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ABSTRACT 

This work was carried out in order to study the performances of biological reactors such as 

moving bed biofilm reactors (MBBR) and biological membrane reactor (MBR) for greywater 

treatment and reuse in flushing toilets at laboratory and real scales. It investigated the 

application of software tools for the optimization of the design of the studied reactors as well 

as the evaluation of their environmental performances.  

In this context, the monitoring of the biodegradation of the organic and nitrogen compounds 

was performed to describe the efficiency of the investigated technologies. The full-scale 

MBBR plant composed by several reactors (R1 to R10) has shown a high performance for the 

removal of chemical oxygen demand (COD), dissolved organic carbon (DOC), biological 

oxygen demand (BOD5), ammonia (NH4-N) and total nitrogen (TN) with removal efficiencies 

up to 93%, 80.7%, 99%, 89% and 77% respectively. The steady state modeling was applied to 

this full- scale MBBR plant using the activated sludge model No.3 (ASM3) implemented in 

Simba software. The results of modeling showed a good correlation between simulated and 

experimental concentrations of COD issued from the different reactors of the MBBR plant. 

The results of the simulation related to two reactors (R1 and R5) showed an acceptable 

correlation with the experimental results except for the TN. However, the adjustment of the 

stoichiometric parameters led to a satisfactory simulation of TN concentrations. The 

Modeling of the biodegradation characteristics of greywater in a submerged membrane 

sequencing batch reactor (SM-SBR) showed also a good correlation between simulated and 

experimental results. 

In addition to the biodegradation performance, the environmental performance of the MBBR 

used for the on-site recycling of treated greywater (TGW) was studied using Simparo 

software. Life cycle assessment approach (LCA) was applied to compare recycling to no 

recycling scenarios and to evaluate the environmental impact of the MBBR. The water 

recycling was not harmful to the environment and the additional processes required for the 

recycling such as the distribution system didn't affect drastically the environmental 

performance of the plant. For instance, it contributed with less than 10% to the total 

environmental impact of the plant for the majority of the impact categories. Moreover, it 

allowed a reduction ranging between 3.9% and 17% on five impact categories which are 

ozone layer depletion (ODP), freshwater aquatic ecotoxicity (FAEP), marine aquatic 

ecotoxicity (MAE), terrestrial ecotoxicity (TE), and eutrophication (EP). A sensitivity 

analysis was carried out and showed that the use of renewable energy and a lower quantity of 
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Polyvinylchloride (PVC) pipes or another material such as Polyethylene (PET) could enhance 

the environmental performance of the plant.  

Consequently, the integration of water recycling approaches in local context should be 

considered by the decision-makers in water management policies in order to guarantee the 

sustainability of the wastewater treatment systems.  

Keywords: Biological treatment, greywater recycling, MBBR, SM-SBR, MBR, modeling, 

biocarriers, ASM3, LCA, integrated water management.  
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RESUME 

Ce travail vise à étudier les performances des réacteurs biologiques, tels que le réacteur à lit 

mobile (MBBR) et le réacteur à membrane biologique (MBR), utilisés pour le traitement des 

eaux grises afin de les réutiliser dans les chasses d'eau. De plus, il vise l’application des 

logiciels spécifiques utilisés pour l'optimisation de la conception des réacteurs étudiés ainsi 

que l'évaluation de leurs performances environnementales. Dans ce contexte, le suivi de la 

dégradation des matières organiques et azotés a été réalisé pour décrire l'efficacité des 

technologies étudiées. Le réacteur à grande échelle, le MBBR à grande échelle composée de 

plusieurs réacteurs (R1 à R10), a montré une bonne performance concernant l'élimination de 

la demande chimique en oxygène (DCO), le carbone organique dissous (COD), la demande 

biologique en oxygène (DBO5), et l'ammonium (NH4-N) et l'azote total (TN) avec des 

rabattements  allant jusqu'à 93% %, 80.7%, 99%, 89% et 77%, respectivement. La simulation 

en régime permanent a été appliquée au réacteur MBBR à grande échelle en utilisant le 

modèle de boues activées de type ASM3 implémenté dans le logiciel Simba. Les résultats de 

la modélisation ont montré une bonne corrélation entre les concentrations simulées et 

expérimentales de la DCO provenant des différents réacteurs du système MBBR. Les résultats 

de la simulation relatifs à deux réacteurs (R1 et R5) ont montré une corrélation acceptable 

avec les résultats expérimentaux, à l'exception du TN. Cependant, l'ajustement des paramè tres 

stœchiométriques a permis une simulation satisfaisante des concentrations de TN. La 

modélisation des caractéristiques de biodégradation des eaux grises par un réacteur biologique 

séquentiel à membranes immergées (SM-SBR) a également montré une bonne corrélation 

entre les résultats simulés et expérimentaux.  

