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ABSTRACT 

The growth of the world population and spread of industrialization have put a relentless pressure on 
resources. Wastewater treatment plants are large resource consumers and are now perceived as a promising 
effort to detain the global resources crisis through sustainable action. Therefore, the present work focusses on 
retrofitting a WWTP through resource recovery, aiming to reduce the operating costs of the plant.  

To this end, the Benchmark Simulation Model No. 2 (BSM2) is used as the starting setting of a WWTP and 

is extended in order to include the following full-scale technologies for recovery of added-value products: a) the 

chemical precipitation process, for recovery of iron phosphate (FePO4) fertilizer; b) the Exelys technology, for 

increased biogas production; and c) the Phosnix technology, for recovery of struvite (MgNH4PO4.6H2O) fertilizer. 

The technologies are added to the BSM2 layout according to different combinations, generating 7 distinct 

simulation scenarios.  

Global mass balances to the phosphorus and nitrogen components were performed to evaluate the 

feasibility of the extended benchmark simulation models, along with an economic evaluation in order to identify 

the most profitable retrofitted scenario. A sensitivity analysis was performed, as well, to quantify the impact of 

the introduction of the resource recovery units into the BSM2 plant. 

It was concluded that the most economically feasible scenario includes solely the addition of the Phosnix 

technology to the BSM2, for struvite precipitation, with an operating profit of 87,32 k€/year. 

Keywords: Wastewater treatment, Benchmark Simulation Model No. 2, retrofit, resource recovery. 
 

 

1 INTRODUCTION 

 Water is an essential resource to human life 

and is present in the majority of the everyday life 

activities. The resulting water from those activities 

is commonly addressed as wastewater and 

consists of the liquid portion of waste produced by 

every community [1]. 

 Conventional wastewater treatment allows 

to convert wastewater into an effluent that can be 

returned to the water cycle with 

minimal environmental issues or reused, making 

this process vital for sustaining the normal water 

cycle [1]. However, conventional wastewater 

treatment results in costs from greenhouse gas 

emissions, environmental degradation, and the 

over-consumption of energy, water, and minerals 

and also overlooks the valuable resources 

embodied in waste [2]. 

The exponential growth rate of the world’s 

population has led to a rise in water and energy 

demand, increasing the necessity of minimizing 

the carbon and energy footprint associated to 

wastewater treatment [3]. Applying integrated 

resource recovery to wastewater treatment 

systems allows to mitigate the environmental 

impact associated to wastewater treatment. By 

shifting away from today’s paradigm, which 

focuses on what must be removed from 

wastewater, to a new paradigm which focuses on 

what can be recovered from it, wastewater 

treatment plants may begin to be described as 

resource recovery systems (RRS) [4], [5]. 

Considering the complexity and 

unsteadiness nature of wastewater treatment 

systems, assuring a consistent monitoring of the 

plant’s activity in order to meet the effluent 

discharge regulations becomes a complex task. In 

this way, advanced instrumentation such as 

mathematical models and computer-aided 

simulations are essential to describe, predict and 

control the complicated interactions of the 

wastewater treatment processes. By combining 

knowledge of the processes dynamics with 
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mathematical methods it is possible to achieve a 

much accurate control of the wastewater 

treatment plant behaviour and to guarantee a 

satisfactory treatment performance [6],[7]. 

Currently, mathematical models, such as 

benchmark simulation models, are used as 

standard models to objectively evaluate the 

performance of control strategies implemented 

within wastewater treatment systems [8]. 

As a result the project motivation is to study 

the best way of retrofitting a WWTP in order to 

maximize resource recovery (such as biogas and 

phosphorus based-fertilizers) from the plant’s 

waste streams, by looking into the economic 

benefits and the impact of the introduction of these 

resource recovery strategies on the treatments 

being performed in the WWTPs. 

2 LITERATURE REVIEW 

2.1 WASTEWATER TREATMENT  
 Conventional wastewater treatment consists 
of a combination of physical, chemical, and 
biological processes and operations to remove 
solids, organic matter and, possibly, nutrients 
from wastewater. Widely used terminology refers 
to three levels of treatment, in order of increasing 
treatment level, are preliminary/primary, 
secondary, and tertiary and/or advanced 
wastewater treatment. In some countries, 
disinfection to remove pathogens sometimes 
follows the last treatment step [9]. 
 Primary treatment is designed to remove 
gross, suspended and floating solids from raw 
sewage; includes screening to trap solid objects 
and sedimentation by gravity to remove 
suspended solids [9], [10].  
 Secondary treatment removes the 
dissolved organic matter that escapes primary 
treatment through the activated sludge process. 
Microbes consume organic matter for their own 
growth and convert it into carbon dioxide, water 
and energy .The biological process is then 
followed by additional settling tanks to remove 
more of the suspended solids. About 85% of the 
suspended solids and BOD can be removed at 
this stage [9], [10].  
 Currently, wastewater treatment plants 
include a sludge treatment unit as well. For the 
most cases, primary and secondary sludge is 
collected, concentrated and thickened and it 
undergoes anaerobic digestion, a sludge 
stabilization method. During this process, the 
methane gas produced is used for electricity 
production in engines and/ or to drive the plant 
equipment; there is also formation of rich nutrients 
biosolids which are recycled (liquid digestate) and 
dewatered (sludge) [9]–[11]. 

