs even when operating under
dynamic conditions (i.e. ambient temperature and/or inflow temperature suffered different

variations).

3.2.2 Simulation results

Figure 4 illustrates the variations in both experimental and simulated reactor temperature during a
24-hour operating period (Figure 4a and Figure 4b) and during a 30-day operating period (Figure
4c). External heat energy requirements were null (QexternaL=0, Equation 8) since the temperature
in the system was not controlled (reactor free temperature). As Figure 4 shows, the reactor
temperature variations were mainly related to variations in the inflow temperature and ambient
temperature, affecting therefore Qoissipaten (Equation 9); Qoecompression (Equation 13) and
QentHALPY (Equation 20). Overall, the proposed model was able to correctly reproduce temperature

dynamics in the evaluated AnMBR system.

Figure 5 shows the simulated heat energy requirements in the AnMBR plant during a 24-hour
period (Figure 5a and Figure 5b) and during a 30-day operating period (Figure 5¢). All cases were
run at controlled temperature of around 20°C. Inflow and ambient temperature, as well as the time
interval during which the heating or cooling valve opened, were used to evaluate the dynamics in

the simulated heat energy requirements.

For the 24-hour period operating with heating system (see Figure 5a), the time interval
(minutes/hour) during which the heating valve remained open varied according to variations in heat
energy requirements for temperature control (see hours from 0 to 12 and from 12 to 24,

respectively). Indeed, ambient temperature increased throughout the first 12 hours of operation and
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decreased during the last 12 hours, affecting therefore heat energy requirements. This behaviour is
in agreement with the dynamics in the simulated heat energy, which indicates that the proposed
model might be capable to predict variations in heat energy requirements in the evaluated AnMBR

system.

For the 24-hour period operating with cooling system (see Figure 5b), the cooling valve remained
continuously opened from hours 8 to 18 (cooling time up to 60 minutes/hour). During this period,
the ambient temperature increased (see hours from 8 to 14). Hence, higher external output of heat
energy was required for controlling the temperature around the established set-point. Under these
operating conditions, the model predicted the expected variation in heat energy requirements for

controlling the reactor temperature.

As regards the long-term assesment, Figure 5c illustrates a decrease in the heating time (hours/day)
during the 30-day period operating with heating system. Specifically, the time during which the
heating valve remained open decreased during the first 18 days of operation due to an increase
recorded in ambient temperature. From days 18 to 23 both ambient and inflow temperature
decreased, resulting therefore in increased heating time. From days 23 to 28, the time interval
during which the heating valve open decreased due to a new increase recorded in inflow and
ambient temperature (see days from 23 to 28). As Figure 5 shows, the simulated heat energy
requirements follow a similar pattern to the one expected under these operating conditions (e.g. heat

energy requirements increased when ambient and inflow temperature decreased, and viceversa).

3.3 The possible role of the proposed tool in the achievement of the carbon neutral WWTP
As previously commented, plant-wide modelling in the wastewater treatment field is attractive to
many researchers as it provides a holistic view of the process and it allows for a more

comprehensive understanding of the interactions between unit processes. Therefore, the proposed
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plant-wide energy modelling tool could represent a useful application for evaluating the energy
consumption and efficiency of different wastewater treatment alternatives, focussing furthermore in
reducing the associated potential environmental impact (e.g. GHG emissions). Different layouts can
be easily evaluated under different influent, environmental and operating conditions, allowing to

assess sustainability in the WWT field.

Therefore, this tool might be useful for supporting complex decisions for a particular problem under
reduced time frames. Specifically, the tool could be helpful on determining for each specific case
(i.e. implementation, upgrading and operation) whether one technology is the best available option
or not. The tool could be therefore useful to justify multi-criteria decisions and provide end-users a

tool to explore “what-if” scenarios.

Hence, the proposed plant-wide energy model can be used for different purposes such as WWTP
design or upgrading, and development of new control strategies for energy savings and thus

contributing to the pursuit of carbon neutral wastewater treatment.