En outre, les performances environnementales des MBBRs utilisés pour le recyclage direct 

des eaux grises traitées (EGT) ont également été étudiées à l'aide du logiciel Simparo. 

L'approche de l'analyse du cycle de vie (ACV) a été appliquée pour comparer les scénarios de 

recyclage et de non-recyclage de point de vue environnemental et pour évaluer l'impact 

environnemental du MBBR. Le recyclage de l'eau n'a pas un effet néfaste sur l'environnement 

et que les processus supplémentaires requis pour le recyclage, tel que le système de 

distribution, n'ont pas altérer la performance environnementale du système. Par exemple, la 

contribution du recyclage représente moins de 10% de l’impact environnemental total du 

réacteur pour la majorité des catégories d’impact. De plus, le recyclage des eaux traitées a 

permis une réduction comprise entre 3.9% et 17% pour les cinq catégories d'impact suivantes: 

appauvrissement de la couche d'ozone, écotoxicité aquatique en eau douce, écotoxicité en 
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milieu aquatique marin, écotoxicité terrestre et eutrophisation. Une analyse de sensibilité a été 

réalisée et a montré que l'utilisation d'énergies renouvelables ainsi qu'une quantité moindre de 

tubes en polychlorure de vinyle (PVC) ou sa substitution par un autre matériau tel que le 

polyéthylène (PET) pourraient améliorer la performance environnementale du système. 

Par conséquent, les décideurs dans les politiques de gestion de l'eau devraient envisager 

l'intégration des approches de recyclage de l'eau dans le contexte local afin de garantir la 

durabilité des systèmes de traitement des eaux usées.  

Mots clés : Traitement biologique, recyclage des eaux grises, MBBR, SM-SBR, MBR, 

modélisation, biocarriers, ASM3, ACV, gestion intégrée des eaux. 
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ZUSAMMENFASSUNG 

Diese Arbeit wurde durchgeführt, um die Leistung von biologischen Reaktoren wie 

Wirbelschichtreaktoren (MBBR) und biologischen Membranreaktoren (MBR) zur 

Grauwasseraufbereitung und -wiederverwendung bei der Toilettenspülung im Labor- sowie 

im Realmaßstab zu untersuchen. Der Einsatz von Softwaretools zur Designoptimierung der 

untersuchten Reaktoren sowie die Bewertung ihrer Umweltleistung wurden untersucht.  

In diesem Zusammenhang wurde das biologischen Abbaus der organischen und 

stickstoffhaltigen Verbindungen beobachtet, um der Wirkungsgrad der untersuchten 

Technologien zu beschreiben. Die MBBR-Anlage, die aus mehreren Reaktoren (R1 bis R10) 

besteht, hat eine hohe Leistung bei dem Abbau von chemischem Sauerstoffbedarf (CSB), 

gelöstem organischem Kohlenstoff (DOC), biologischem Sauerstoffbedarf (BSB5), 

Ammoniak (NH4-N) und Gesamtstickstoff (TN) mit Abbauleistungen von bis zu 93%, 80,7%, 

99%, 89% bzw. 77% gezeigt. 

Die stationäre Modellierung, mit dem in der Simba-Software implementierten 

Belebtschlamm-Modell Nr. 3 (ASM3), wurde auf die MBBR-Anlage angewendet. Die 

Ergebnisse der Modellierung zeigten eine gute Korrelation zwischen den, in den 

verschiedenen Reaktoren der MBBR-Anlage, simulierten und den experimentellen ermittelten 

CSB-Konzentrationen. Die Ergebnisse der Simulation für die Reaktoren (R1 und R5) zeigten 

eine akzeptable Korrelation mit den experimentellen Ergebnissen mit Ausnahme der TN-

werte. Die Anpassung der stöchiometrischen Parameter führte jedoch zu einer 

zufriedenstellenden Simulation der TN-Konzentrationen. Die Modellierung der biologischen 

Abbaumechanismen von Grauwasser in dem SM-SBR zeigte ebenfalls eine gute Korrelation 

zwischen den simulierten und den experimentellen Ergebnissen. 

