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A B S T R A C T   

The use of mathematical models is a well-established procedure in the field of (waste) water engineering to 
“virtually” evaluate the feasibility of novel process modifications. In this way, only options with the highest 
chance of success are further developed to be implemented at full-scale, while less interesting proposals can be 
disregarded at an early stage. Nevertheless, there is still lack of studies, where different plant-wide model pre-
dictions (effluent quality, process economics, and technical aspects) are comprehensibly verified in the field with 
full-scale data. In this work, a set of analysis/evaluation tools are used to assess alternative retrofitting options in 
the largest industrial wastewater treatment plant in Northern Europe. A mechanistic mathematical model is 
simulated to reproduce process behavior (deviation < 11%). Multiple criteria are defined and verified with plant 
data (deviation < 5%). The feasibility of three types of scenarios is tested: (1) stream refluxing, (2) change of 
operational conditions and (3) the implementation of new technologies. Experimental measurements and 
computer simulations show that the current plant́s main revenues are obtained from the electricity produced by 
the biogas engine (54%) and sales of the inactivated bio-solids for off-site biogas production (33%). The main 
expenditures are the discharge fee (39%), and transportation and handling of bio-solids (30%). Selective 
treatment of bio-solid streams strongly modifies the fate of COD and N compounds within the plant. In addition, 
it increases revenues (+3%), reduces cost (-9%) and liberates capacity in both activated sludge (+25%) and 
inactivation reactors (+50%). Better management of the buffer tank promotes heterotrophic denitrification 
instead of dissimilatory nitrate conversion to ammonia. In this way, 11% of the incoming nitrogen is removed 
within the anaerobic water line and does not overload the activated sludge reactors. Only a marginal increase in 
process performance is achieved when the anaerobic granular sludge reactor operates at full capacity. The latter 
reveals that influent biodegradability is the main limiting factor rather than volume. Usage of either NaOH or 
heat (instead of CaO) as inactivation agents allows anaerobic treatment of the reject water, which substantially 
benefits revenues derived from higher electricity recovery (+44%). However, there is a high toll paid on 
chemicals (+73%) or heat recovery (-19%) depending on the inactivation technology. In addition, partial 
nitration/Anammox and a better poly-aluminum chloride (PAC) dosage strategy is necessary to achieve 
acceptable (< 2%) N and P levels in the effluent. The scenarios are evaluated from a sustainability angle by using 
life cycle impact assessment (LCIA) in form of damage stressors grouped into three categories: human health, 
ecosystems quality, and resource scarcity. The presented decision support tool has been used by the biotech 
company involved in the study to support decision-making on how to handle future expansions.   

1. Introduction 

The permeation of Industry 4.0 concepts in the field of water 
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engineering has made academia and industry look into new technologies 
that can be employed to improve process efficiency, product quality, as 
well as safety (Udugama et al., 2021). Combining the power of data 
analytics (including artificial intelligence) with existing and future 
urban water infrastructure represents a significant untapped opportu-
nity for the operation, maintenance, and rehabilitation of water infra-
structure to achieve economic and environmental sustainability 
(Garrido-Baserba et al., 2020). In this line of thinking, the use of data 
reconciliation techniques, plant-wide modelling, process simulation, 
and computer-aided process engineering methodologies are promising 
tools to face some of these challenges. 

The importance of plant-wide modelling has been emphasized for 
long time by the process systems engineering community (Skogestad, 
2000; Gernaey et al., 2014). A wastewater treatment plant should be 
considered as an integrated process, where primary/secondary clari-
fiers, activated sludge reactors, anaerobic digesters, thickener/flotation 
units, and dewatering systems, are linked together. These units need to 
be operated and controlled not as individual units, but taking into ac-
count their potential interactions to avoid having sub-optimal local 
outcomes (Flores-Alsina et al., 2019). The latter promoted the devel-
opment of integrated modelling tools handling these issues (Barker and 
Dold, 1997; Ekama, 2009; Barat et al., 2013; Gernaey et al., 2014; 
Fernández-Arévalo et al., 2017). Plant-wide models substantially in-
crease the number of potential operational strategies that can be simu-
lated. It also enables the study of a new dimension of control 
possibilities, such as: the impact of activated sludge control strategies on 
the sludge line (Jeppsson et al., 2007), the effect of primary sedimen-
tation on biogas production (Flores-Alsina et al., 2014), and the 
handling of nitrogen (N) rich anaerobic digester effluent (Seco et al., 
2020; Sheik et al., 2021). 

The recent developments in the field of physico-chemical modeling 
(Serralta et al., 2004; Flores-Alsina et al., 2015; Lizarralde et al., 2015) 
allowed to handle problems (not solved until now) such as the mecha-
nistic description of phosphorus (P) compounds and their close 

interaction with the sulfur (S) and the iron (Fe) cycles (Solon et al., 
2017; Hauduc et al., 2019). The latter allowed to predict optimal al-
ternatives for struvite recovery (Mbamba et al., 2016; Martí et al., 2017; 
Vaneeckhaute et al., 2018), optimal Fe dosage strategies to reach very 
strict effluent quality requirements (Kazadi-Mbamba et al., 2016) and 
decrease the inhibitory effects of S reduced compounds (Liu et al., 
2015). 

Although developing very valuable studies, previous publications 
have been focused on benchmark treatment facilities (Gernaey et al., 
2014), dealt with diluted streams (Lizarralde et al., 2019), used 
non-validated models (Fernández-Arévalo et al., 2017), or counted with 
limited supply and quality of data without putting too much emphasis 
on the process economics and sustainability (Martí et al., 2017). To 
circumvent these limitations, we present a model-based evaluation 
study of plant-wide operational strategies in an industrial water treat-
ment system (iWTS) treating the effluents from two big biotech com-
panies. The case study is the largest iWTS in Northern Europe handling a 
pollution load of 2.5 million person equivalents in only 10,000 m3/day. 
This will be done using a full-scale validated plant-wide model (PWM) 
capable of reproducing and forecasting mass and volumetric flows 
(Monje et al., 2022). Finally, economic aspects such as energy expen-
ditures, use of chemicals, bio-solids handling and transportation, 
discharge fee and potential (on/off-site) energy recovery will be com-
bined with several technical (e.g. removal rates, capacity liberation) and 
environmental (i.e., human health, ecosystem quality, resource scarcity) 
performances. 

This study presents both collected and model reproduced data on: (1) 
fate of COD, N and P compounds, (2) main revenues and costs of the 
baseline scenario, (3) technical aspects (C/N and VSS/TSS ratios, unit 
capacity), and (4) environmental assessment (life cycle assessment cat-
egories). This is done for a number of successive/alternative scenarios 
predicting process performance mechanistically. Lastly, opportunities 
and limitations that arise from the utilization of the new models are 
discussed in detail. 

Nomenclature 

ADM anaerobic digestion model 
AeGSR aerobic granular sludge reactor 
AnGSR anaerobic granular sludge reactor 
ASM activated sludge model 
ASR activated sludge reactor 
BDS biogas desulfurization units 
BTB buffer tank for biomass streams 
BTL buffer tank for liquid streams 
CaOi quantity of added lime, i = IT 
CF characterization factors 
CHEMi chemical use, i = CaO, NaOH, PAC, Fe(III) 
CHP co-generation of heat and power 
COD chemical oxygen demand 
DEW dewatering 
DF discharge fee 
DNRA dissimilatory nitrate reduction to ammonia 
EQ ecosystem quality 
ERi Energy recovery, where i = electricity, heat 
EUi energy usage, where i = aeration, pumping 
Fe iron 
Fe(III) iron sulphate 
FLOT flotation unit 
HASR high-rate activated sludge reactors 
HH human health 
HRT hydraulic retention time 
ILCD international Life Cycle Data 

IT inactivation tank 
iWTS industrial water treatment system 
L biofilm thickness 
LCIA life cycle impact assessment 
Mbiosolids mass of bio-solids to off-site biogas plant 
N nitrogen 
NaOHi quantity of added sodium hydroxide, i = AGSR, IT, 

SCRUBB 
OHO ordinary heterotrophic organisms 
P phosphorus 
PAC poly-aluminum chloride 
PACi quantity of added PAC, i = SEC, DEW 
PAT pre-acidification tank 
PCM physico-chemical model 
PI proportional-integral (controller) 
PN/ANX partial nitration/Anammox 
Polymer poly-acrylamide 
PRIM primary clarifier 
PWM plant-wide model 
PWW process wastewater stream 
RS resource scarcity 
S sulfur 
S# scenario 
SBM spent biomass stream 
TSS total suspended solids 
Vbiosolids volume of transported bio-solids 
VSS volatile suspended solids 
VSS/TSS fraction of organics in total suspended solids  
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2. Methods 