5. Conclusions

This paper presents a detailed and comprehensive plant-wide model for assessing the energy
demand of different wastewater treatment systems at both steady- and unsteady-state conditions.
The model was able to reproduce energy variations in AnMBRs even when operating under
dynamic conditions (i.e. ambient temperature and/or inflow temperature suffered different
variations). The proposed plant-wide energy model could be useful for different purposes such as

WWTP design or upgrading, and development of new control strategies for energy savings.
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Table and Figure captions

Table 1. Equations used for determining power energy requirements in WWTPs.

Table 2. Equations used for determining heat energy requirements in WWTPs.

Table 3. Molar enthalpy at the operating temperature of the biological reactions in wastewater treatment system. Xono:
heterotrophic organisms; Xpao: polyphosphate accumulating organism; Xpao, pp: poly-phosphate stored by Xpao; Xpao,
stor: Poly-hydroxy-alkanoates stored by Xpao; Xaoo: ammonium oxidizing organisms; Xnoo: hitrite oxidizing
organisms; Xao: acidogenic bacteria; Xpro: acetogenic bacteria; Xaco: methanogenic acetoclastic organisms; X+mo:
methanogenic hydrogenotrophic organisms; Sr: sucrose; Sac: acetate; Svra: propionate; Snos: nitrate; and Sno»: total
nitrite concentration.

Table 4. Equations used for determining the energy recovery from methane and hydrogen capture in WWTPs.

Table 5. Characteristics of the wastewater entering the designed WWTPs (“sulphate-rich municipal wastewater; "“low-
sulphate municipal wastewater).

Figure 1. Flow diagram related to temperature and heat energy requirements in a closed-air treatment unit.

Figure 2. Main window of DESASS including the layout of the (a) CAS- and (b) AnMBR-based WWTPs (coupled to
AeMBR-based post-treatment) evaluated in this study.

Figure 3. Weighted average distribution of the energy input and output in CAS and AnMBR (coupled to an AeMBR- or
CAS-based post-treatment and treating 100 and 10 mg SO4-S-L™) for UWW treatment.

Figure 4. Experimental and simulated temperature considering null heat energy requirements in the AnMBR plant
during a: (a) 24-hour operating period; (b) 24-hour operating period; and (c) 30-day operating period.

Figure 5. Simulated heat energy requirements (kcal-m) at controlled temperature of 20°C in the AnMBR plant during
a: (a) 24-hour operating period (heating requirements); (b) 24-hour operating period (cooling requirements); and (c) 30-

day operating period.
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Table 1. Equations used for determining power energy requirements in WWTPs.

Power Energy Equation
a-1
Power energy consumed (MR- Tyqs) (92)7_1 Eq2
by the blower, Pg in J-s (@D piower | \P1 '
Ab;olute outlet pressure, {pl 0%+ Ay, + Yoo P -0+ { (2-(|_ +Leq)f .v2-p)imet+ (2-(|_ +Leq)f ~V2-p)out|et}}xlo,5 Eq.3
P2 in atm D D
Power energy consumed {((L +Leqg)-f-V? Jinlet + ((L+ Leq)f-Vv? )Ouﬂet} ‘z,-7, ]}
by the general pump, Pgin D-2.g D-2.g Eq.4
J-st Qimp P9 _—
Power energy consumed
during filtration, Ustage * TMPstage Eqs
degasification or back- 17 pump a
flushing, Pstage in J-s™
Power energy consumed Estirrer " Vreactor
by the stirrer, Psirrer inJ-s7% Nengi =ae
engine