Darüber hinaus wurde die Umweltverträglichkeit des MBBR mit Vor-Ort-

Grauwasserwiederverwendung mit der Simparo-Software untersucht. Der Ökobilanzansatz 

(Life Cycle Assessment Approach, LCA) wurde angewendet, um die Szenarien mit 

Wiederverwendung und ohne Wiederverwendung zu vergleichen und die 

Umweltauswirkungen der MBBR zu bewerten.  

Die Wasserwiederverwendung war nicht umweltbelastend und die für die Wiederverwendung 

erforderlichen zusätzlichen Prozesse, wie das Verteilungssystem, beeinträchtigten die 

Umweltleistung der Anlage nicht drastisch. So hat die Wiederverwendung mit weniger als 

10% zur gesamten Umweltbelastung der Anlage für die meisten Wirkungskategorien 

beigetragen. 
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Darüber hinaus konnte eine Verringerung zwischen 3,9 % und 17 % bei fünf 

Wirkungskategorien erreicht werden, nämlich bei der Ozonschichtausdünnung (ODP), 

Süßwasser aquatische Ökotoxizität (FAEP), Meeres aquatische Ökotoxizität (MAE), 

Terrestrische Ökotoxizität (TE) sowie Eutrophierung (EP). Eine Sensitivitätsanalyse wurde 

durchgeführt und zeigte, dass der Einsatz erneuerbarer Energien und eine geringere Menge an 

Polyvinylchlorid (PVC)-Rohren oder einem anderen Material wie Polyethylen (PET) die 

Umweltleistung der Anlage verbessern könnte.  

Infolgedessen sollte die Integration der Wasserrecyclingansätze in den lokalen Kontext von 

den Entscheidungsträgern in der Wasserwirtschaftspolitik in Betracht gezogen werden, um die 

Nachhaltigkeit der Abwasserbehandlungssysteme zu gewährleisten.  

 

Schlagwörter/Keywords: Biologische Behandlung, Grauwasserrecycling, MBBR, SM-SBR, 

MBR, Modellierung, Bioträger, ASM3, Ökobilanz, integrierte Wassermanagement.  
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1.Introduction 

1.1.General context 

Actually, human is facing a big challenge in order to fulfill the sustainable development goals 

(SDGs) established by the United Nations on September 25th, 2015, this set of goals aims to 

eradicate poverty, protect the planet and ensure prosperity for all people. The establishment of 

these 17 goals is expected to be achieved up 2030 which requires the cooperation and the 

involvement of all. The (SDG)s  have different targets to be achieved starting with the first 

goal aiming to eradicate poverty everywhere and ending with the last goal which is about the 

revitalizing of the global partnership for sustainable development to enhance collaboration 

and promote technical exchange and capacity building all over the world. The sixth goal of 

the (SDG)s is about ensuring access to water and sanitation for all. In fact, the access to clean 

water and sanitation was officially considered as a human right by the United Nations since 

July 2010  through Resolution 64/292 (United Nations 2010) inviting states and international 

organizations to enhance their efforts and support countries especially developing countries, 

to provide secure accessible low-cost drinking water with good quality and sanitation for all 

the people.  

The challenge of giving access to clean water and sanitation requires the adoption of new 

approaches and strategies especially with the decrease of the available fresh water and the 

continuous increase of the population, in addition to the climate change. 

The decentralized system for wastewater treatment is a promising approach for the 

preservation of natural resources of water as it allows the reuse of treated wastewater and the 

decrease of the consumption of fresh water especially by the implementation of segregation 

systems (blackwater and greywater). Different technologies are used for the treatment of 

greywater such as biological processes with high efficiency leading to the production of 

treated water which meets the standards and norms of reuse for non-potable applications.  

The biological treatment involves the contribution of a range of bacterial community giving 

rise to biochemical processes. Mathematical models are applied to evaluate and to optimize 

the processes. Actually, the simulation of wastewater treatment plants with mathematical 

models is in growth as it presents many advantages such as the optimization and the control of 

WWTP after a careful parameterization and calibration of the model. In addition to the 

optimization of the design of the WWTP, the evaluation of its environmental impact is 

necessary to guarantee an integrated solution for sustainable use. 
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Among the methods used for the environmental assessment, the life cycle assessment (LCA) 

is a standardized tool which quantifies the environmental impact of a product or system 

through a set of impact categories describing a specific method for assessment. 