2.2 RESOURCE RECOVERY FROM WASTEWATER 

TREATMENT SYSTEMS 
The obligation of complying with increasingly 

more stringent regulations for wastewater 

treatment plants and the growing understanding 

of wastewater treatment plants as large resource 

consumers act as promoters for driving 

fundamental changes in the way wastewater 

treatment is performed. It is more and more 

understood that WWTPs should also focus on 

minimizing the use of non-renewable resources, 

minimizing waste generation and enabling 

resource recycling, in order to increase their 

sustainability [12], [13]. 

The main resource recovery approaches 

implemented in wastewater treatment systems 

include: (1) onsite energy generation, (2) water 

reuse and (3) nutrient recycling [2], [13], [14].  

Energy recovery technologies, such has 

anaerobic digestion, and water reuse habits are 

already fully implemented into WWTPs for many 

years. As so, this sub-chapter focusses on 

reviewing the existent pre-treatment methods for 

improving biogas production through anaerobic 

digestion for onsite energy generation, as well as, 

implementation of nutrient recovery technologies, 

which are the still absent from working WWTPs. 

The two resource recovery alternatives will be 

further detailed next. 

2.2.1 ONSITE ENERGY GENERATION 
Onsite energy generation makes use of the 

organic loads of wastewater or other 

characteristics of WWTPs (e.g. water flow, 

residue heat, large space) to produce energy, 

mostly in the form of electricity, but also in the 

form of heat and fuel. This is the most commonly 

recognized approach to reduce environmental 

loads in WWTPs, once that the energy generated 

can be directly used, reducing the carbon offset of 

the WWTPs and the energy costs associated with 

the process as well [13]. Apart from reducing 

energy consumption within the WWTP, another 

advantage of using this approach lies on the fact 

that it also reduces hazardous contaminants 

present in the wastewater and improves effluent’s 

quality. 

 The technologies that have been in use for 

onsite energy generation are: (1) combined heat 

and power systems, (2) biosolids incineration, (3) 

effluent hydropower, (4) onsite wind and solar 

power, (5) heat pump, (6) bioelectrochemical 

systems and (7) microalgae [13].  Besides 

the technologies mentioned above, another way 

to reduce the environmental load of WWTPs 

through onsite energy generation is by increasing 
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the biogas during the anaerobic digestion step. 

Biogas forms during the degradation of the readily 

biodegradable portion of the solids in the 

anaerobic digestion process; however, the 

hydrolysis step of the anaerobic digestion process 

is a rate-limiting step, which prevents for higher 

biogas production rates. Sludge pre-treatment 

methods have been extensively researched in 

order to overcome this barrier [15], [16], [17]. 

Sludge pre-treatment methods focus on 

increasing the readily biodegradable portion of 

the solids being fed to the anaerobic digester, 

resulting in higher biogas production rates. Pre-

treatment methods intend to break open the 

sludge bacterial cells in order to release cell 

contents, making them more available. Currently, 

the following pre-treatments methods are 

available: (1) thermal at (a) lower (<110ºC) or (b) 

higher temperatures (>110ºC), (2) biological as 

(a) conventional, (b) two-stage anaerobic 

digestion (c) temperature phased anaerobic 

digestion or as (d) biohythane production, (3) 

mechanical and (4) chemical, namely (a) alkali, 

(b) acid and (c) ozonation [2], [16], [18].  

Factors such as an increasing trends 
towards lower nitrogen limits, increased final 
handling costs (especially for final destruction 
options like incineration) and increased legislative 
requirements for stabilisation performance and 
pathogen removal, have led to an increase in the 
popularity of the pre-treatment methods. In this 
way, this work focusses on sludge pre-treatment 
for onsite energy generation. 

2.2.1.1 NUTRIENT RECOVERY 
Nutrient recycling as a resource recovery 

strategy intends to make use of the excessive 

loads of nutrients present in the wastewater. This 

action assumes great importance since nutrients 

such as phosphorus (P) and nitrogen (N) are 

critical to intensive agriculture and because of 

their extensive use, there are severe concerns 

over long-term availability and cost of extraction 

of these nutrients, particularly with P which is 

predominantly sourced from mineral deposits. 