Power energy consumed
by the sludge dewatering E gewatering - M s Eq.7
Sk)\’/?;ﬁﬂzlpdewatering in Tengine
Symbols
M Molar flow rate of gas, mol-s*
R Gas constant for gas, J-mol*-K!
P1 Absolute inlet pressure, atm
P, Absolute outlet pressure, atm
Tgas Gas temperature, K
a Adiabatic index
Tblower Blower efficiency
Ahgitussers Diffusers pressure drops, Pa
Y reactor Sludge level in the reactor, m
P Sludge density, kg-m3
g Acceleration of gravity, m-s?
—2'(L+Le‘;)'f Ve Linear and accidental pressure drops, Pa
Cimp. Impulsion volumetric flow rate, m3-s
L Pipe length, m
Leg Equivalent pipe length of accidental pressure drops, m
\% Velocity, m-s*
f Friction factor
d Diameter, m,
VARYA) Height difference, m
pump Pump efficiency
TMPstage Transmembrane pressure, Pa
Ostage Pump volumetric flow rate, m®-s*
Estirrer Specific power energy of the stirrer, w-m3
Tengine Engine efficiency
Edewatering Specific energy consumption of the dewatering system, kWh-tSS -1
Mmiss Mass flow, tSS-d*!
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Table 2. Equations used for determining heat energy requirements in WWTPs.

Heat Energy

Equation

External heat energy

required, QexrernaL in
kcal-h?

Cpwater - q - p - (Tfixed Tinf Iow)

Eq.8

Heat energy dissipated
through walls, QoissipaTeD
in kcal-h?

U - S - AT

Eq.9

Heat transfer coefficient in
the non-buried section of
the reactor, Unon-baried iN
kcal-h't-m2.k?

o
zéreactor L1
reactor air

Eqg.10

Heat transfer coefficient in
the buried section of the
reactor, Upurieq in kcal-h
Lom2.kt

1

o o .
) reactorJr soil

K .
reactor soil

Eq.11

Soil conductivity, Ks in
kcal- mt.ht.oC?t

0.025 - % humidity + 1.2

Eq.12

Heat energy
released/absorbed after gas
decompression,
Qpoescompression in keal-ht

a-1

RTI(R)* .| M
a-1{\ P, (MW -%), -4.187

Eq.13

Gas temperature
(considering heat
dissipated through the
pipe), Teaspipes in K

M K.
SCp, - (T)% ) [—— S T_yreg (AT
(Cp; - (T)-%;) [Z(MW .%)i -4.187] 5pipe pipe (AT)

wy__ M
2P (8 ] 417

Eq.14

Gas temperature increase
during compression,
Toas,compression in K

(&) a-1lla T
Pl

Eq.15

Molar enthalpy of the
reaction at a given
temperature, 4Hrin
kcal-mol?

0 0 T
(mar°F )PRODUCTS - (' )REACTANTS + lo815 ZnCp

Eq.16

Specific heat for solids and
liquids, Cpsoligs-liquids in
kcal-kmol1-K!

(A+BT+CT?+DT?+ET*). 239107

Eq.17

Specific heat for gases,
CPpgases in kcal-kmol-K'1

2 2
¢ E
T T

oyl *P E
sinh(—j sinh(—)
T T

A+B -2.391077

Eq.18

Specific heat for dissolved
methane, Cpmethane iN
kcal-kmol*-K!

1-

{A

T Tc
+B-2AC (1-—)-AD (1-—)* -
e R

) T cz(lfl)ﬁ CD(l—L)“ D2(17L)5
Te _ Te” -2.3910°7
Tc

Tc

Eq.19

Heat released/absorbed by
biological reactions in the
treatment unit, QentHaLPY
in kcal-h!

r-v 1
(1 XAH, ), VX
( MW ) 24

Eq.20

Symbols
CPwater

q

P
Ttixed=Tinflow
U

S reactor

Specific heat, 1 Kcal-Kg*-K™ for water

Inlet flow rate, m3-ht

Sludge density, kg-m3

Difference between the intake temperature and the temperature set-point, K
Overall heat transfer coefficient, Kcal-h"t-m2.K!

Surface of the reactor/pipe, m?
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AT Difference in temperature between the inside and the outside of the reactor/pipe, K
Oreactor Reactor thickness, m

Osoil Thickness of the soil in contact with the reactor wall, m

Kreactor Conductivity of the reactor material, Kcal-h*-m?.K!