1.2. Motivation 

This work intended to the application of activated sludges models (ASM), usually used for 

activated sludge processes, to other biological technologies such as moving bed biofilm 

reactor (MBBR) and a submerged membrane sequencing batch reactor (SM-SBR) in order to 

test the adequacy of these models and their capacity to describe the biological behavior of the 

mentioned technologies. The section dedicated to the modeling study intends to answer the 

following research questions:  

 

1. Is the ASM adapted to predict the biodegradation performances of biological reactors 

using biocarriers or membranes? 

2. What are the differences between the simulated and experimental results? 

On the other hand, the LCA was applied for the environmental evaluation of the MBBR and 

the lab-scale MBR. The main objectives of the LCA study were the evaluation of the 

environmental impact of an existing technology (MBBR) used for the treatment of greywater 

to provide a baseline for a possible comparison with other technologies such as MBR. In 

addition, the influence of the reuse of the treated greywater on the total impact of the MBBR 

reactor was assessed. The LCA study applied to the MBBR intends to answer the following 

research questions:  

 

1. Which is the environmental contribution of each module related to the construction 

and the exploitation of the MBBR?  

2. Which environmental drawbacks of MBBR can be identified, and how could they be 

minimized?  

 3. What is the effect of the reuse of the treated greywater and its contribution on the 

variation of the ecological impact balance of the separation system? Is the water reuse 

beneficial for the environment from a life cycle perspective? 

 4. What are the decisive benefits of separation systems? and is the separation system 

more sustainable than the discharge of treated wastewater?  
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Through this thesis work, as young researchers, we would like to contribute towards the 

SDG6 implementation. The use of alternative sources of water in non-potable reuse 

applications could be an efficient solution to decrease freshwater demand. 

1.3. Outline of  the work 

After an introduction, Chapter 1 presents the actual situation of the water availability and 

water consumption in the world with special focus on the two countries of interest Tunisia and 

Germany. Furthermore, it describes the basic concepts of the biological technologies and the 

related biological processes involved in greywater treatment integrated in the activated sludge 

models, in addition to the basic concepts of the life cycle assessment methodology (LCA).  

Chapter 2 presents technologies, analytical methods and material used in this study. 

In Chapter 3, the performance of the full scale MBBR with a capacity of 10 m3 was presented 

with respect to organic and nitrogen compounds removal, in addition to the results related to 

characterization of biomass and the application of activated sludge models. The performances 

of the SM-SBR was also presented and predicted with activated sludge models.  

In Chapter 4, the concept of Life cycle assessment was applied to a MBBR with a capacity of 

1m3 day in order to quantify its impact to the environment, in addition to the impact of the 

recycling of greywater. The LCA was applied also to a lab-scale MBR. 

The last part of the manuscript is dedicated to the conclusions and the perspectives of this 

study. 
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1.1.State of fresh water in the world  

The water scarcity or water stress is measured with the indicator "per capita renewable water 

per year", water stress is classified into three levels according to 2016 UN World Water 

Development Report, Water, and Jobs (United Nations 2016): 

-Country under regular water stress: Renewable water supplies < 1,700 m3 per capita per year.  

-Country under chronic water stress: Renewable water supplies < 1,000 m3 per capita per year.  

-Country under absolute water stress: Renewable water supplies < 500 m3 per capita per year.  

The classification of the water scarcity of different countries is described in (Fig. 1-1). 

 

Figure 1-1: Distribution of the total renewable water resources in the world in 2014 (United Nations 
2016). 

Some statistics related to the accessibility of people to the drinking water all over the word  

were published in the report of UNICEF related to Progress on sanitation and drinking water – 

2015 update and millennium development goals (MDG) assessment (WHO/UNICEF 2015): 

In 2015, the number of people who didn't have access to improved sources of drinking water 

that could be unsafe and contain contaminants was 663 million. However, the number of 

people without reliable access to safe water suitable for consumption was estimated to be 1.8 

billion. Between 1987 and 2000, the freshwater withdrawals increased by about 1% per year. 

The sector of agriculture accounts for 70% of the total freshwater withdrawals with an 

expected increase by about 20% in 2050. In addition to the increase in water demand for 

domestic, energy and industrial sectors (United Nations 2016). In the energy sector, water 

demand for electricity generation is expected to grow by more than one-third in the period 

2010-2035. The global water demand (in terms of freshwater withdrawal) is expected to 
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increase by about 55% due to the growing demands for manufacturing, thermal electricity 

generation and domestic use with 400%, 140% and 130% respectively. The population 

dynamics will increase the production of goods and services due to the expected increase in 

the world population by 33% between 2011 and 2050 reaching 9.3 billion instead of 7 billion. 