2.1. Plant layout and process description 

The plant treats five Process Waste Water influents (PWW1-5) and 
one high-solid content “Spent BioMass” (SBM) stream. PWW1 and 2 
contains process wastewater from enzyme and pharma production based 
on fermentation and recovery processes. PWW3 is a high strength pro-
cess water (retentate) from the enzyme recovery filtration process. 
PWW4 and 5 are high strength ethanol process water streams from the 
pharmaceutical recovery process. SBM stream contains spend biomass 
form enzyme (95%) and pharmaceutical (5%) recovery processes. The 
plant layout consists of: 1 buffer tank for liquid streams (BTL), 1 primary 
clarifier (PRIM), 1 pre-acidification tank (PAT), 2 anaerobic granular 
sludge reactors (AnGSR), 1 biogas desulfurization (BDS), 7 activated 
sludge reactors (ASR) with aerobic/anoxic cycles, 5 secondary clarifiers 
(SEC), 3 sludge flotation units (FLOT), 2 buffer tanks for biomass (BTB), 
2 inactivation tanks (IT) and 1 dewatering station (DEW) comprised of 
12 decanters. A schematic representation of the flow diagram can be 
found in Fig. 1. Liquid streams may be treated in the anaerobic (BTL, 
PRIM, PAT, AnGSR) or aerobic (ASR, SEC, FLOT) water lines or both. 
Biogas goes through a hydrogen sulfide (H2S) removal process before 
being introduced to a gas engine for co-generation of heat and power 
(CHP). The recovered H2S is oxidized to elemental S and sent to the 
activated sludge reactors (ASR). The SBM combined with the waste 
sludge streams from PRIM, SEC & FLOT is chemically inactivated in 
alkaline conditions (pH 12). From the process point of view, the inac-
tivation step implies the hydrolysis of the particulate material, liberating 
soluble COD and N that need to be removed. The inactivated bio-solids 
proceed to the dewatering station, resulting in two streams: dewatered 

cake, which is used as feedstock by an off-site biogas facility; and reject 
water, which can be sent to either the anaerobic or the aerobic water 
lines. A non-dewatered fraction of the inactivated bio-solids is used to 
dilute the dewatered cake to facilitate handling at the external biogas 
facility. More specifically, a dilution to approx. 15% DW in the influent 
stream to the biogas facility is needed to allow for pumping and efficient 
mixing in the digesters. More details about plant’s physical configura-
tion and process description can be found in Monje et al. (2022) and 
supplemental information (Table S1). 

A summary of the five-week measuring campaign is presented below. 
Samples were taken from 11 locations within the plant (numbers in 
brackets indicate the specific tag name in Fig. 1: the main liquid in-
fluents (PWW1-3) (1,2,3), after the primary clarifier (PRIMOver) (7), after 
the pre-acidification tank (PATEff) (9), after the anaerobic granular 
sludge reactor (AnGSREff) (13), after the activated sludge reactors 
(ASREff) (20), secondary clarifier over and underflow (SECOver, SECWAS, 
SECRAS) (24, 23, 17) and dewatering over and underflow (DEWUnder, 
DEWOver) (36, 16). Additional measurements were conducted to char-
acterize other critical streams: primary clarifier (PRIMunder) (8), spent 
biomass (SBM) (29), quicklime (ITCaO) (31), inactivation tank output 
(ITEFF, ITEff-EXT) (32, 33). Information about dosed chemicals as Poly- 
Aluminum Chloride (PAC), iron sulphate (Fe(III)), and Poly- 
Acrylamide (Polymer) was taken from vendor’s specifications 
(Streams 12, 19, 22, 25, 26, 34, 35). The campaign involved the deter-
mination of volatile suspended solids (VSS), total suspended solids 
(TSS), chemical oxygen demand (COD), total nitrogen, total phosphorus, 
and total sulphur. Moreover, the total fractions of a range of metals were 
also determined: Aluminium (Al), calcium (Ca), magnesium (Mg), so-
dium (Na), and potassium (K); in both unfiltered and filtered samples. 
The analysis also included nitrate (NOx) and ammonia (NHX). 

Fig. 1. Flow diagram of the iWTS under study: 1–4 Process waste water (PWW1-4), 5,6 - Buffer tank liquid output (BTLEff,BTLGas), 7-8 – Primary clarifier overflow 
and underflow (PRIMUnder, PRIMOver) 9-10 – PAT output (PATEff,PATGas), 11 - Process waste water (PWW5), 12 – Dosing NaOH anaerobic granular sludge reactors 
(AnGSRNaOH), 13-14 – anaerobic granular sludge reactors output (AnGSRLiq,AnGSRGas), 15 – Elemental sulfur recovered (BDSSolid), 19 – Dosing PAC activated sludge 
reactors (ASRPAC), 20-21 - activated sludge reactors output (ASREff,ASRGas), 22 - Polymer dosing secondary clarifiers (SECPoly), 23,24,17 - secondary clarifiers output 
(SECWAS, SECOver, SECRAS,), 25,26 – Polymer and Fe(III) dosing flotation (FLOTPoly, FLOTFe(III)), 27,18,28 - Flotation units output (FLOTOver, FLOTUnder, iWTSEff), 29 – 
Spent biomass stream, 30 - Buffer tank biomass output (BTBEff), 31 - Quicklime dosing inactivation tanks (ITCaO), 32-33 - Inactivation tanks output (ITEff, ITEff-Ext), 
34,35 – Polymer and PAC dosing dewatering (DEWPoly, DEWPAC), 36,16 - Dewatering under and overflow (DEWUnder, DEWOver), 37-39 – Bypasses PWW1 to ASR, BTL 
to ASR, ASR to PAT. Black/White arrows are inputs/outputs to the whole system.2.2. Measuring campaign, data reconciliation, and process model description. 
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The resulting set of process data was reconciled in order to close the 
flow and mass balance for the complete system, serving as experimental 
dataset for the plant-wide model calibration. More details about the 
measuring campaign and statistical methods used for data treatment can 
be found in both (Monje et al., 2022) and supplemental information 
(Table S2). 

The PWM approach developed for this study is based on the 
following blocks: (1) biological, (2) physico-chemical, (3) interfaces, (4) 
fractionation model, and (5) ancillary elements. The biological models 
comprise an anaerobic digestion model (ADM) and an activated sludge 
model (ASM). The ADM (Batstone et al., 2002; Solon et al., 2017) is used 
to describe influent conditions and the following reactors: buffer tank 
for liquids, the pre-acidification tank, anaerobic granular sludge re-
actors, and the inactivation tanks. The ASM (Henze et al., 2002; Flor-
es-Alsina et al., 2019) describes the aerobic/anoxic reactors. A 
comprehensive description of the model with verified continuity can be 
found in supplemental information (see excel file with the verified 
continuity). The physico-chemical model (PCM) includes an aqueous 
phase + precipitation model and a gas transfer model. The model in-
terfaces include an ADM/ASM/ADM interface and PCM/ADM/ASM 
interface (Flores-Alsina et al., 2016). 

PRIM, SEC, FLOT and DEW are described as ideal splitters (Jeppsson 
et al., 2007). The model is adjusted to reflect the experiments carried out 
by Ekama and Wentzel (2004) where organic and inorganic compounds 
show different settling velocities/separation efficiencies. BTL is 
modelled assuming that there is 1/3 of biomass accumulation in the total 
volume. The AnGSR model considers both reactor hydraulics and bio-
film growth. The multi-scale approach presented by Feldman et al. 
(2017) is used to predict the behaviour of both units. The mass balance 
assumes that the transport of soluble compounds is governed solely by 
(homogenous) diffusion, whereas movement of particulate compounds 
takes place by convection (Saravanan and Sreekrishnan, 2006). Biofilm 
thickness (L) is given as the radial distance (z) and varies due to two 
phenomena: (1) the net growth of the particulate species, and (2) 
detachment from the biofilm surface (Lackner et al., 2008). The result-
ing system of partial differential equations (PDEs) is solved using the 
method of lines (Press et al., 2007). PAT, ASR & IT are described as a 
series of continuous stirred tank reactors (CSTRs). 

Influent fractionation is based on the principles presented in Feld-
man et al. (2017) and Monje et al. (2021, 2022). Essentially, ADM states 
were estimated by assuming: (1) degree of COD biodegradability in both 
CODsol and CODpart, (2) degree of acidification in CODsol, (3) fraction of 
ethanol. Hence, it is possible to determine soluble (SI), and particulate 
(XI) inerts, acetate (Sac) and ethanol (Set). Once this is established, lipids 
(Xli), proteins (Xprot) and amino-acids (Saa) are estimated using P and N 
standard content of the aforementioned compounds. Since the influent 
wastewater is coming from the fermentation industry, sugars (Ssu = 0) 
and carbohydrates (Xch = 0) should not be present (consumed up-
stream). The quantity of P not associated with organics is assumed to be 
inorganic and precipitated (calcium phosphate, XCa-P). Any remaining of 
particulate Ca and Mg is assumed to be in form of carbonate salt (XCaCO3; 
XMgCO3). The influent inorganics (XISS0) are determined using the 
TSS/VSS ratio minus explicitly represented precipitates. 

2.2. Mass balances and fate of main compounds 

The fate of COD, N and P is quantified using mass balances. Inputs 
account for both liquid (PWW1-5) and biomass (SBM) streams. Con-
cerning the outputs, the amount of each specific compound that can be 
recovered (AnGSRGas), removed (ASRgas), captured within the bio-solids 
(DEWunder, ITEff-Ext) and/or leave the plant via effluent (iWTSEFF), is 
determined. These calculations are carried out using reconciled data and 
model predictions (see Section 2.2). 