Nair Convective heat transfer coefficient of the air, 12 Kcal-ht-m?2-K™!
Ksoil Soil conductivity, Kcal-h™t-m1-K1

M Mass flow rate of gas, Kg-h'

T Compound temperature, K

Kopipe Conductivity of the pipe material, Kcal-h't-m*. K1

Opipe Pipe thickness, m

MW Molecular weight, g-mol*

P1 Absolute inlet pressure, atm

P2 Absolute outlet pressure, atm

a Adiabatic index

AH probucTs Enthalpy of the products at 298.15 K, Kcal-mol*

AH, REACTANTS Enthalpy of the reactants at 298.15 K, Kcal-mol*

n Stoichiometric number

Ce Specific heat of each component of the reaction, Kcal-mol*-K!
AB,CDE Specifics constants for the compounds (listed in Table 1)

Tc Critic temperature of the dissolved methane, 190.3K

R Vyy Speed of the generation/degradation of the main compound of the reaction, mg-I*-d-*
AHr Enthalpy of the reaction at a given temperature, Kcal-mol*

Vv Volume of the biological reaction, m?




Table 3. Molar enthalpy at the operating temperature of the biological reactions in wastewater treatment system. Xono:

heterotrophic organisms; Xpao: polyphosphate accumulating organism; Xpao, pp: poly-phosphate stored by Xpao; Xpao,

stor: poly-hydroxy-alkanoates stored by Xpao; Xaoo: ammonium oxidizing organisms; Xnoo: nitrite oxidizing

organisms; Xao: acidogenic bacteria; Xpro: acetogenic bacteria; Xaco: methanogenic acetoclastic organisms; Xnmo:
methanogenic hydrogenotrophic organisms; Sk: sucrose; Sac: acetate; Svra: propionate; Snos: nitrate; and Snoa: total

nitrite concentration.

Aerobic growth of
XoHo Over Sg

C12H22011+ 120, >
12C0O2+11H20

H°r,1= (12- AHco2+11-AH®H20) - (AH c12H22011) + f298 S[12-
CpC02+11 CpH20 — CpC12H22011 — 12 - Cp02]-(T-

298.15)

Aerobic growth of
XoHo OVer Sac

CH3COOH+ 202 >
2C0O2+2H20

Her 2= (2- AH co2+2 - AH®H20)- (AH® cHacooH + fzgs 1512

CpCOZ + 2 - CpH20 — CpCH3COOH — 2 - Cp02]-(T-298. 15)

Aerobic growth of
Xoro OVer Svra

CH3CH2COOH+ %Oz >
3C02+3H20

H°13=(3- AHco2+3 AHH20)- (AH® CHBCHZCOOH)+ f 208, 15
CpCO2 + 3 - CpH20) — CpCH3CH2COOH — 5 Cp02]-(T-
298.15)

Anoxic growth of
XoHo over Sg and Snos

C12H22011+ 8NO3 2>
12C0O2+11H20+4N>

AH®T 4= (12 AH°coz+11-AH H20)- (AHC c12H22011+ 8- AHNO3)
+fr [12-CpCO2 + 11 - CpH20 + 4 - CpN2 —
CpC12H22011 — 8 - CpNO3]-(T-298.15)

Anoxic growth of
Xoro OVer Sac and
SN03

CH3COOH + gNos >
2coZ+2Hzo+§Nz

H°r 5= (2 AH%02+2- AH%20)- (AH" CH3COOH + iAI—I"NOZ)
+ f298 15[2 CpCO2 + 2 -CpH20 + —-CpN2 — CpCH3COOH —
g CpNO2]-(T- 298.15)

Anoxic growth of
Xono OVer Syea and
Snos

CH3CH2COOH+§NO3 >
6CO2+6H20+2N;

AH®T 6= (6: AH co2+6- AHH20- (Z AH°No3+ AH® CH3CH2CO0H)
+ s 1516 - CPCO2 + 6 CpH20 + 2 - CpN2 —
CpCH3CH2COOH — 5 - CpNO3]-(T-298.15)