Additionally, it is expected that the population who are living in urban areas will increase 

from 3.6 billion in 2011 to 6.3 billion in 2050.  

1.2. The water situation in Tunisia 

Tunisia is a Mediterranean country, three-quarters of its territory are semi-arid to arid, it is 

located between the Mediterranean Sea and the Sahara as it is characterized by the scarcity of 

water resources due to its geographical position in addition to the Mediterranean climatic 

conditions. Average annual rainfall varies between less than 100mm in the extreme south to 

more than 500 mm in the north of the country (Fig. 1-2) (Ayadi 2017). 

 

Figure  1-2: Climate situation in Tunisia (Ayadi 2017). 
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The annual average of surface water supply was estimated around 2700 Mm3/year, of which 

80% came from the northern regions of the country. The global conventional resources in 

water in Tunisia is about 4800 Mm3/year (Gafrej 2017). 

The groundwater resources were estimated around 746 Mm3/year. The exploitation was 

grown significantly and it was estimated around 903 Mm3 / year in 2015. This exploitation 

was carried out by means of 151850 surface wells of less than 50 m of the depth of which 

111431 wells are equipped. Yet, the resources of the deep aquifers were estimated around 

1705 Mm3/year in 2015. This exploitation was carried out by means of approximately 21675 

drillings during the year 2015 half of them were illegal.  

Actually, a Tunisian would have only about 419 m3 / year/ inhabitant (Gafrej 2017) which is 

below the level threshold of water stress set at 500 m3 / year/inhabitant. 

In the frame of the strategy of water resources mobilization (Mean Term strategy 2030), 

Tunisia adopted the use of non-conventional water such as treated wastewater and desalinated 

water. 

 Treated wastewater 

The National Sanitation Utility (ONAS 2018) contributes to the development of the national 

strategy for the reuse of treated wastewater. In fact, the number of the WWTP increased from 

83 in 2005 to 115 in 2016. Likewise, the length of the sanitation network increased from 

14799 km in 2010 to 16337 in 2016 with a simultaneous increase of the connected people to 

the network from 5.6 million in 2010 to 6.3 million in 2016. The collected wastewater 

presented 260 million m3 and  98% of the collected water was treated  (ONAS 2018). In 2021, 

the number of WWTP is estimated to be 175 with a TWW volume of 330 Mm3 /y (Ayadi 

2017). 

 Desalinated water 

The production capacity of the first seawater desalination plant in Tunisia in Djerba 

(SONEDE 2018) is 50.000 m³ of drinking water/day with a maximum of 75. 000 m³/day and a 

total produced volume of 13 million m3/y. 

Two other desalination stations are under implementation in the governorates of Gabes and 

Sfax. The station of Gabes will have a production capacity of 50 000 m3/d extensible to 100 

000 m3/d and the one of Sfax will have a capacity of 100 000 m3 /d extensible to 200 000 

m3/d. 
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1.3. The water situation in Germany  

Germany is a country rich in water resources with a continental climate. An average around of 

860 liters of precipitation fall per square meter with a total of 307 cubic kilometers. In spite of 

this, the precipitation distribution is irregular ranging from 1,500 to 2,000 liters per square 

meter in the Central Uplands and the Alps to 500 to 600 liters in many districts of 

Brandenburg and Saxony-Anhalt. What is more, almost two-thirds of the water evaporate 

again. Berlin district presents a precipitation of 6321 L/m2/y (Average of the years 1961-

1990) (Wasserfluesse 2018). In total 188 km3 of water is available in Germany and it is 

distributed as follow: 0.3 km3 agriculture; 4 km3 domestic use (130L/habitant/day); 7 km3 

industries; 21 km3 cooling station (heat, electricity).  

 

 

 

Figure 1-3: Balance between produced and consumed water (L/m²) (Wasserfluesse 2018). 

Fig. 1-3 presents the balance between produced and consumed water for each district. Regions 

with water scarce are presented with yellow to orange areas on the map due to the dense 

industrial and settlement structures, natural conditions or the pollution of the groundwater. 

The district of Berlin presents Regional Consumption Balance of 43 L/m². 