The main sources of phosphorus are 

phosphate rocks, which are non-renewable; these 

rocks are located in specific countries, such as 

Morocco, Iraq, China, Algeria and Syria, which 

can be considered as a food security issue for 

other nations for lack of fertilizers that would allow 

for normal agricultural practices [19]. In the other 

hand, although N is a renewable resource, the 

process by which it is synthesized (Haber Bosch 

process) is energetically intensive, with its cost 

dependent on the price and supply of natural gas. 

Combining the supply-demand issues 
enlightened above, with the WWTPs’ need to 
comply with though regulations related to 
discharge limits for these nutrients, resulted in an 
accelerated development of nutrient recovery 
technologies over the past decade. Nutrients can 
be recovered from raw wastewater sources, semi-
treated wastewater streams and treatment by-
products, such as biosolids [19]. 
 Although there are many technologies 
available for the purposes described above, only 
few of these technologies are considered feasible 
and, because of this, have reached a high level of 
maturity, having been implemented at full-scale 
installations and being currently commercialized, 

as described below in Table 1.

Table 1 – Full-scale technologies for resource recovery. 

Resource 
Recovered 

Technology Start-up Date Feed Material Method Final Product 

Onsite 
Energy 

Generation 

Cambi THP 2009 Non-digested Sludge 
Thermal Hydrolysis 

(Batch) 
Digested Sludge 

Exelys 2011 Non-digested Sludge 
Thermal Hydrolysis 

(Continuous) 
Digested Sludge 

Nutrients 
Recovery 

Crystalactor 1988 Liquid Crystallization Iron Phosphate 

AirPrex 2010 Liquid Crystallization 
Calcium 

Phosphate 

Ostara Pearl 2007 Digested Sludge Crystallization Struvite 

Phosnix 1998 Liquid Crystallization Struvite 

Seaborne 2005 Liquid 
Acid Leaching/ 
Crystallization 

Struvite 

Chemical 
Precipitation 

--- Digested Sludge 
Chemical 

Precipitation 
Struvite 

2.3 MODELLING OF WASTEWATER TREATMENT 

SYSTEMS 
 There are numerous wastewater 
treatment systems implemented all over the 
world, however, it is desirable to upgrade the 

way these treatments are implemented in order 
to obtain the most efficient and less-costly 
treatment system possible [20]. 
 Modelling is used as a tool to define 
complex systems in a more simplified way, in 
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order to allow for a better understanding of the 
relevant characteristics of those systems and to 
predict its behaviour.  
 The activated sludge unit plays a central 
role in wastewater treatment, therefore, this 
process was the first modelled unit [20]. There 
is a general acceptance towards the Activated 
Sludge Model No. 1 (ASM1) and it is used as a 
reference because it was the first model to 
appear in the research community for this 
process unit and later on it was also the first 
model implemented in practise [20]. 

2.3.1 ASM1 
 The ASM1 was developed in 1987, for the 
removal of organic compounds and nitrogen, 
with simultaneous consumption of oxygen and 
nitrate as electron accepters, from municipal 
waste activated sludge plant. Also ASM1 aims 
at providing a good description of the sludge 
production [20].  
 The model was firstly developed based on 
3 base-components, namely dissolved oxygen 
(SO) dissolved organic substrate (SS) and 
heterotrophic biomass (XH), and 2 main 
conversion processes: (1) aerobic biomass 
growth and (2) lysis of biomass. COD was 
adopted as the measure of the concentration of 
organic matter [20].Monod kinetic equation is 
used in ASM1 to describe the aerobic biomass 
growth, as shown below in equation  (1). 

𝜇 = 𝜇𝑚𝑎𝑥 ×
𝑆

𝑆 + 𝐾𝑆

  (1) 

where 𝜇 (𝑑−1) is the specific growth rate of the 

microorganisms,  𝜇𝑚𝑎𝑥  (𝑑−1)  is the maximum 
specific growth rate of the microorganisms, 

𝐾𝑆 (𝑔 𝐶𝑂𝐷 𝑚3⁄ ) is the half-valocity constant 
(the value of  𝑆 when 𝜇 𝜇𝑚𝑎𝑥⁄ = 0.5) and 

𝑆 (𝑀(𝐶𝑂𝐷)𝐿−3) is the concentration of the 
limiting substrate for growth. 𝜇𝑚𝑎𝑥 and Ki are 
empirical coefficients to the Monod equation 
[20].  
 Monod’s model assumes that the growth 
rate of biomass is related to the concentration 
of a single growth limiting substrate, however, 
biomass growth rate is dependent on multiple 

substrates. In this way, equation  (1) results in 

equation  (2). 