Anoxic growth of
XoHo Over Sg and Sno2

C12H22011+ 12NO2 >
12C0O2+11H20+6N:>

AH°T 7= (12 AH°co2+11-AHH20)- (AH® c12m22011+ 12 AHNO2)
+ [ ([12-CpCO2Z + 11 - CpH20 + 6 - CPN2Z —
CpC12H22011 — 12 - CpNO2]-(T-298.15)

Anoxic growth of
Xono OVer Sac and
Snoz

CH3COOH + 2NO2 >
2C02+2H20+2Nz2

AH°7,8=(2- AHco2+2 - AHH20)- (AH® cHacoon + 2-AH No2)
+ f298 15[2 CpCO2 + 2 - CpH20 + 2 - CpN2 — CpCH3COOH —
2 - CpNO2]-(T-298.15)

Anoxic growth of

CH3CH2COOH+§N02 >

AH®7,9= (3- AHc0o2+3 - AHH20)- (AH® cHacH2co0H + %'AHQNOZ)

T 7
Xomo OVer Syea and + 3-CpCO2 + 3 - CpHZ20 +-- CpN2 —
" o 3C02+3Ha0+N2 2901513 P N
4 CpCH3CH2COOH — - CpNO2]-(T-298.15)
AHOr10==
. C(CHg:O(/)GH)léZ + o (1.33- AH%Ha+0.17- AHOc02+0.44- AHCposphoric+0.023- AHCH20) -
Storage of Xpo, str .5(961Hg)3(5C):-HsC+)z).1£}2TP 3 ($H° cHacooH + 0.5- AHC%lycogen +0.44- AH%p)
over Sac 0 44H3P04 +0.17CO; + + 298_15[1.33 - CpPHA + 0.17 - CpCO2 + 0.44 -
0.023H,0 Cpphosphoric + 0.023 - CpH20 — CpCH3COOH — 0.5 -
Cpglycogen — 0.44 - CpPP]-(T-298.15)
AH111=
(CHsCH2COOH)1/3 (1.23- AH%HA+0.27 - AH co2+0.44 AH shosphoric+0.023+ AHH20)-
+0.5(CsH1005)1/6 + (AH0 cHacHzcooH + 0.5- AHC%lycogen+0.44+ AHC%p)
Storage of Xeno.sir | 0.44HPOs > 1.23(CaHs07) + [ [1.23-CpPHA + 0.27 - CpCO2 + 0.44 -
Ver Svra 298.15
14+ 0-440H8:39:| ’g-27C02 + | Cpphosphoric + 0.023 - CpH20 — CpCH3CH2COOH — 0.5 -
. 2

Cpglycogen — 0.44 - CpPP]-(T-298.15)
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Aerobic storage of
Xpao, PP

C4HsO2+ H3PO4 +§Oz >
HPO3s + 4CO2+4H20

AH®7,12= (4- AH co2+4- AH%H20+AH%p)- (AHPHA+ AH H3pos)
4.Cpco2 + 4 CpH20 + CpPP — CpPHA —

CpH3PO4 — 2 - Cp02]-(T-298.15)

+ f298 15[

Anoxic storage of
Xpao, pp OVET Snos

CsHsO2+ H3PO4+§ NO3 =
HPOs + 4c02+4Hzo+§Nz

AHO°7 13= (4-AH co2+4- AH%20+AH%p)- (AH%HA+ AH® Hapo4
+2 AH\o3)
s[4 CpCO2 + 4 - CpH20 + CpPP +2-CpN2 —
CpPHA — CpH3PO4 — 2 - CpNO3]-(T- 298.15)

Anoxic storage of
Xpao, pp OVEr Sno2

CsHsO2+ H3PO4 +§ NO2 =
HPOs+ 4CO2+4H:20 +ZN2

HOt,14=(4- AHco2+4- AH H20+AHC%p)- (AH%HA+ AHP Hapos
+2 AHNo2)
e s[4 CpCO2 + 4 - CpHZO +CpPP —p +2- CpN2 —
CpPHA — CpH3PO4 — 2 - CpNO2](T- 298.15