2.3. Economic indicators 

Economic evaluation criteria are divided between income and 
expenditure indicators. On the one hand, income includes: (1) energy re-
covery (ER), and (2) mass of bio-solids (Mbiosolids). ER is comprised of 
electricity (ERelectricity) and heat (ERheat). ERelectricity is consumed within 
the factory. A fraction of ERheat is used to reach mesophilic conditions in 
the heat exchangers prior to the AnGSR (ERheat,process) (see flow dia-
gram, Fig. 1). There is another fraction sold for internal use (ERheat,sold). 
Mbiosolids are further processed into an external biogas plant also col-
lecting streams from other factories within the same industrial cluster. 
On the other hand, expenditure accounts for: (1) volume of treated water 
released to the sewer network (Veffluent), (2) volume of bio-solids having 
to be handled and transported (Vbiosolids), (3) quantity of dosed chem-
icals (CHEM), and (4) energy use (EU). More specifically, dosed chem-
icals (CHEM) account for sodium hydroxide (NaOH), poly aluminium 
chloride (PAC), iron sulphate (Fe(III)) and lime (CaO) (see specific 
dosing points in Fig. 1). Energy usage (EU) includes aeration (EUaeration) 
and pumping (EUpumping) in different plant locations: activated sludge 
reactor (EUpumping, ASR), anaerobic granular sludge reactor (EUpumping, 

AnGSR), influent biomass stream (EUpumping, SBM), and reject water stream 
(EUpumping, DEW). 

ER, EU, CHEM, Vbiosolids and Veffluent are available as on-line data and 
were retrieved from the supervisory control and data acquisition system, 
which receives the signals from flow meters, biogas engine, pumps and 
blowers. Experimental measurements are combined with on-line data to 
estimate Mbiosolids. The economic quantification was based on different 
model outputs: ER is calculated by applying the energy content (50 MJ/ 
Kg CH4) to the predicted methane gas flow rate. A 40 and 42% gas en-
gine efficiency for electricity (ERelectricity) and heat (ERheat,total) gener-
ation is assumed. Mbiosolids is the COD load of the dewatering underflow 
(DEWunder) and the non-dewatered liquor of the inactivation tank (ITEff- 

Ext). Vbiosolids and Veffluent are predicted using the hydraulic model. The 
quantity of dosed chemicals was always set on a flow-proportional basis, 
with the exception of the CaO in the inactivation tanks, where it was 
done based on the demand of the chemical to reach the desired pH set 
point. Eaeration is based on the oxygen uptake rate using 1.6 kWh/Kg O2 
as conversion factor. EUpumping is calculated by multiplying the volu-
metric flow of the stream by appropriate weighting factors that take into 
account pump efficiency and hydrostatic pressure. 

Once income and expenditures are quantified (plant data, model 
predictions), revenues (REV) and costs (COST) can be estimated based 
on prices from literature. A comprehensive list of literature estimates of 
prices can be found in supplemental information (Table S3). Hence it is 
possible to estimate specific revenues from energy recovery (REVelec-

tricity. REVheat) and off-site treatment of produced bio-solids (REVbio-

solids). When it comes to expenditures these are classified into: 
transportation (COSTtransport) and use of chemicals (COSTchem) and en-
ergy (COSTenergy). A special case is the discharge fee (COSTdischarge), 
which is applied upon volumetric flow, based on data quality from the 
previous year. 

2.4. Technical indicators 

In addition, the analysis includes the assumed capacity for three 
critical units: AnGSR, ASR, and IT. In case a given scenario requires less 
reactor volume to maintain the same hydraulic retention time (HRT), a 
certain degree of capacity liberation is obtained. This means that the 
plant would have extra processing capacity, allowing for more treatment 
duty or milder operation conditions. The COD/N ratios, the sludge 
retention time (SRT) and the quantity of inorganics (VSS/TSS) in both 
activated sludge and dewatered cake are also quantified using plant 
measurements and model predictions. 
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2.5. Environmental indicators 

Environmental indicators are derived from life cycle impact assess-
ment (LCIA), carried out to compare different operational strategies and 
evaluate improvement potentials of the iWTS installations. For this 
purpose, endpoint impact indicators are used (also referred to as char-
acterization factors at endpoint level, CF). Those indicate potential 
environmental damage per unit of stressor (e.g., per kg of resource used 
or emission released) to: either (1) human health (HH), represented by 
disability-adjusted loss of life years (DALY), in yr; and/or (2) ecosystems 
quality (EQ), represented by time-integrated species loss, in species⋅yr; 
or (3) resource scarcity (RS), represented by surplus cost, in USD2013. 
Contributions from different emissions and resource use, each contrib-
uting to one or more environmental problems (in LCIA referred to as 
midpoint impact categories like global warming or freshwater eutro-
phication, etc.) are aggregated based on their potential to cause damage 
to the three endpoints. All 20 midpoint environmental impact categories 
included in the ReCiPe 2016 LCIA methodology (v1.1), were considered 
for the calculation of final damage scores (Huijbregts et al., 2017). 

The LCIA followed the European Union Commission’s International 
Life Cycle Data System (ILCD) guideline, in line with ISO 14040/14044 
standards (European Commission-Joint Research Center, 2010). As the 
LCIA is used to quantify environmental impacts, which can be attributed 
to the life cycle of the iWTS systems, the study is considered a 
micro-level decision support (type A). Thus, the assessment applies an 
attributional approach to modelling life cycle inventories. Consistently 
with ILCD recommendations for this modelling framework, system 
expansion is the preferred way of solving multifunctionality (provided 
that subdivision is not possible) and average market consumption mixes 
and average processes are preferred (over marginal processes) (Bjørn 
et al., 2017). This implies that co-generation of heat and power from 
biogas replaces heat and electricity according to the current mixes in 
Denmark, and that sludge replaces nitrogen (N) and phosphorus (P) 
fertilizers produced using a global market average. 

The functional unit, which ensures equivalence between all the 
compared systems, was defined as “treatment of 1 m3 of an average 
industrial wastewater (representing 5 process waste water influents and 
1 high-solid content stream) coming from biotech (enzyme and pharma) 
industry”. The product systems were modelled in SimaPro, version 
9.2.0.2 (PRé Consultants bv, the Netherlands). Data for foreground 
processes, like chemical and energy inputs for the iWTS plant, are based 
on modelled values in this study. Data for generic processes, such as 
electricity production, are based on those available in the Ecoinvent 
database, version 3.7.1 (Wernet et al., 2016). Treatment of iWTS 
effluent in a municipal wastewater treatment plant is modelled using an 
adapted process taken from ecoinvent. Ecoinvent is currently one of the 
most comprehensive databases of life cycle inventories (i.e., aggregates 
of resource consumptions and pollutant emissions for specific processes 
taken from their life cycle perspective). Details of unit processes are 
presented in supplemental information. 

2.6. Scenario analysis 

Different optimization scenarios are considered in this work, and a 
summary can be found in Table 1.. The scenarios are evaluated following 
three principles: (1) refluxing, (2) change of operational conditions and 
(3) implementation of new technologies. The first consists of redirecting 
a certain stream, or part of it, to a different unit. It is the simplest 
strategy and requires the lowest degree of extrapolation since it only 
implies a decrease in load towards a certain unit and an increase towards 
another. The second principle implies that a certain unit works under 
different process variables, but following the same fundamental prin-
ciple. In these strategies, the same performance as in the original has 
been assumed. The last set of scenarios implies a complete change of the 
layout in the sense that new technology units are added. It implies the 
highest degree of extrapolation and similar performance compared to 

Table 1 
Definition of the scenarios implemented, simulated and evaluated in this study.  

Scenario 
code 

Strategy type Scenario title Description 

S0  Baseline scenario The default scenario 
representing the current 
status of the iWTS. 

S1 Reflux SBM dry inactivation 
+ SECWAS separated 
dewatering 

Around 1/3 of the spent 
biomass stream is treated 
with solid CaO. The 
remaining 2/3 is sent to 
the inactivation tanks +
The Waste Activated 
Sludge stream does not 
undergo the inactivation 
step. Instead, it is sent 
directly to the dewatering 
units. 

S2 Operational S1 + BTL +
heterotrophic 
denitrification of 
liquid influents 

The buffer tank liquid is 
made non-reactive by 
preventing bio-solids 
accumulation. 
Heterotrophic 
denitrification is 
promoted in the pre- 
acidification tank by 
recycling activated sludge 
liquor. 

S3 Operational S2 + AnGSR is 
operating at full 
capacity 

The anaerobic granular 
sludge reactor is assumed 
to operate at its full 
capacity. 

S4 New 
Technologies 

S3+ NaOH as 
inactivation agent +
anaerobic treatment of 
reject water 

NaOH instead of CaO is 
used as dosed chemical to 
rise the pH in the 
inactivation tanks. Reject 
water is re-directed to the 
anaerobic granular sludge 
reactor instead of being 
treated aerobically in the 
activated sludge reactor. 