𝜇 = 𝜇𝑚𝑎𝑥 ×
𝑆

𝑆 + 𝐾𝑆

.
𝑆𝑂

𝑆𝑂 + 𝐾𝑂

.
𝑆𝑁

𝑆𝑁 + 𝐾𝑁

…  (2) 

 To model the lysis process in ASM1, a 1st 
order process was chosen, where biomass falls 
apart, 𝑋𝐻, in proportion to the biomass 
concentration present and the constant of 
proportionality is called the rate constant for 
decay, 𝑏𝐻, resulting in equation (3). 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝐿𝑦𝑠𝑒𝑑 (𝑔 𝐶𝑂𝐷/ 𝑚3) =  𝑏𝐻 . 𝑋𝐻 (3) 

 In the ASM1, biomass degradation is 
performed in two processes: a relatively rapid 
process of biodegradation of part of  the COD 
(RBCOD), comprising of organics such as 
volatile fatty acids (VFAs) and glucose, and a 
relatively slow process of the COD degradation 
(SBCOD) (cellulose, starch, proteins, etc). 
 It is also assumed that the SBCOD is 
converted into RBCOD by the relatively slow 
process of hydrolysis, introducing a new 
process to the ASM1 [8], [20]. To model this 
process the following kinetic equation was 
considered, equation  (4): 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝐻𝑦𝑑𝑟𝑜𝑙𝑖𝑠𝑒𝑑 (𝑔 𝐶𝑂𝐷/ 𝑚3)

= 𝑘𝐻 .
(𝑋𝑆 𝑋𝐻⁄ )

𝐾𝑋 + (𝑋𝑆 𝑋𝐻)⁄
. 𝑋𝐻 

 (4) 

2.3.2 BENCHMARKING OF WASTEWATER 

TREATMENT SYSTEMS 
Benchmark Simulation Models (BSM) are 

a standardised simulation protocol which is 
used as performance assessment and 
evaluation of control strategies for wastewater 
treatment systems [21]–[23] . 
The BSM platform is used for performance 
assessment and evaluation of control 
strategies for wastewater treatment systems. 
The benchmark defines the plant layout, the 
simulation model, influent loads, test 
procedures and evaluation criteria; once the 
user validates the simulation code, any control 
strategy can be applied and the performance 
can be evaluated according to a defined set of 
criteria [8], [21], [24]. 

2.3.2.1 BSM2 
It is now understood that an optimum 

solution for the design and operation of an 
entire WWTP frequently differs from the simple 
compilation of solutions achieved for the design 
or operation of each unit-process separately. In 
this way, the present state of mind regarding 
wastewater treatment is set towards a “plant-
wide approach”, with the inclusion of both water 
and sludge lines in WWTP modelling [25].  

The Benchmark Simulation Model No. 2 
(BSM2) [8], developed in 2007, is a plant-wide 
simulation model for wastewater treatment 
systems [21], [22] and it contemplates the 

following diagram presented below in Figure 1. 
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2.4 CHAPTER CONCLUSIONS 
The continuous development of 

wastewater treatment systems aims at 

improving the performance of these plants in 

the most efficient way possible. Over the past 

decades, there has been a growing awareness 

towards the resource depletion problem, and 

wastewater treatment plants are an example of 

the large resources consumers.  

Resource recovery is a way of mitigating 

the large consumption of resource in 

wastewater treatment plants. There are two 

main ways of implementing resource recovery 

in WWTPs, namely, through onsite energy 

generation and nutrient recovery.   

The three full-scale technologies for resource 

recovery tested in this dissertation were the 

chemical precipitation process, the Exelys 

technology and the Phosnix technology.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Mathematical modelling of complex 

systems, such as wastewater treatment 

systems, is the most efficient methodology for 

studying the best way of maximizing resource 

recovery in WWTP. In this dissertation, the 

Benchmark Simulation Model No.2 (BSM2) was 

used as a wastewater treatment scenario. The 

BSM2 was retrofitted in order to include three 

full-scale technologies for resource recovery, 

which were selected in order to best fit to the 

BSM2 plant layout.   

3 MODEL DEVELOPMENT 
The reference BSM2 was extended on 

Matlab/ Simulink software to include the full-

scale technologies selected above for resource 

recovery, as presented in Figure 2. 
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Figure 1 - General overview of the BSM2 plant. [8], [21], [24]. Subtitle: 1 – primary clarifier; 2 – activated sludge 

unit; 3 – secondary clarifier; 4 – thickener; 5 – anaerobic digester; 6 – dewatering unit. 

Figure 2 - Schematic representation of the BSM2 plant’s layout including the three technologies introduced into the BSM2 
model. Each technology is enlighten with a different colour. 

FeSO4.7H2O 

Mg(OH)2 
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Seven different simulation scenarios were 

created to assess the impact of the introduction 

of each technology into the BSM2 plant, as 

explained in Table 2.  

Table 2 – Simulation scenarios considered. C0 refers 

to the BSM2 model with no alterations. 