Aerobic growth on
XPAO

CaHs02 + 302 >
4C0O2+3H20

AH°T15= (4- AH°co2+3- AH H20)- (AH"PHA)
+ 051504 - CPCOZ + 3 - CpH20 — CpPHA — 2 - Cp02]-(T-
298.15)

Anoxic growth on
Xpao OVEr Snos

C4HeO2 + %NOs >
§Nz+4coz+3Hzo

AHCT 16= (4- AHc02+3 AH H20)- (AH PHA+ 2'AH"Noz)
+ Jpopnsl4 - CPCO2 + 3 - CpH20 +2 - CpN2 — CpPHA —
CpNO2]-(T-298 15)

Anoxic growth on
Xpao OVEr Snoz

CaHs02 + %NOz >
%N2+4C02+3H20

AH OT 17= (4’AHOCOZ+4’AH°H20) (AHOPHA+ E'AHONOZ)
+ fz% 15[4- CpCO2 + 4 - CpH20 + =-CpN2 — CpPHA — =
CpNO2]-(T- 298 15)

Total nitrification

NHs* +2 02 > NOz +2H*+
H20

AH7 13- (AHH20+AHNO3)- (AHNH4)

+f298 1s[CPH20 + CpNO3 — CpNH4 — 2 - Cp02]-(T-298.15)

Ammonium anaerobic
oxidation (Sharon-
Anammox process)

NH4* + NO2- - N2 + 2H20

AHO7 13- (2 AHH20-(AHNo2+AHNH4)
+ f298 15[2 CpH20 + CpN2 — CpNH4 — CpN02]-(T-298.15)

Aerobic growth of
Xaoo

NHy* +2 02 > NOz +2H*+
H20

AH27 19- (AH H20+AHNO2)- (AH"NHA.)
+f298 15[CpHZO + CpNO2 — CpNH4 — = CpOZ] (T-298.15)

Aerobic growth of
Xnoo

NOz +§oz > NOs

AH27 50- (AH N03)- (AH°N02)

T

Anaerobic growth of
Xao (Acidogenesis)

C12H22011+3H20 >
2CH3COO" + 2CH3CH2COOr
+2HCO3s + 6H* + 2H>

AH°T21=(2- AH® cHscoon + 2+ AH® cHacHacooH +2+AH® Heos)- (AH®
c12H22011 +3-AHH20)
+f298 15[2 CpH2 + 2 - CpCH3COOH + 2 - CpCH3CH2COOH +
2 - CpHCO3 — 3 - CpH20 — CpC12H22011]-(T-298.15)

Anaerobic growth of
Xpro (Acetogenesis)

CH3CH2COO+3H20 >
CH3COO + HCO3 + H* +
3H2

AH®T 22= (AH® cHacoon +AH® Heos)- (AH® cHacHzcooH +3 - AH%H20)
+ [76.15[CPCH3COOH + CpHCO3 + 3 - CpH2 —
CpCH3CH2COOH — 3 - CpH20]-(T-298.15)

Anaerobic growth of
Xaco (Acetoclastic

methanogenesis)

CH3-COO+H20 >
CH4+HCOs

AH°T 23= (AH°chat+AH® Hcos)- (AH® crHscoon +AHH20)
+f298 15[CpCH4-+ CpHCO3 — CpCH3COOH — CpH20]-(T-
298.15)

Anaerobic growth of

AHCT 24= (AH cHa+2 - AH®H20)- (AHc02)

(ydrogometrophic | COz*4H2 > CHe+2H:0 +[1 [CPCH4 +2 - CpH20 — CpCO2 — 4- CpH2]-(T-
Hydrogenotrophic )
methanogenesis) 298.15)

Sulphate reduction to
sulphide from acetic
acid

CH3COO + SOs* > HS +
2HCOs

AH®T 25= (AHs+2 AH arbonic)- (AH® cracoon +AH® SO4)
CpHS + 2-Cpcarbonic — CpCH3COOH —
CpS04]-(T-298.15)