S5 New 
technologies 

S4 + PN/ANX + in-situ 
feedback control loop 

The activated sludge 
sections are used as pre 
and post treatment. An 
additional aerobic 
granular reactor is added 
running Partial Nitration/ 
Anammox. A fraction of 
the concentrated ethanol 
stream (PWW5) is used to 
increase post 
denitrification. PAC 
dosage is based on in-situ 
phosphate sensors. 

S6 New 
technologies 

S3 + Heat as 
inactivation agent +
anaerobic treatment of 
reject water 

Heat instead of chemical 
is used as inactivation 
agent. Reject water is re- 
directed to the anaerobic 
granular sludge reactor 
instead of being treated 
aerobically in the 
activated sludge reactor. 

S7 New 
technologies 

S6 + PN/ANX + in-situ 
feedback control loop 

The activated sludge 
sections are used as pre 
and post treatment. An 
additional aerobic 
granular reactor is added 
running Partial Nitration/ 
Anammox. A fraction of 
the ethanol stream is used 
to increase post 
denitrification. PAC 
dosage is based on in-situ 
phosphate sensors.  
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literature values has been assumed. A simplified graphical representa-
tion of the current mode of operation (Fig. S1) and the defined scenarios 
(Figs. S2–S8) can be found in supplemental information. 

3. Technical and economical analysis 

3.1. Baseline scenario: measurements vs model 

Table 2 summarizes the fate of COD, N and P with the plant under 
study. It is important to mention that the proposed approach shows 
remarkable prediction capabilities (average deviation between mea-
surements and simulations is 5%). Plant data indicate that for the 
incoming COD: 32% is recovered as energy in the anaerobic granular 
sludge reactor (AnGSR), 23% is removed in the activated sludge reactor 
(ASR), 32% is captured within the bio-solids cake stream (ITEFF-ext, 
DEWunder), 12% is lost during the fermentation process in the buffer 
(BTL) and pre-acidification tanks (PAT) and 1% leaves the plant via the 
effluent (iWTSeff). With respect to N, 65% is removed in the ASR, 33% is 
captured in the bio-solids cake stream (ITEFF-ext DEWunder) and 2% ends 
up in the effluent (iWTSeff). Finally when it comes to P, 2% leaves the 
plant via the effluent (iWTSeff) and 98% is accumulated in the bio-solids 
stream (ITEFF-ext, DEWunder) as a result of precipitation. Additional 
simulations reveal that the average deviation between measurements 
and model simulations for Q, compounds (COD, N, P, S, Na, K, Ca, Mg, 
Al) + pH + VSS/TSS ratio at different plant locations is < 11% (see 
Figs. S9, S10 and Table S4 in supplemental information). 

The (measured/simulated) values for all defined economic indicators 
(income, expenditures) can be found in Table 3. Regarding economy, 
plant data correspond to price estimations based on literature data 
(Table S3). Again, a low deviation between estimated plant economics 
and model predictions demonstrates that the model is well suited to 
estimate both cost (2.2%) and revenues (2.0%). Calculations reveal that 
the highest source of revenue comes from electricity production in the 
biogas engine (REVelectricity) and the external processing of bio-solids 
(REVbiosolids) with a contribution of 54% and 33%, respectively. Heat 
sold (REVheat sold) is the smallest source of income making up 13%. With 
respect to costs, the main contribution are the discharge fee (COSTdi-

scharge) (39%), transportation and handling of bio-solids (COSTbiosolids) 
(30%), dosed chemicals (COSTchem) (18%) and power consumption 
(COSTaeration, COSTpumping) (13%). The ratio revenue/total cost is 0.41. 
The daily difference (REVtotal-COSTtotal) is 16289 €/day. When extrap-
olated for a year this corresponds to 5.95 million euros. A condensed 
version (only with simulated values) can be found in Table 4. 

With respect to capacity data (Table 5), both ASR and inactivation 
tank (IT) are assumed to operate at 100% of capacity. Nevertheless, the 
AnGSR is assumed to be underperforming (see Table 5). The average 
deviation between measurements and simulations for the remaining 
technical criteria (see Table 6) is 6.5%. The COD/N in the input of the 
activated sludge reactor (ASR) and sludge retention time (SRT) is higher 
than 7, which indicates good potential nitrification/denitrification 
conditions. The low VSS/TSS ratios in both activated sludge reactor 

(ASR) and dewatering underflow (DEWunder) indicate the important role 
of precipitates within the system under investigation (see Table 6). 

3.2. Refluxing in solids line: S1 

3.2.1. Rationale & assumed simulation conditions 
This scenario is focused on modifications affecting the bio-solids 

processing line. The main function of this section of the plant is to 
effectively inactivate (1) spent biomass (SBM) from upstream produc-
tion and (2) waste activated sludge (SECWAS) generated within the water 
line (see Fig. 1). S1 departs from the knowledge that, due to production 
features, 1/3 of the production biomass stream (SBM) can be inactivated 
partly in a high-solids form and be sent directly to the off-site biogas 
facility. The remaining 2/3 follow a normal inactivation step. In addi-
tion, the waste activated sludge stream (SECWAS) by-passes the inacti-
vation tank (IT) and is sent directly to the dewatering units (DEW). This 
is possible because the stream does not contain genetically modified 
microorganisms, and therefore its inactivation before leaving the pro-
duction site is not required (European Parliament and the Council, 
2009). The inactivation process hydrolyzes particulate COD and N, 
where a lower amount of treated biomass will reduce the amount of 
hydrolyzed material, thus reducing the global load of pollutants that the 
plant has to remove. A schematic representation can be found in sup-
plemental information (Fig. S2) 

S1 is formulated assuming a 50 and 75% use of the total inactivation 
tanks and activated sludge reactors volume (see Table 5). The first 
reduction is based on the fact that lower flow and mass loads will arrive 
to the IT. The second reduction is due to a potential decrease of 
returning loads via reject water. In order to make a fair comparison, the 
sludge retention time in the ASR is set to be constant (as in S0) by 
controlling the flow rate of the waste activated sludge stream (SECWAS) 
(see Table 6). The flow of IT liquor directly sent to the biogas facility 
(ITEff-Ext) is also manipulated to maintain an overall solids concentration 
leaving the plant of 15% (average ITEff-Ext and DEWUnder). This applies to 
all the evaluated scenarios in this study (S1–S7). 

3.2.2. Model predictions 
Simulations show that potential implementation of S1 will change 

the COD distribution within the plant (see Table 2). Hence, instead of 
being removed aerobically/anoxically in the ASR, COD will be accu-
mulated in the bio-solids (from 31 up to 37%). This is mainly due to a 
lower degree of particulate solubilization in the IT, and therefore lower 
loads returning via reject water (DEWover). This scenario leaves the 
anaerobic water line of the plant unaltered with respect to the baseline 
scenario. Thus, no changes in COD recovery or loss are predicted. 
Similar to COD, a higher N accumulation in the bio-solids is predicted 
(from 34 up to 38%) (see Table 2). Nevertheless, there is an increased 
quantity of nitrogen leaving with the effluent (from 2 to 3%). This is 
caused by the modified C/N ratio at the influent (see Table 6), which 
decreases the availability of electron donor for denitrification and the 
overall nitrogen removal. Moreover, the assumed shorter retention time 

Table 2 
Fate of major components within the studied iWTS plant data, for baseline simulation and scenario analysis.   

Plant Data S0 S1 S2 S3 S4 S5 S6 S7 Units 

CODrecovered - AnGSR 32 32 31 33 34 45 44 45 44 % 
CODremoved - ASR 23 23 18 19 18 13 9 12 9 % 
CODlost - BTL/PAT 12 13 12 10 10 11 12 11 12 % 
CODcaptured bio-solids– DEW/IT 32 31 37 37 36 30 33 30 33 % 
CODeffluent 1 1 2 2 2 1 2 2 2 % 
Nremoved - ASR 65 64 59 49 49 42 52 43 52 % 
Nlost - BTL/PAT 0 0 0 11 11 14 13 14 13 % 
Ncaptured bio-solids – DEW/IT 33 34 38 38 38 33 34 33 34 % 
Neffluent 2 2 3 2 2 11 2 10 2 % 
Pcaptured bio-solids – DEW/IT 98 98 93 86 86 25 98 26 98 % 
Peffluent 2 2 7 14 14 75 2 74 2 %  
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contributes to a lower N removal efficiency. P removal is also suffering 
from a shorter retention time in the ASR (P in the effluent increased from 
2 to 7%), where the flow-proportional dosage does not seem to be 
enough to achieve the previous precipitation levels. 

COD redistribution has important implication on plant economic 
indicators (see Table 4). With respect to revenues, it increases the in-
come from sales of bio-solids up to +10% (REVbiosolids), which leads to 
an increase of REVtotal by three percentage points. Regarding expenses, 

the model forecasts that S1 will substantially decrease the use of lime by 
half, which translates into -19% in chemical costs (COSTchem). Less 
usage of CaO reduces the quantity of inorganics present in the cake 
which also contributes to lower bio-solids handling and transportation 
costs (-17%) (COSTtransport). This is also reflected in the VSS/TSS ratio in 
DEWunder (see Table 6). In addition, savings in energy utilization due to a 
lower oxygen demand in the ASR could be expected (-4%) (COSTenergy). 
There is no impact on the effluent discharge fee (COSTdischarge). The total 

Table 3 
Detailed consumption/production + revenues/expenses of the main economic indicators.  