Scenario Treatment Combinations 

C1 C0 + Chemical Pp. (CP) 

C2 C0 + Exelys T. (E) 

C3 C0 + Phosnix T. (P) 

C4 C0 + CP + E 

C5 C0 + CP + P 

C6 C0 + CP + E + P 

C7 C0 + E + P 

4 RESULTS AND DISCUSSION 
 To identify the most profitable simulation 
scenario, an economic evaluation was performed 
for the different simulation scenarios, through the 
calculation of the operating costs and gross profit 

associated to each scenario, according to what 
was done by Gernaey et al. (2014), including the 
necessary adjustments to calculate the operating 
costs associated with the resource recovery units 
introduced in the BSM2 model. 

The operating costs (OC) for each 

scenario were calculated according to 

equation (5), based on Gernaey et al., (2014). 

𝑂𝐶 = 𝐸𝑄 + 𝑆𝑃 + 𝐸𝐶 + 𝐸𝑁 + 𝑅𝑈  (5) 

where OC is the operating costs (€/y), EQ is the 
effluent quality costs (kg PU/d), SP is the sludge 
production costs (kg/d), EC is the external 
carbon source costs (kg/d), EN is the energy 
costs (€/y) and RU is the reactants and utilities 
costs (€/y), which include the cost of buying the 
reactants for the chemical precipitation and 
Phosnix technology and the costs associated 
with steam consumption. The operating costs of 
each simulation scenario studied are presented 

below in Table 3.   

Table 3 - EQ, SP, EC, EN, RU and OC costs (k€/y) for each BSM2 combination considered. 

Combination EQ (k€/y) SP (k€/y) EC (k€/y) EN (k€/y) RU (k€/y) OC (k€/y) 

C0 374,41 177,90 60,00 -252,83 0 359,48 

C1 261,63 177,96 60,00 -279,72 2397,66 2617,53 

C2 408,44 128,88 60,00 -237,85 0 359,47 

C3 344,73 177,88 60,00 -260,84 45,08 366,86 

C4 296,87 131,12 60,00 -229,25 2466,23 2724,98 

C5 254,70 177,95 60,00 -257,24 1896,64 2132,05 

C6 288,82 128,87 60,00 -226,90 1979,23 2228,02 

C7 359,89 124,60 60,00 -158,83 48,73 434,02 

The main observations to be drawn from 

Table 3 are that, apart from the operating costs 

of the simulation scenarios that include the 

chemical precipitation process, namely 

scenarios C1, C4, C5 and C6, the scenario that 

presents the highest operating cost variation 

when compared to the operating costs of the 

base-case scenario - C0 -, is scenario C7 which 

has approximately a 21% variation when 

compared to scenario C0. Scenarios C2 and C3 

do not present a significant variation when 

compared to the base-case results. 

The results obtained for the operating cost 

of scenario C7 are mainly due to the fact that 

this scenario has, approximately, 37% less 

energy savings than the base-case scenario, 

which is a consequence of a 15,4% less biogas 

production. The non-significant variation of the 

operating costs of the scenarios C2 and C3 

reflect that the introduction of the Exelys 

technology and the Phosnix technology by 

themselves do not affect the overall operating 

costs of the BSM2. 

Regarding the results obtained for the 

operating cost of the simulation scenarios that 

include the chemical precipitation process, 

namely scenarios C1, C4, C5 and C6, these are 

directly related to the reactant costs associated 

with these scenarios. 

The gross profit for the chemical 
precipitation process was calculated according 

to equation  (6). 

𝐶𝑃𝑃𝑟𝑜𝑓𝑖𝑡 =
𝑚𝐹𝑒𝑃𝑂4

1000 × 1000
× 𝐹𝑒𝑃𝑂4𝑃𝑟𝑖𝑐𝑒

× 365 

 (6) 

where CPProfit is the chemical precipitation profit 
(k€/y), mFePO4 is the mass of iron 
phosphate recovered during the process (g) 
and FePO4Price is the commercial value of iron 
phosphate (€/ton). The gross profit for the 
Phosnix technology was calculated according 

to equation  (7). 

𝑃ℎ𝑜𝑠𝑛𝑖𝑥𝑃𝑟𝑜𝑓𝑖𝑡 =
𝑚𝑀𝐴𝑃

1000 × 1000
× 𝑀𝐴𝑃𝑃𝑟𝑖𝑐𝑒 × 365 

 (7) 

where PhosnixProfit is the Phosnix technology 

profit (k€/y), mMAP is the mass of struvite (MAP) 
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recovered during the process (g) and MAPPrice 

is the commercial value of struvite (€/ton).The 

overall gross profit was calculated according to 

equation (8).  