+ f298 15[

Sulphate reduction to
sulphide from
propionic acid

CH3CH2COO+ 0.75 SO4% >
CH3COO" + 0.75 S% + CO2

AHCT 26= (AH® chscoon + 0.75AHHs+AH co2)- (0.75- AH® SOa+
AH® CH3CH2CO0H)
+f s |CPCH3COOH + 0.75 - CpHS + CpCO2 — 0.75 -
CpSO4— — CpCH3CH2COOH]-(T-298.15)

Sulphate reduction to
sulphide from H,

H2+0.25 SO42 +0.25 H* >
0.25 HS" + H20

HCT 27= (0.25- AHHs+AH®H20)- (0.25AH® SO4)
e 15[0 25-CpHS + CpH20 — 0.25 - CpSO4 — CpH2]-(T-
298.15)
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Table 4. Equations used for determining the energy recovery from methane and hydrogen capture in WWTPs.

Energy recovery from
methane and hydrogen

19 . 0 . 0
Vbiogas (A’CH4 CVCH4 +A7H2 cVHZ )/Uheat effciency CHP

capture in terms of heat, % Eq.21
Qnmethane in kecal-ht 1000 -24 - 4.187 Heat exchanger
Energy recovery from . . .
methane and hydrogen Vbiogas‘(/OCH4'CVCH4+/°H2'CVH2 )/Opower effciency CHP Eq.22
capture in terms of power, 1000 -24 3600 '
Winethane in KW

%, o MW
Allowable value of H,S in / HpS —H,S \ Eq.23
MgHz0° Mj Lbiogas k%CH4 -chH4 +%H2-ch2 -22.4)- 1073 :

Symbols

Vbiogas

%CH4

CVeha

%H>

CVh2

% heat efficiency CHP
% heat exchanger

% power efficiency CHP
%H,S

MWh2s

Biogas volume, I-d*

Methane richness, %

Methane calorific power, KJ-m

Hydrogen richness, %

Hydrogen calorific power, KJ-m

Heat efficiency of the CHP system, %

Heat exchanger efficiency, %

Power efficiency of the CHP system, %
Hydrogen sulphide percentage, %

Hydrogen sulphide molecular weight, mg-m
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Table 5. Characteristics of the wastewater entering the designed WWTPs (“sulphate-rich municipal wastewater; ““low-

sulphate municipal wastewater).

Parameter Unit Value
T-COD mg COD -L*! 945
T-BOD mg COD-L* 715
S-COD mg COD -L*! 285
S-BOD mg COD-L* 255
TN mg N-L* 47
NH4-N mg N-L* 16
TP mg P-L*! 13
PO4-P mg P-L*! 4
SO4-S mg S-L* 100*/10**
TSS mg TSS-L* 429
NVSS mg NVSS-L? 100
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Figure 1. Flow diagram related to temperature and heat energy requirements in a closed-air treatment unit.
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————  Sludge stream
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Figure 2. Main window of DESASS including the layout of the (a) CAS- and (b) AnMBR-based WWTPs (coupled to
AeMBR-based post-treatment) evaluated in this study. Nomenclature: ND: Chamber; Prim. Settler: Primary Settler;
Sec. Settler: Secondary Settler; Ax Reactor: Anoxic tank; Ae Reactor: Aerobic tank; Reac.: Reactant: (FeCl for P
removal); An. Digest.: Anaerobic Digester; MBR: Membrane Bioreactor; Anaer. R.: Anaerobic Reactor; AnNMBR:

Anaerobic Membrane Bioreactor.
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Figure 3. Weighted average distribution of the energy input and output in CAS and AnMBR (coupled to an AeMBR- or

CAS-based post-treatment and treating 100 and 10 mg SO4-S-L™?) for UWW treatment.
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Figure 4. Experimental and simulated temperature considering null heat energy requirements in the AnMBR plant

during a: (a) 24-hour operating period; (b) 24-hour operating period; and (c) 30-day operating period.
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Figure 5. Simulated heat energy requirements (kcal-m) at controlled temperature of 20°C in the AnMBR plant during

a: (a) 24-hour operating period (heating requirements); (b) 24-hour operating period (cooling requirements); and (c) 30-

day operating period.
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