Symbol Code PlantData S0 Units Symbol Code Plant Data Ratio S0 Ratio Units % 

ERelectricity I 44427 44760 kWh/d REVelectricity R 6031 53.7 6077 53.0 €/d -0.7 
ERheat,total I 47400 47264 kWh/d         
ERheat,sold I 25216 25216 kWh/d REVheat R 1491 13.3 1491 13.2 €/d 0.0 
ERheat,process I 22184 22048 kWh/d         
Mbiosolids I 30 32 ton/d REVbiosolids R 3701 33.0 3901 33.1 €/d 7.6 
Veffluent E 10292 10277 m3/d COSTdischarge C 10707 38.9 10691 38.1 €/d 4.4 
Vbiosolids,IT E 373 388 m3/d COSTbiosolids IT C 6009 21.8 6251 22.8 €/d 24.4 
Vbiosolids,DEW E 127 127 m3/d COSTbiosolids,DEW C 2055 7.5 2048 7.3 €/d -0.1 
CHEMNaOH,AGS E 0.8 0.7 m3/d COSTNaOH,AGS C 168 0.6 167 0.6 €/d 4.0 
CHEMNaOH,DST E 0.8 0.8 m3/d COSTNaOH,DST C 187 0.7 187 0.7 €/d -0.3 
CHEMPAC,SEC E 3.4 3.6 m3/d COSTPAC,SEC C 750 2.7 802 2.6 €/d -0.5 
CHEMPAC,SEC E 0.8 0.9 m3/d COSTPAC,SEC C 182 0.7 -93 0.7 €/d 0.0 
CHEMFe(III),FLOT E 0.1 0.1 m3/d COSTFe(iii),FLOT C 18 0.1 18 0.1 €/d 6.9 
CHEMPolymer,SEC E 117 125 m3/d COSTPolymer,SEC C 576 2.1 614 2.0 €/d 6.4 
CHEMPolymer,FLOT E 10.6 10.6 m3/d COSTPolymer,FLOT C 52 0.2 52 0.2 €/d 0.1 
CHEMPolymer,DEW E 213 226 m3/d COSTPolymer,DEW C 1049 3.8 1115 4.1 €/d 6.5 
CHEMCaO,IT E 179 184 m3/d COSTCaO,IT C 2071 7.5 2130 7.8 €/d 0.1 
EUaeration E 29704 29849 kWh/d COSTaeration C 1837 6.7 1846 6.5 €/d 6.4 
EUpumping,AGS E 4423 4396 kWh/d COSTpumping,AGS C 1059 3.8 1131 3.7 €/d 2.8 
EUpumping,AS E 16938 16465 kWh/d COSTpumping,AS C 271 1.0 269 1.0 €/d 0.5 
EUpumping,biomass E 5374 5640 kWh/d COSTpumping,biomass C 332 1.2 341 1.2 €/d 6.9 
EUpumping,DEW E 3105 3269 kWh/d COSTpumping,DEW C 191 0.7 197 0.7 €/d -0.6      

REVtotal  11224  11470 100 €/d 2.2      
COSTtotal  27513  28053 100 €/d 2.0  

Table 4 
Main cost and revenues for plant data, baseline simulation and scenario analysis.      

S0 S1 S2 S3 S4 S5 S6 S7  

REVelectricity 6031 6077 € /d 0 0.0 5.5 8.3 44.8 40.0 44.0 40.4 % 
REVheat 1491 1491 € /d 0 0.0 0.0 0.0 0.0 0.0 -18.8 -25.7 % 
REVbiosolids 3701 3901 € /d 0 9.5 9.1 8.3 -11.1 -2.5 -11.0 -2.7 % 
COSTdischarge 10707 10691 € /d 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 % 
COSTtransport 8064 8299 € /d 0 -16.9 -18.3 -18.7 -44.1 -37.4 -44.0 -37.6 % 
COSTchem 5053 5278 € /d 0 -19.3 -18.3 -18.8 73.4 107.3 -52.6 -18.0 % 
COSTenergy 3689 3785 € /d 0 -4.3 -5.9 -6.7 -23.1 -43.0 -25.5 -43.6 % 
REVtotal 11224 11470 € /d 0 3.2 6.0 7.2 19.9 20.3 17.1 17.1 % 
COSTtotal 27513 28053 € /d 0 -9.2 -9.6 -10.0 -2.4 3.6 -26.6 -20.3 % 
Daily savings    0 2961.2 3393.4 3623.2 2966.5 1332.7 9412.9 7648.6 € /d 
Yearly savings    0 1.1 1.2 1.3 1.1 0.5 3.4 2.8 M € /y  

Table 5 
Capacity use for baseline simulation and scenario analysis.   

Plant data S0 S1 S2 S3 S4 S5 S6 S7 Units 

AnGSR 65 65 65 65 100 100 100 100 100 % 
ASR 100 100 75 75 75 75 79 75 79 % 
IT 100 100 50 50 50 50 50 50 50 %  

Table 6 
Additional technical criteria for plant data, for baseline simulation and scenario analysis.   

Plant Data S0 S1 S2 S3 S4 S5 S6 S7 Units 

COD/N ratio in ASRin 7.3 7.2 6.7 7.9 7.7 5.4 5.4 5.4 5.4 gCOD/g-N 
SRT ASR 7.1 7.4 7.2 7.4 7.5 7.1 3 7.1 3 days 
VSS/TSS in ASR 61.5 58.8 57.1 56.5 56.1 54.9 52.5 54.3 52.4 % 
VSS/TSS in DEWunder 36.7 42.7 51.8 52.6 52.3 71.2 71.5 71.1 71.2 %  
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decrease on expenditures (COSTtotal) is -9%. Based on a yearly extrap-
olation, the potential implementation of S1 would save 1.1 M€/year. 

3.3. Improved operation in anaerobic line: S2 + S3 

3.3.1. Rationale & assumed simulation conditions 
Two sets of scenarios are evaluated under this category. Previous 

investigation revealed that the TSS accumulation, together with the high 
COD/N ratio (~17) promoted dissimilatory nitrate reduction to 
ammonia (DNRA) (Monje et al., 2022). Microbes undertaking DNRA 
oxidize organic matter and use nitrate all the way to ammonium 
(NO3

− →NO2
− →NH4

+) (Kraft et al., 2011). Data showed a reduction of NOx 
in the liquids buffer tank (BTL) but the total nitrogen values are main-
tained (see Figs. S9 and S10 in supplemental information). The DNRA 
activity represents a loss of valuable COD that could be recovered, plus 
an extra NH4

+ load that will need to be treated in the ASR. In S2, a better 
management of the BTL is assumed to stop all biological activity in this 
unit and a promotion of complete heterotrophic denitrification inside 
the pre-acidification tank (PAT). This is achieved by; 1) increasing the 
quantity of ordinary heterotrophic organisms (OHO) being recycled 
from the activated sludge reactor (ASR) to the PAT, and 2) adjusting the 
operation HRT. In S3, the plant is simulated assuming that the anaerobic 
granular sludge reactor (AnGSR) capacity can be increased (see Table 5. 
These new scenarios build on the results obtained from S1. A schematic 
representation can be found in supplemental information (Figs. S3 and 
S4) 

3.3.2. Model predictions 
From the results summarized in Table 2, one may see an increase in 

COD recovery when BTL is assumed non-reactive (from 32 to 33%). This 
is mainly due to a reduction of the COD losses in the BTL (5% of the total 
influent load). Previous studies reported that 68% of the lost COD is 
attributed to fermentation processes (and consequently production of 
H2), while the remaining 32% goes to N reduction (Monje et al., 2022). 
Only a small increase in COD recovery is predicted when the AnGSR is 
operated at full capacity (S3) (from 33 to 34%). This indicates that the 
influent biodegradability is the limiting factor rather than reactor vol-
ume. Another important factor is that N removal is distributed in both 
pre-acidification tank (PAT) (11%) and ASR (38%) instead of solely 
being handled in the ASR in S0-S1. Finally, it should be mentioned that 
these changes alter (again) the C/N ratio at the inlet of the ASR and 
improve the denitrification efficiency. It is important to highlight the 
negative effect of S2 and S3 on the overall P removal efficiency (up to 
14% ends up in the effluent). This is mainly caused by an increased P 
load entering the ASR. Indeed, when BTL was assumed to be reactive, a 
large fraction of P was originally precipitated and removed in the PRIM, 
but now it is sent to the anaerobic (PAT, AnGSR) and then to the aerobic 
line (ASR, SEC, FLOT). Under the new circumstances, the 
flow-proportional dosage of PAC is not suitable and should be modified 
(and or adapted). 