𝐺𝑟𝑜𝑠𝑠 𝑃𝑟𝑜𝑓𝑖𝑡 = 𝐶𝑃𝑃𝑟𝑜𝑓𝑖𝑡 + 𝑃ℎ𝑜𝑠𝑛𝑖𝑥𝑃𝑟𝑜𝑓𝑖𝑡  
(8) 

 The weighted average commercial value 
assumed for each reactant was 7,77 €/kg for 
FePO4 and 16,94 €/kg for struvite.  

The operating profit was calculated according 

to equation (9).   

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑃𝑟𝑜𝑓𝑖𝑡 = 𝐺𝑟𝑜𝑠𝑠 𝑃𝑟𝑜𝑓𝑖𝑡 − 𝑂𝐶 
 (9) 

The overall gross profit and operating profit 
for each simulation scenario studied is 

presented below in Table 4. 

Table 4 - Chemical precipitation’s, Phosnix’s and gross’s profits and operating profit for each BSM2 

configuration (k€/y). 

Scenario 
Chemical Precipitation 

Profit (k€/y) 

Phosnix Profit 

(k€/y) 

Gross Profit 

(k€/y) 

OC 

(k€/y) 

Operating profit 

(k€/y) 

C0 --- --- --- 359,48 -359,48 

C1 503,48 --- 503,48 2617,53 -2114,05 

C2 --- --- --- 359,47 -359,47 

C3 --- 454,17 454,17 366,86 87,32 

C4 517,88 --- 517,88 2724,98 -2207,10 

C5 401,06 454,73 855,79 2132,05 -1276,26 

C6 405,58 481,55 887,13 2228,02 -1340,89 

C7 --- 487,30 487,30 434,02 53,27 

 
One of the main conclusions to be drawn 

from the overall economic evaluation presented in 

Table 4 is that the chemical precipitation and the 

Phosnix profits are of the same order of 

magnitude. However, in those scenarios where 

the chemical precipitation is adopted, operating 

costs result much higher than the gross profits 

obtained, thus leading to a drastically-negative 

operating profit.  

This result can be ascribed to the fact that the 

iron sulphate price used in this work is, 

approximately, 43% higher than the commercial 

value assumed for the iron phosphate.  

A clear example demonstrating that the 

chemical precipitation profit is the technology 

drastically reducing the operating profit is scenario 

C6, where the three resource recovery 

technologies are included, which presents the 

highest gross profit margin, yielding 887,13 k€ per 

year of profit. This scenario was expected to 

correspond to the most profitable alternative for 

the BSM2 plant; however, even though this 

scenario has the highest gross profit margin, as 

presented in Table 4, it does not yield to the 

highest operating profit because of the high 

operating costs associated with the chemical 

precipitation process.  

Regarding the remaining scenarios, more 

specifically scenarios C0, C2, C3 and C7, firstly it 

can be observed that scenario C0 presents no 

gross profit margin, because it corresponds to 

the reference BSM2 scenario, in which no 

techniques for recovery of added-value products 

are implemented.  Secondly, the scenario C2 

does not present gross profit margins, as well. 

This is because this scenario corresponds to the 

introduction of the Exelys technology in the 

BSM2 plant by itself and, as explained 

previously, the additional biogas production 

associated with the introduction of this 

technology in the BSM2 and the consequent 

additional energy generation are taken into 

account in the energy costs/savings of the plant, 

and not as gross profit. Furthermore, scenario C2 

presents a operating profit equal to the one 

presented by the base-case scenario C0, 

implying that despite the verified low increase in 

the biogas production for the scenarios that 

include the Exelys technology, in an overall 

context, the introduction of this technology into 

the BSM2 does not impact negatively the plant 

retrofitting. 

Lastly, the scenarios C3 and C7, despite 

having the lowest gross profit margins of all 

the simulation scenarios studied, present, not 

only the highest operating profit values, but 

also positive operating profits. The simulation 

scenario C3, which corresponds to the 

introduction of the Phosnix technology by itself 

into the BSM2 reference plant, presents a 

operating profit value equal to 87,32 k€/year; 

scenario C7, which corresponds to the 

introduction of both the Exelys and the 

Phosnix technology has an operating profit 

value of 57,23 k€/year. 
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4.1 CHAPTER CONCLUSIONS 
  In conclusion, it can be understood that 

from the global mass balances performed to the 

phosphorus and nitrogen components of the 

BSM2 plant, mass conservation was verified for 

every simulation scenario tested, meaning that 

the full-scale technologies for recovery of added-

value products were successfully implemented 

into the reference BSM2. 

Regarding the economical evaluation, it is 

possible to conclude that, in the first place, the 

simulation scenarios that included the chemical 

precipitation process have very high reactant 

costs, resulting in a non-viable way of retrofitting 

WWTPs. Secondly, the results obtained for the 

simulation scenarios that included the Exelys 

technology revealed that the biogas production 

was not as increased as expected; however, it 

was verified that the introduction of the Exelys 

technology in the BSM2 does not affect the 

operating costs of the plant. Lastly, considering 

all the results summarized above, the simulation 

scenario that represented the best retrofitting 

alternative for the BSM2 corresponds to the 

introduction of the Phosnix technology in the 

reference BSM2, presenting a positive operating 

profit of 87,32 k€ per year. 