Berlin 
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1.4. Water reuse  

   1.4.1. Water reuse and international regulatory framework 

The World Health Organization defined the main reasons for the adoption of wastewater reuse 

strategies as follow (Sanz and Gafwlik 2014): 

 The increase in water scarcity and stress, 

 The increase in world population and the required food security issues, 

 The increase in environmental pollution due to the inappropriate methods of 

wastewater disposal, and the increase in awareness regarding the value of wastewater.  

According to the same reference, water scarcity affected 11% of the European population and 

17% of its territory. Fig. 1-4 illustrates the Water Exploitation Index (WEI) in Europe; this 

indicator provides the largest representation of water use compared to the general availability 

with a description of the risk generated by overexploitation. 

 

Figure  1-4: Water Exploitation Index in Europe in the smallest available data disaggregation (Sanz 

and Gafwlik 2014). 
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The adoption of water reuse strategies has many economic, social and environmental benefits. 

The increase in water availability is the main outcome of the sustainable use of water 

resources with the reduction of the use of surface and groundwater. The reuse of wastewater 

allows the reduction of the discharge of nutrient to nature and the enhancement of the 

employment and local economy (e.g. tourism, agriculture).  

Many guidelines and regulations for the safe use of treated wastewater were developed in 

order to minimize health and environmental risks of water reuse. Some international and 

national organizations have developed reference guidelines for water reuse applications (Sanz 

and Gafwlik 2014). Non-EU countries, such as Canada, Australia, and some States from the 

USA, have also issued regulations and guidelines Table 1-1. 

Table 1-1: Existing water reuse criteria within non-EU Member State countries (Sanz and Gafwlik 

2014) 

Country Type of criteria Comments 

Canada “Canadian guidelines for domestic reclaimed water 
for use in the toilet and urinal flushing” (2010) 

These guidelines refer 
only to greywater 

 

China 
 

 

China National Reclaimed Water Quality 
Standard; China National Standard GB/T 

18920-2002, GB/T 19923-2005, GB/T 
18921-2002, GB 20922-2007 and GB/T 
19772-2005. 

 

 

Japan 

 

 
National Institute for Land and Infrastructure 

Management: Report of the Microbial Water Quality 
Project on Treated 
Sewage and Reclaimed Wastewater (2008) 

 

 

Jordan 
 
Jordanian technical base n. 893/2006 

Jordan water reuse management Plan (policy) 
 

 
Irrigation purposes, 

artificial 
aquifer recharge for 
non-drinking uses. 

Stricter than WHO 
guidelines but less than 

California 
Title 22 

Mexico 

 

Mexican Standard NOM-001-ECOL-1996 

governing wastewater reuse in Agriculture 

 

 

South 

Africa 

 

Policies: 
The latest revision of the Water Services Act of 1997 
relating to grey-water and treated effluent (DWAF, 

2001) 
The latest revision of the National Water Act of 

1998, 37(1) (DWAF, 2004a) relating to irrigation of 
any land with waste or water containing waste 

 

Regulation: 
Government Gazette 
No. 9225, Regulation 

991: Requirements for 
the purification of 

wastewater or effluent 
(EAF, 1984) 
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generated through any industrial activity or by a 

waterworks 
 

Guidelines: 

The South African 
Guide for the 

Permissible Utilization 
and Disposal of Treated 
Effluent (DNHPD, 

1978) 
The South African 

Water Quality 
Guidelines (DWAF, 
1996). 

 

Tunisia 

 

 
The standard for the use of treated wastewater in 

agriculture (NT 106-109 of 1989) and the list of 
crops that can be irrigated with treated wastewater.  
(Ministry of Agriculture, 1994) Wastewater reuse in 

agriculture is regulated by the 1975 Water Code (law 
No. 75-16 of 31 March 1975), the 1989 Decree No. 

89-1047 (28 July 1989), by the Tunisian standard for 
the use of 
treated wastewater in agriculture (NT 106- 003 of 18 

May 1989). 

 
Agricultural uses. The 

regulations prohibit 
wastewater irrigation of 
vegetables to be 

consumed raw and of 
heavily used pastures. 

Turkey 

 

Water reuse was officially legitimized in 1991 

through the regulation for irrigational wastewater 
reuse issued in by 
the Ministry of Environment. According to the 

"Water Pollution Control Regulations". 
 

Agricultural uses. The 

regulation refers to the 
treatment methods 
and sustainability of 

industrial treated 
wastewater to be used 

for irrigation 

Reclaimed water could be used in many applications such as irrigation of private gardens, 

landscape irrigation, street cleaning, industrial washing of vehicles, fire hydrants, aquaculture 

(Spain). The reuse of reclaimed water requires certain quality that must be achieved, Table 1-

2 illustrates standards for reclaimed water reuse in some countries regarding microbiological 

and physical-chemical parameters (Sanz and Gafwlik 2014). 