Both S2 and S3 slightly increase the energy recovery revenues 
(REVelectricity) since higher conversions are achieved within the AnGSR 
(6 and 8% respectively) (see values in Table 4). The latter has a small 
effect on the income from off-site treatment of bio-solids (from 10% in 
S1 to 9% and 8% in S2 and S3, respectively) (REVbiosolids). This is 
attributed to the fact that the organics are recovered in-site and there is 
no need to transport them to an external facility. This has an impact on 
the total revenues (REVtot) i.e. it increased by three percentage points 
compared to S1, and up to seven respect to S0. The redistribution of N 
removal between the PAT and the ASR decreases the energy re-
quirements down to -7% (COSTenergy) (particularly due to aeration). 
However, it is poorly reflected in the total cost (COSTtotal). There is no 
impact on effluent discharge fee (COSTdischarge) and cost of chemicals 
(COSTchem). Nevertheless, a higher dosage of PAC would be required to 
handle the extra P arriving via the anaerobic reactor. As done in Section 
3.2.2, based on a yearly extrapolation, the potential implementation of 

these two scenarios (S2 and S3) would save 1.2 and 1.3 M€/year, 
respectively. 

3.4. Change of inactivation agent: S4 + S6 

3.4.1. Rationale & assumed simulation conditions 
In this set of scenarios, the premise departs from the replacement of 

inactivation agent from CaO to NaOH (S4) or heat (S6). This modifica-
tion would allow the anaerobic treatment of reject water since the 
absence of calcium would not compromise the long-term operation of 
the anaerobic granular sludge reactors (AnGSR) due to intra-granular 
precipitation and sludge blanket cementation. This fact was exten-
sively tested in previous experimental and modelling studies by Feld-
man et al. (2017, 2019). In this way, the COD-rich reject water stream 
can be processed anaerobically, yielding a significant increase in biogas 
production and removing this duty from the activated sludge units. 

In S4 alkaline inactivation is considered, using a 25% NaOH solution 
to reach the same pH as in S0 (~12). In S6 thermal inactivation is 
considered, assuming a 20̊C difference in temperature between inacti-
vation influent and effluent. This temperature gradient, together with 
the assumption that the SBM stream has the same specific heat as water 
and the hydraulic flow rate were used to calculate the heat demand of 
the thermal inactivation. The necessary heat is sourced directly from the 
waste heat produced in the biogas engine plus a fraction of the heat that 
now is sold as district heating. The hydrolysis kinetics of particulate 
material are assumed to remain the same as in S0. All the other plant- 
wide model parameters have been kept constant. A schematic repre-
sentation can be found in supplemental information (Figs. S5 and S7) 

3.4.2. Model predictions 
The reject water stream is highly loaded in COD and N. When treated 

anaerobically an increase in the recovered COD is achieved (from 34% 
in S3 to 45% in both S4 and S6) (see values in Table 2). Hence, the higher 
flux of COD towards biogas makes a lower aerobic COD oxidation 
contribution (from 18% in S3 to 13 and 12% in S4 and S6) and less 
production of bio-solids (from 36% in S3 to 30% in both S4 and S6). N 
distribution suffers from a more negative impact. These differences are 
attributed to the fact that S4 and S6 fail to complete NOx denitrification 
due to insufficient carbon source availability (see COD/N ratio in 
Table 6). As a result, the N in the effluent increases up to 11%. The 
situation with P is not good either as up to 75% of P remains in the 
effluent. Again, the flow-proportional strategy is not suitable to dose Al 
and there is not enough precipitation (and consequently removal). 

In terms of economy (see Table 4), the model predicts an electricity 
generation increase up to 45% (REVelectricity) (S4 and S6). In S4, the 
utilization of NaOH increases the expenditures for chemicals (+73%) 
(COSTchem), whereas in S6 the substitution of the chemical inactivation 
by a physical method lowers chemical costs down to -53% (COSTchem). 
However, the higher heat demand in S6 causes a decrease in the avail-
ability of heat that can be sold as district heating by -19% (REVheat). The 
higher COD recovery in the AnGSR leaves less electrons for biomass 
formation in the ASR, thus leading to a decrease of -11% in the income 
from bio-solids off-site treatment (REVbiosolids). Interestingly, the lower 
bio-solids production in S4 and S6 is counterbalanced by a strong 
decrease in the transportation cost (-44%) (COSTtransport). The lower 
level of precipitated material in the dewatering underflow stream (see 
VSS/TSS ratio in DEWunder, Table 6) pronounces this. Finally, it is 
important to mention the substantial reduction of the energy con-
sumption (up to -26% with respect to the baseline scenario) (COSTe-

nergy). This is attributed to the increased anaerobic treatment of 
incoming COD, where less oxygen (and consequently aeration energy) is 
required. There is no impact on the effluent discharge fee (COSTdi-

scharge). In global terms, S4 and S6 increase substantially the total rev-
enues derived from the process (> 17%). However, with substantial 
differences when it comes to the cost to achieve it (-2% and -27% of 
COSTtotal reduction with respect to S0). As done in Section 3.2.2, based 
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on a yearly extrapolation, the potential implementation of these two 
scenarios (S4 and S6) would save 1.1 and 3.4 M€/year respectively. 

3.5. Partial nitration/Anammox and in-situ feedback metal addition: S5 
+ S7 

3.5.1. Rationale & assumed simulation conditions 
In the last scenarios, the problem with poor N and P removal is 

tackled by: (1) adding a Partial Nitration/Anammox (PN/ANX) unit, and 
(2) implementing an improved PAC dosage strategy based on an in-situ 
feedback control loop. For these scenarios, four out of the seven original 
aerobic tanks are operated as high-rate activated sludge reactors (HASR) 
and function as pre-treatment. Previous studies have shown that pre- 
treatment prior to PN/ANX reactors increases COD/H2S oxidation, 
CH4/CO2 stripping, precipitation removal and the pH (Flores-Alsina 
et al., 2019). The presence of H2S may be critical due to it being a strong 
inhibitor for ammonium oxidizing organisms (AOB), and favoring of 
sulfide oxidizing bacteria (SOB) instead of anammox (ANX) organisms 
when competing for electrons acceptors (NO2

− ).Then a new aerobic 
granular sludge reactor (AeGSR) is set in place for autotrophic nitrogen 
removal. The remaining three tanks stay as ASR, and receive a fraction 
of the concentrated ethanol stream (PWW5) that provides the COD for 
denitrification and achieving a final polish. The idea behind the P 
controller (based on PAC addition) can be found in Ingildsen and 
Wendelboe (2003), where phosphate sensors are located at the end of 
the flocculation activated sludge section to provide a feedback signal to 
the chemical dosage equipment to achieve a certain effluent phosphate 
set-point. 

The AeGSR in S5 and S7 is modelled by assuming one single CSTR 
and one single granule size (zmax) type. Additional information can be 
found in Vangsgaard et al. (2012) and Flores-Alsina et al. (2019). The 
exact same strategy as described in Section 2.2 predicts competition for 
substrate/space within the biofilm by the different microorganisms 
accounted for by the ASM. An ideal separator (SEP) avoids that the 
granules leave the AeGSR. The operational DO concentration within the 
reactor is 0.5 g/m3. Biofilm thickness is 1 mm and density is 50,000 
g/m3. The ratio between Vbulk/Vtot is 0.8. Concerning the P control, an 
ideal sensor is located at the end of the pre and post treatment. The 
control algorithm is proportional-integral (PI). Measured variables are 
phosphate values in both reactors. Control variables are the quantity of 
PAC. Two dosage points are assumed (pre and post treatment). Set-point 
values are 5 and 2 g/m3, respectively. A schematic representation can be 
found in supplemental information (Figs. S6 and S8) 

3.5.2. Model predictions 
The implementation of PN/ANX and the improved P controller has 

important implications from a process point of view. The lower yields of 
ANX bacteria, substantially reduces the quantity of COD accumulated in 
the cake. This reduces the quantity of COD in reject water and conse-
quently results in lower methane levels in the AnGSR (from 45% in S4/ 
S6 to 44% in S5/S7). N removal is substantially increased (from 42% in 
S4/S6 to 52% in S5/S7). This is mainly due to a more effective reduction 
of NOX to N2 since it is done autotrophically (and it is no longer 
dependent of the presence of organics). Similar improvements can be 
seen in P removal, where the new strategy ensures suitable PAC dosage 
to reach the desired P levels i.e. P accumulated in bio-solids is increased 
up to 98%. As a result, the quantity of N and P leaving the plant is back at 
the desired levels of 2% for both S5 and S7 (see Table 2). 

There are several impacts from a process economics point of view. 
First, partial nitration requires a much lower quantity of oxygen since 
NHx does not have to be oxidized all the way to NO3. Instead, conversion 
stops at NO2. As a result, energy consumption (COSTenergy) is drastically 
reduced by -44% compared to the baseline scenario (S0). Second, ANX 
requires that only half of the NHx is oxidized in order to remove the 
incoming N load. The lower yield of ANX bacteria reduces the quantity 
of bio-solids. This is reflected in the income generated from off-site 

treatment of bio-solids (from 11% in S4/S6 to 3% in S5/S7) (REVbio-

solids) but also by the quantity of methane produced in the AnGSR (from 
45% in S4/S6 to 40% in S5/S7) (REVelectricity). Interestingly, even 
though the quantity of bio-solids generated by the ANX is lower, the 
transport costs are higher compared to S4 and S6 (COSTtransport). This is 
mainly due to the increased quantity of precipitates as a result of a better 
Al dosing and resulting improved P removal. This is also reflected in the 
chemical costs i.e. COSTchem is increased. There is no impact on the 
effluent discharge fee (COSTdischarge). As done in Section 3.2.2, based on 
a yearly extrapolation, the potential implementation of these two sce-
narios (S5 and S7) would save 0.5 and 2.8 M€/year, respectively. 