5 SENSITIVITY ANALYSIS 
Sensitivity analysis is performed with the 

objective of evaluating the response of the 

new treatment technologies introduced into 

the BSM2 model to changes in some of the 

assumed WWTP model inputs, allowing to 

draw conclusions about the reliability of the 

results presented. Broadly, sensitivity analysis 

intends to identify which model inputs are 

mainly responsible for the observed 

uncertainty of the model outputs.  

According to Sin et al. (2011), to employ 

the sensitivity analysis method the following 

steps were performed: 

- Selection of the uncertainty parameters (input 
uncertainty), framing and sampling 

- Monte-Carlo Simulation  
- Linear-regression on the selected outputs 

(Standard Regression Coefficients Method 
(SRC)). 

Sensitivity analysis was applied for the 
BSM2 configuration that includes the three 
different treatment units introduced into the 
BSM2 base-case scenario (combination 6), in 
order to allow for the analysis of an higher 
number of uncertainty sources, resulting in a 
most complete sensitivity analysis.  

The uncertainty parameters and respective 
framing are presented below in Table 5. 

Table 5 - Uncertainty inputs mean values and framing intervals.  

Input Nº Input Mean Value Lower Limit Upper Limit Source 

1 Phosnix yield 0,83 0,8 0,9 [27] 

2 CP yield 0,8 0,8 0,9 [28] 

3 %TSSsolubilized Exelys  0,28 0,23 0,33 [18] 

4 [P]influent 6,5 5,85 7,15 Expert Knowledge 

5 [SNH]influent 23,85 18,30 29,40 Expert Knowledge 

6 [XS]influent 363,77 277,55 396,0 Expert Knowledge 

7 KI NH3 0,017 0,01275 0,02125 Expert Knowledge 

8 Volume AD 3400 3060 3740 Expert Knowledge 

9 % TSSremoval, DU 98 97 99 Expert Knowledge 

 The simulation model outputs analysed in 
the sensitivity analysis were: AE (aeration 
energy), PE (pumping energy), SP (sludge 
production), ECH4 (methane energy), O2 Tank 3 
(oxygen supplied in the activated sludge tank 
number 3), TSS Load Eff, COD Load Eff, TKN Load Eff, SNO 

Load Eff  and P Load Eff are the amount of TSS, COD, 
TKN, SNO and P in the effluent stream, 
respectively. The standardised regression 
coefficients (βi) for the selected outputs obtained 

through the SRC method are presented below in 

Table 6. The coefficients of determination and 
relative variance contributions for each of the 

analysed outputs are presented below in Table 6, 

as well. Only the absolute βi values higher than 0,1 
are displayed. 
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Table 6 - Standardized regression coefficients, βi, coefficients of determination, R2, and relative variance 

contributions, βi
2, for each of the analysed outputs. 

Input AE PE SP ECH4  
kLa 

Tank 3 
TSS 

Load Eff 
COD 

Load Eff 
TKN 

Load Eff 
SNO 

Load Eff 
P Load 

Eff 

N2 

Emitted 

AS 

R2 0,9998 1,000 0,9993 0,9997 1,000 1,000 0,9998 1,000 0,9998 0,9999 1,000 

Phosnix yield 0,00 0,00 0,00 0,00 0,00 0,00 -0,00 0,00 0,00 0,00 0,00 

CP yield 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

%TSS solubilized Exelys  0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

[P]influent -0,71 0,00 0,00 0,00 -0,53 0,00 -0,01 -0,19 0,92 0,00 -0,96 

[SNH]influent 0,15 0,05 -0,04 0,03 0,23 0,05 -0,07 -0,04 0,09 0,22 0,05 

[XS]influent 0,48 0,31 0,27 0,12 0,53 0,30 0,19 -0,04 0,03 0,98 0,21 

KI NH3 -0,02 -0,01 0,00 -0,04 -0,01 -0,01 0,00 -0,02 0,04 0,03 -0,03 

Volume AD 0,30 -0,01 0,83 0,99 0,43 0,00 0,38 -0,06 0,36 0,07 0,04 

% TSS removal, DU 0,39 -0,96 0,49 -0,03 0,48 -0,96 -0,91 0,978 -0,13 -0,08 -0,17 

Σ(βi)2 1,00 1,01 1,01 1,00 1,01 1,01 1,02 1,00 1,00 1,01 1,00 

 

From the sensitivity analysis performed to 

the simulation scenario C6 it was understood that 

the plant’s performance criteria was linearized 

satisfactorily (model determination coefficient 

R2>0,9), making the standardised regression 

coefficients (βi) a valid sensitivity measure. 