Table 1-2: Water reuse standards (Maximum limit values). 

Analytical parameters Cyprus France Greece Italy Portugal Spain 

Microbiological parameters       

Escherichia coli 
(CFU/100ml) 

5-103 250-105 5-200 10  0-104 

Faecal coliforms 

(CFU/100ml) 

    100-104  

Total coliforms (CFU/100ml)   2    

Physical-chemical 

parameters 

      

Total suspended solids (TSS) 10-30 15 2-35 10 60 5-35 
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(mg/L) 

Turbidity (NTU)   2-No 
limit 

  1-15 

Biochemical oxygen demand 
(BOD5)(mg/L) 

10-70  10-25 20   

Chemical oxygen demand 

(COD)(mg/L) 

70 60  100   

pH 6.5-8.5  6.5-8.5 6.0-9.5 6.5-8.4  

Electrical conductivity 
(EC)(dS/m) 

1.7-2.9  3 3 1 3 

Total dissolved solids (TDS) 

(mg/L) 

  2000  640  

Chloride (mg/L) 300  350 250 70  

1.4.2. Regulations for wastewater discharge and reuse 

In Tunisia, the irrigation is considered as the main application of the TWW which dates back 

to the year 1965 with the first irrigated perimeter of 1200 hectares in Soukra (Governorate 

Ariana). Since 1987, this policy has been reinforced and the irrigated perimeters with purified 

water have been increased to reach 9905 hectares in 2016. 62 million m3 of treated 

wastewater (28%) were reused with the following distribution: agricultural perimeters: 8415 

hectares, golf courses: 1040 hectares, and green spaces: 450 hectares. 

The National Sanitation Utility in Tunisia (ONAS 2018) intends to develop the strategy of the 

reuse of the TWW and to maximize its exploitation by the transfer to interior regions.  

Although the national encouragement, the reuse of TWW in a different area of development 

faces many constraints: 

 Variability of the quality of the TWW with the possibility of no conformity to the 

standards of reuse; 

 Restriction of use for certain crops; 

 Lack of awareness and acceptability of reuse by farmers; 

 Fear of potential long-term risks of irrigation with TWW; 

 Location of WWTPs often distant from the potential irrigable areas; 

 High investment costs for the realization of irrigated systems with TWW. 

Legislation on the discharge and reuse of TWW in Tunisia and around the world is becoming 

increasingly strict. Thus, Tunisia adopts a regulation on the discharge of effluents in the water 

environment and a regulation on the reuse of treated wastewater in irrigation for agricultural 

purposes. Table 1-3 specifies the regulatory limits for discharge and the reuse of TWW. 
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Table 1-3: Extract of the Tunisian standards on effluent discharges (NT 106.02, 1989) and standards 
for reuse (NT 106.03, 1989) 

Parameters 
Hydraulic 

public domain 

Public 

sewage 

Maritime 

public 

domain 

Reuse domain 

(Norm NT 106.03) 

pH  6.5-8.5 6.5-9.0 6.5-8.5 6.5-8.5 

Conductivity mS cm
-1 - - - 7 

NO3
- 
(mg L

-1
)  50 90 90 NR 

NO2
- 
(mg L

-1
)  0.5 10 5 NR 

P (mg L
-1
) 0.05 10 0,1 - 

organic nitrogen or 

ammoniac 

1  100 30 - 

MES (mg L
-1

)  30 400 30 30 

COD (mg O2 L
-1

)  90 1000 90 90 

BOD5 (mg O2 L
-1
)  30 400 30 30 

Chlorides (mg L
-1
)  600 700 NR 2000 

SO4
2- 

(mg L
-1

)  600 400 1000 NR 

Na
+
 (mg L

-1
)  300 1000 NR NR 

NR: no requirement. 

On 26 March 2018, new limits for wastewater discharge were established following a 

decision from the minister of  the environment and sustainable development and the minister 

of industry according to the sector of activity such as: fruit and vegetable industry, dairy 

industry, meat and slaughter industry, oils and  fats industry, fish and seafood industry, 

beverage industry, sugar industry, industry of baking powder.  

1.4.3. Regulatory aspects of greywater reuse 

Some organizations and agencies published guidelines for the safe use of wastewater such as 

the reuse of greywater.  