4. Environmental considerations 

In this section of the manuscript, the environmental impacts derived 
from the implementation of the (1) new refluxing schemes (S1), (2) new 
operational procedures (S2-S3) and 3) new technologies (S4–S7) are 
quantified using life cycle impact assessment (LCIA). Fig. 2 shows the 
damage scores in terms of human health (HH), ecosystem quality (EQ) 
and resource scarcity (RS) for all the evaluated scenarios. Positive results 
for HH and EQ reveal that the treatment of PWW1-5 and SBM is not 
burden free. By contrast, negative values for RS indicate potential 
environmental benefits for this area of protection. Details about process 
inventory used to quantify impact categories are summarized in 
Tables S5 and S7 in supplemental information. 

4.1. Human health 

Taking a closer look at HH (see Fig. 2a), one may notice that it is 
strongly dominated by stressors related to global warming (for all the 
evaluated scenarios) (82–96% of total positive impact). Ionizing radia-
tion, fine particulate organic formation, human non-carcinogenic 
toxicity, stratospheric ozone depletion, ozone formation, human carci-
nogenic toxicity and water consumption have a relatively small contri-
bution to HH (4-18% of total positive impact). 

More specifically for global warming (see Fig. 3a), nitrous oxide 
(N2O) formation during aerobic treatment has the highest contribution. 
This is mainly due to its nearly 300-fold stronger effect than CO2 
(Huijbregts et al., 2016). The second-in-importance is production of 
chemicals for inactivation (either CaO or NaOH). Energy consumption 
does not seem to have a major impact since it comes from wind power. It 
is important to highlight that the iWTS system under study is credited for 
co-generation of heat and power (in the biogas engine) and for the 
replaced production of inorganic fertilizer (processed bio-solids). This 
results in human health benefits for the fine particular matter formation 
impact category (mainly due to avoided emissions of fine particulate 
matter and its precursors like sulfur dioxides, ammonia and nitrogen 
oxides). However, human health benefits, which can be attributed to 
these impact offsets, are not large enough to outweigh human health 
burden stemming from emissions of greenhouse gases contributing to 
human health damage. For more information about process contribution 
for the HH-related impact categories, the reader is referred to the 
Figs. S9 and S10 (model predictions versus plant measurements) and 
S11–S18 (contribution of life cycle process to total impacts) in supple-
mental material section. 

Fig. 2a reveals that S1–S3 get better scores on HH (compared to S0). 
This is attributed to (1) the increased quantity of N accumulated in the 
cake and therefore not returning to the ASR via reject water and (2) the 
potential heterotrophic denitrification (instead of dissimilatory nitrate 
reduction to ammonia) in the BTL (see Ncaptured and Nlost values in 
Table 2). The latter has paramount importance on N2O production since 
it is estimated as 2.5% of the incoming N entering the ASR. Scenarios S4- 
S5 worsen HH again mainly due to the high use of NaOH as inactivation 
agent (see Table 4). Indeed, the comparatively higher energy recovery 
resulting from in-situ anaerobic treatment of reject water does not seem 
to compensate the derived impact of chemicals production. Finally, the 
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options with thermal inactivation (S6 and S7) achieve the best 
compromise between energy use, energy production and N2O emissions, 
resulting in the best HH performance among the compared alternatives 
(see Tables 2 and 4). 

4.2. Ecosystems quality 

Damages to ecosystems are mainly driven by stressors contributing 
to global warming (impacts on terrestrial ecosystems) (48–98% of total 
positive impact) for all the evaluated scenarios. Environmental benefits 
are seen for impacts related to terrestrial acidification (corresponding to 
1–12% of total positive impact) and land use (corresponding to 3–8% of 
total positive impact) (See Fig. 2b). Freshwater eutrophication, marine 
ecotoxicity, global warming (freshwater ecosystems), marine eutrophi-
cation, ozone formation (terrestrial ecosystems), water consumption, 
freshwater ecotoxicity and water consumption have a very small effect 
on EQ (see Fig. 2b). 

As discussed in Section 4.1 (human health), the main contribution to 
global warming is driven by N2O formation in the ASR and production of 

chemicals for inactivation (see also Fig. 3b). Again, the system is 
credited by N and P values in the cake (fertilizers avoided) and com-
bined heat and power generation in the biogas engine. The latter reduces 
impacts stemming from land use and terrestrial acidification (due to 
avoided emissions of sulfur dioxide and ammonia and avoided trans-
formation of land). Also for this area of protection, however, these 
benefits are not large enough to outweigh the burden from other 
stressors contributing to ecosystem damage (mainly greenhouse gas 
emissions). For more information about process contribution to impact 
categories related to EQ, the reader is referred to Figs. S9 and S10 
(model predictions versus plant measurements) and S11–S18 (contri-
bution of life cycle process to total impacts) in supplemental information 
Fig. 2b shows that lower N2O emissions and use of chemicals decrease 
global warming impacts (as described in Section 4.1). Differences in N 
and P removal substantially increase the damage on freshwater and 
marine eutrophication (see Fig. 3b and c). They reach maximum values 
in S4 and S6 when reject water is recirculated to the AnGSR with the 
subsequent damage on denitrification efficiency on the ASR due to lack 
of carbon. Only the implementation of PN/ANX and PAC control dosage 

Fig. 2. Contribution of different impact cate-
gories to damages to human health (a), eco-
systems (b) and resources (c), expressed in the 
units of damage per functional unit (fu). The 
functional unit was defined as “treatment of 1 
m3 of an average industrial wastewater (repre-
senting 5 process waste water influents and 1 
high-solid content stream) coming from biotech 
(enzyme and pharma) industry”. Numbers 
above or below bars indicate the total damage 
scores. To put these numbers in context, it fol-
lows that 1-day discharge of ~10,000 m3 of an 
average industrial wastewater corresponds to 
damage caused by 1.8–3.3 (human health), 
0.08–0.15 (ecosystems) and 0.05–0.078 (re-
sources) of an average global citizen, depending 
on the scenario. Numbers on top of the bars 
represent total damage scores.   
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based on in-situ sensors (S5 and S7) can lower N and P emissions. 
However, these differences in N and P removal and resulting differences 
in emissions of N and P compounds do not propagate to the ranking of 
alternatives, because they are outweighed by benefits from replaced 
heat and power and fertilizers, and further contribution of freshwater 
and marine eutrophication impacts to damage is relatively small when 
compared to that of global warming. Hence, S6 performs best among 
compared alternatives. 

4.3. Resources scarcity 

Damages on resource scarcity are driven by mineral (2-3% contri-
bution to total damage) and fossil resource scarcity (97–98% contribu-
tion to total damage) for all the evaluated scenarios (see Fig. 2c). Both 
elements represent avoided use of fossil resources like natural gas, crude 
oil and fossil coal when the iWTS is credited for replaced inorganic 
fertilizers and co-generation of heat and power. These benefits outweigh 
burdens stemming from production of chemicals and production of 
power for operation of the plant. For more details about which life cycle 

processes contribute to the two resource-related impact categories, the 
reader is referred to the tables in supplemental information 
(Figs. S11–S18) 

Fig. 2c reveals that S1-S3 decrease the use of resources compared to 
the current baseline (S0). This is mainly due to a higher content of N in 
the bio-solids cake (Table 2) and higher energy recovery, lower energy 
and chemical use (see Table 4) caused by (1) SBM reflux, (2) change of 
operation in the BTL and (3) full capacity of the AnGSR. Nevertheless, 
the use of resources is increased in S4 and S5 due to an increased use of 
chemicals for bio-solids deactivation even though there is a higher re-
covery in the AnGSR. The situation seems to get better when PAC dosage 
is improved and the quantity of P recovered is back to normal values. 
Deactivation using heat seems to be a more environmentally friendly 
option (compared to NaOH) achieving the best values of all. 