However, the relative importance ranking on the 

model output (plant’s performance criteria) is 

conditional towards the way the problem was 

formulated. For example, if other uncertainty 

inputs were considered, the presented sensitivity 

analysis results would not stand. In this way, it is 

not possible to draw overall conclusions from the 

sensitivity analysis. 

6 CONCLUSION AND FUTURE WORK 

The importance of wastewater treatment 

has been recognized over centuries, however, in 

the past decades, with the growing awareness 

towards the worldwide water and resources 

scarcity problem, many efforts have been made 

in order to improve the way wastewater 

treatment is performed.  

In this study, a simulation model of a 

wastewater treatment system, the Benchmark 

Simulation Model No. 2 (BSM2), has been 

extended in order to include recovery of added-

value products as a way of retrofitting the BSM2 

plant. 

Three full-scale technologies were selected 

for recovery of added-value products from the 

BSM2 plant, namely: 1) the chemical precipitation 

process for recovery of iron phosphate (FePO4) 

fertilizer from the effluent stream, 2) the Exelys 

technology, for increased biogas production 

during the anaerobic digestion process, through 

an additional pre-treatment step which enhances 

COD solubilisation and 3) the Phosnix technology 

for recovery of struvite (MgNH4PO4.6H2O) fertilizer 

from the overflow of the dewatering unit, placed 

after the anaerobic digestion step. Different 

simulation scenarios, resulting from the 

combination of the different resource recovery 

techniques, were implemented and evaluated as 

a way of identifying the best retrofitting scenario 

for the BSM2 plant.  

Global mass balances for the 

phosphorus and nitrogen components were 

implemented for the different simulation 

scenarios studied in order to achieve full 

process definition. Secondly, an economic 

evaluation of the operating costs and the 

gross profit margin of each simulation 

scenario was performed in order to identify the 

most profitable scenario for the BSM2 plant. 

Lastly, a sensitivity analysis was implemented 

was a way of quantifying the impact of the 

introduction of the resource recovery units into 

the BSM2 plant.  

  From the global mass balances 

implementation, it was concluded that the three 

technologies were successfully implemented in 

the BSM2. Regarding the economical evaluation, 

it was understood that the simulation scenarios 

that included the chemical precipitation process, 

namely scenarios C1, C4, C5 and C6, are 

economically unfeasible, presenting very low net 

balance yields, due to the stoichiometry of the 

process and to the process’ high reactant costs, 

as well. On the other hand, the simulation 

scenarios C3 and C7 presented positive net 

balance yields, creating a profit to the BSM2 plant. 

The scenario C3, which corresponds to the sole 

addition of the Phosnix technology to the base-

case BSM2 plant (C0), is the most profitable one, 
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with a operating profit of 87,32 k€ per year. With 

regards to the sensitivity analysis, the analysis 

was successfully performed, being able to quantify 

the impact of the resource recovery units into the 

BSM2 plant for the uncertainty parameters 

considered and increasing the model robustness.  

The extended BSM2 presented in this work 

could be improved in a following investigation 

work if the impacts of the Exelys technology in 

the anaerobic digestion process could be 

minimized. The anaerobic digestion process is 

modelled in the BSM2 according to the ADM1 

model. The ADM1 model has not been object of 

further developments since its creation, in this 

many parameters of the model may need to be 

revised in order to make the ADM1 model more 

adaptable to more recent treatments used in 

wastewater treatment systems. 

Further retrofitting strategies could be 

applied to the reference BSM2 by exploring the 

recovery of different added-value products within 

the plant, for example, using the sludge 

produced within the plant for energy production. 

Furthermore, the profitability of the BSM2 plant 

could be greatly improved if the costs associated 

with the recovery of nutrients from low 

concentration streams, such as the effluent 

stream, could be reduced; this could be achieved 

through the adaptation of a full-scale technology, 

such as the Crystalactor technology, used for 

nutrient recovery from effluent streams from 

enhanced biological phosphorus removal 

(EBPR) systems, for common activated sludge 

systems, as the BSM2 plant. 

It would be also interesting, as future work, 

to perform a capital expenditure (CAPEX) 

analysis and a sustainability analysis, for 

example, performing a LCA (Life Cycle 

Assessment) analysis of the different 

simulations scenarios studied. 

Overall, from the present study it is possible 

to understand that the introduction of full-scale 

technologies for recovery of added-value products 

within the BSM2 proved to provide a robust and 

realistic retrofitted benchmark simulation model 

that best maximizes resource recovery in 

wastewater treatment plants and that can be used 

as a reference by those WWTP managers willing 

to retrofit their plant to recover resources in the 

most economically-efficient way. 
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