4.4. Outlook 

Exclusion of modelling of the iWTS plant equipment is not expected 
to change our findings. Owing to the relatively long lifetime of iWTS 

Fig. 3. Contribution of different life cycle pro-
cesses to global warming (a), freshwater 
eutrophication (b) and marine eutrophication 
(c), expressed in category-specific units per 
functional unit (fu). The functional unit was 
defined as “treatment of 1 m3 of an average 
industrial wastewater (representing 5 process 
waste water influents and 1 high-solid content 
stream) coming from biotech (enzyme and 
pharma) industry”. Although freshwater and 
marine eutrophication do not contribute 
significantly to today ecosystem damage, they 
are presented to illustrate the influence of 
different N and P management strategies on 
eutrophication-related impacts. Numbers on 
top of the bars represent total impact scores.   
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installations (20–30 yr) and the relatively large capacity of the in-
stallations (~10,000 m3/d), the amounts of steel and other raw mate-
rials needed for plant equipment, are expected to be relatively 
insignificant when scaled to the functional unit (i.e., treatment of 1 m3 of 
waste streams). Others showed that plant equipment generally does not 
contribute significantly to total life cycle impacts, except for mineral 
resource use where the contribution of plant equipment can be higher 
than 10% (Owsianiak et al., 2022). Based on information for other 
processes for wastewater treatment which are available in the ecoinvent 
database (Wernet et al., 2016), we estimate the contribution of the raw 
materials used for construction of the iWTS facility to damages on 
resource scarcity to be in the range of 0.01–0.02 € per 1 m3. This would 
represent 6–12% of the total damage to resource scarcity, showing the 
relative insignificance of plant equipment to total life cycle damages. 

5. Discussion 

The results generated in this study have demonstrated (again) what 
many authors have been preaching for years i.e. the importance of using 
integrated approaches when assessing either urban or industrial water 
treatment systems (Solon et al., 2017; Fernández-Arévalo et al., 2017; 
Seco et al., 2020; Sheik et al., 2021). The proposed set of tools presented 
in this manuscript allowed to “virtually” quantify COD/N and P mass 
balances, revenues/expenses and some technical aspects of future plant 
expansions. In addition, baseline simulation results were validated with 
full-scale data collected during a dedicated measuring campaign. The 
low deviation between measurements and simulations for: (1) COD, N & 
P mass balances (5%) and (2) process revenues (2%) and costs (2.2%) 
substantially increase the credibility of this study. 

Another important point (more related to the case studies) is the 
economic feasibility of S1–S3, S6 and S7. It was also disclosed that N and 
P removal has a strong effect on the two LCIA mid-point impact cate-
gories which address eutrophication, and are therefore key performance 
indicators of the waste treatment process. However, from the environ-
mental damage perspective, eutrophication impacts did not contribute 
significantly to total ecosystem damage. In particular, contribution of 
freshwater eutrophication to total damage was small because direct 
wastewater treatment plant emissions of P occur to sea (rather than to 
freshwater where P has strong fertilizing effect). Thus, in our case, 
ecosystem damage is mainly driven by global warming impacts, domi-
nated by direct emissions of two potent greenhouse gases, methane and 
nitrous oxide. Future iWTS optimization actions should therefore focus 
on minimizing direct emissions of methane and nitrous oxide. 

5.1. Multi-objective nature of the optimization problem and generation of 
additional scenarios 

The results reported in the analysis showed the multi-objective na-
ture of wastewater treatment plant optimization. The authors have 
quantified multiple criteria to assess the degree of satisfaction of mostly 
economic objectives. Nevertheless, technical (Comas et al., 2008), legal 
(Gernaey et al., 2014) and adaptability aspects (Juan-García et al., 
2017) have not been included in one single objective function (Huang 
et al., 2011; Belton and Stewart, 2002). This may lead to systemic 
problems within the plant such as lack of flexibility/robustness, constant 
(microbiology related) total suspended solids (TSS) separation problems 
or excessive GHG emissions (Solis et al., 2022). The latter can be a 
game-changer in Denmark, where GHG will start to be taxed in 2025. 
The options evaluated in this case study have been systematically 
generated, but they are based on general process knowledge. The com-
bination of plant-wide models with environmental decision support 
systems (EDSS) for suggesting process flow sheets (Poch et al., 2004; 
Garrido-Baserba et al., 2012; Castillo et al., 2016) is a promising line of 
research. Indeed, the combination of process heuristics with 
mixed-integer non-linear programming could yield a good set of tech-
nologies to be further evaluated using dynamic process models. Other 

promising options such as thermal inactivation, struvite recovery and/or 
intensification technologies such as membrane aerated biofilm reactors 
could be also included. There is a bright future if both tools go hand in 
hand when retrofitting an existing plant during the transition from 
wastewater treatment plants to resource recovery facilities. 

5.2. Experimental validation of the simulation findings 

The figures revealed that the results of this project strongly depend 
on the assumptions upon which the models are constructed. This will be 
critical for the scenarios with the highest degree of extrapolation 
(S4–S7). Additional pilot studies are necessary in case one would like to 
redirect reject water to the anaerobic granular sludge reactor (AnGSR), 
combine different inactivation agents (NaOH/Heat) or complement the 
traditional activated sludge reactor with Partial Nitration/Anammox 
units. There are multiple factors that can have strong influence on the 
overall process performance, particularly when dealing with industrial 
wastewater, namely inhibition, toxicity which are not considered in the 
model. For example default values have been used to describe sulfide 
inhibition (Jin et al., 2012, 2013). Other aspects that may be considered 
are the complex interactions between ANX and sulfide oxidizing bac-
teria (SOB). The same applies when predicting precipitates (Johansson 
et al., 2017; Magri et al., 2021). The model clearly identified that some 
of these compounds are oversaturated but careful kinetic studies should 
be conducted in order to determine precipitation potential (Mbamba 
et al., 2015; Agrawal et al., 2018). Lastly, the authors are aware that 
additional measurements and a higher degree of model complexity are 
necessary to correctly predict N2O emissions (Ni and Yuan, 2015; 
Massara et al., 2017) and how this can be combined with effluent quality 
and cost (Flores-Alsina et al., 2014). All in all, we can say that the study 
pointed out interesting directions for further exploration (and where not 
to). 

6. Conclusions 

A plant-wide model of the largest iWTS in Northern Europe is 
adjusted to assess future operational strategies. The key messages of the 
presented study can be summarized as follows:  

1 Reconciled data and model predictions show that for the incoming 
COD 32% is recovered as energy in the anaerobic granular sludge 
reactor (AnGSR), 23% is removed in the activated sludge reactor 
(ASR), 32% is captured in bio-solids, 12% is lost during fermentation 
processes in either the buffer (BTL) or pre-acidification (PAT) tanks 
and 1% leaves the plant via effluent. With respect to N, 65% is 
removed in the ASR, 31% is captured in the bio-solids and 2% ends 
up in the effluent. P is mainly accumulated in bio-solids (98%). The 
model also describes other process metrics such as: C/N ratio, SRT 
and VSS/TSS ratio in both ASR and dewatered cake.  

2 Both plant data and computer simulations also reveal that the main 
source of revenue comes from the electricity production within the 
anaerobic granular sludge reactor (54%) and external treatment of 
bio-solids (33%). Regarding costs, the main expenditures are the 
discharge fee (39%), transportation and handling of bio-solids 
(30%), dosed chemicals (18%) and power consumption (13%).  

3 Carbon refluxing (S1) increases the accumulation of COD and N in 
the bio-solids stream and reduces the quantity removed in the ASR. 
Total revenues are increased by +3% due to a higher profit from 
external treatment of bio-solids. Lower energy use, consumption of 
chemicals and sludge volumes to be transported reduce total cost 
down to -9%. Inactivation tank and activated sludge reactor capacity 
is liberated by 50% and 25%.  

4 Change of operational conditions in the buffer tank/anaerobic 
digester promotes heterotrophic denitrification instead of dissimi-
latory nitrate reduction to ammonia (S2). Hence, 5% of the incoming 
COD is not lost due to fermentative processes. COD recovery is 
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increased up to 34and 11% of the nitrogen is handled in the pre- 
acidification tank. P is no longer precipitated in the buffer tank 
and overloads the activated sludge reactor. These changes have im-
plications on revenues derived from energy production, energy and 
transportation costs increasing and decreasing the total revenues and 
expenditures up to +7% and down to –10% respectively.  

5 The change of inactivation agent allows for the anaerobic treatment 
of reject water (S4 and S6). As a result, recovery of incoming COD 
escalates up to 45%. This brings the highest increase in revenues to 
electricity production (+44%) even though the profits coming from 
external bio-solids treatment are decreased to -1%. Use of NaOH 
substantially increases chemical costs, while thermal treatment re-
duces the revenues derived from heat production. Overall, heat 
treatment largely overpasses the yearly savings compared to chem-
ical inactivation, making it the recommended technology to be 
developed in the future.  

6 Partial nitration/Anammox and P control dosage are absolutely 
necessary to recover the initial effluent values (S5 and S7). The 
added benefits of PN/ANX are lower energy consumption and 
biomass production. The results also show that it is necessary to have 
a more adaptive control system for PAC dosage to achieve acceptable 
effluent P levels.  

7 Life cycle impact assessment categories reveal that carbon refluxing, 
change of operational conditions in the buffer tank/anaerobic 
digester, thermal inactivation and PN/ANX + P control achieve the 
best scores on human health, ecosystems quality and resource 
scarcity.  

8 The study has demonstrated the huge potential of “virtual” evaluation 
of retrofitting options using a full-scale study. The good predictions 
between model predictions and plant data (< 5%) increase the 
credibility of the proposed set of tools presented in this manuscript. 
Results pints-points both strengths and weakness of each imple-
mentation and helps both process engineers and plant operators best 
practices how to run the plant in present and future. 
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