Table 1-4 summarizes the regulatory issues related to the reuse of the greywater according to 

the reports published by WHO organization to avoid the health risks associated with the use 

of greywater in agriculture. In fact, greywater could contain some pathogens originated from 

personal hygiene, laundry or washing diapers of babies (WHO 2006a). 
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Table 1-4: Guideline values for microbiological characteristics of greywater reused in agriculture 
(WHO 2006b). 

Greywater use E. coli (number per 100 ml) 

Restricted irrigation <10
5  

Relaxed to <106 when exposure is limited or 
regrowth is likely. 
 

Unrestricted irrigation of crops (eaten raw) <103 
Relaxed to <104 for high-growing leaf crops or 
drip irrigation.  

1.5. Greywater treatment  

1.5.1. Greywater composition 

The greywater production varies between developing and developed countries, it reaches 20 

to 30 liters per person per day in poor areas and it rarely exceeds 100 liters in developing 

countries. In industrialized countries is in the range of 100-200 L/P/d (The USA and Canada). 

Developed countries where awareness of the necessity of the sustainable water management is 

promoted, the capita daily GW produced is less than 100 liters  (WHO 2006b). Table 1-5 

summarizes the volume of the GW produced by region. 

Table 1-5:  Greywater production by countries 

Location Greywater production 

(liters per person per day) 

China, ecological sanitation project 80 

Belgium 85 

Germany, Norway, and Sweden, newly built  

house area, water conservation. 

<100 

Europe, the northern part 110 

Australia, the western part 112 

USA 200 

Developing regions 20-30 

The GW is originated from the discharge of showers, baths, washing machines, and hand. 

Kitchen sinks can be ascribed to black or greywater according to the activity, frequency, and 

wastewater composition. In several studied cases (Nolde 1999; Lamine et al. 2007; Al-

hamaiedeh and Bino 2010; Saidi et al. 2017), TGW was reused as service water in non-

potable water applications such as toilet flushing, irrigation or washing water. The 

composition of the GW depends on the lifestyle of each region such as family size, the age of 
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residents, eating habits, detergents used. Table 1-6 illustrates the average GW characteristics 

originated from different sources.  

Due to the absence of urine in greywater (Leyva-Díaz et al. 2015a), the concentration of total 

nitrogen is low (5mg/L) compared to the municipal wastewater, in which it could reach up to 

100 mg N/L. Nitrogen in greywater originates, typically, from kitchen wastewater (Eriksson 

et al. 2002) mainly from nitrogen contained in food residues (protein), household cleaning 

products and personal care products.  

Further, the average concentration of the total phosphorus content was 1.27 mg/L which is 

lower than the municipal wastewater where it can reach a concentration of 8.3 mg/L (Leyva-

Díaz et al. 2015a). In other studies, the total phosphorus concentration in greywater, which 

includes kitchen stream, could reach 9.4 mg/L (Hocaoglu et al. 2013). Phosphorus compounds 

can be found in detergent and cleaning agents and dishwashing liquids used in the residential 

buildings. The concentration varies according to the inhabitant's lifestyle.  

Table 1-6: Average greywater characteristics originated from different sources.  

Reference (Bani-

Melhem et 

al. 2015) 

(Leyva-

Díaz et al. 

2015a) 

(Hocaoglu et 

al. 2013) 

(Scheumann 

2010) 

(Lamine et 

al. 2007) 

(Nolde,  

1999) 

 

Wastewater Real GW 
(cleaning 
and sink 

activities) 

Municipal 
WW 

Real  
GW 

(lodging 
houses 

including 
kitchen) 

Synthetic 
GW 

Real  
GW 

(student 
house, 
mainly 
shower) 

Mainly 
bath and 
shower 

pH 6.9 - 7.1 7.5±0.3 7.6 - 

Turbidity 

(FTU) 

80 - - - - - 

TSS (mg/L) 34 111.79 ± 
32.59 

51 - 33 - 

BOD5 
(mg/L) 

- 126.80 ± 
34.61 

- 50±11 97 50-100* 

COD 

(mg/L) 

356 256.54 ± 
67.56 

310 209±80 102 100-200 

TN (mg/L) - 69.77 
±16.59 

- 17.3±6.7 - 5-10 

NH4-N 

(mg/L) 

2.47 80.15 
±25.29** 

1.9 7.3±5.4 6.7 - 

NO3-N 
(mg/L) 

1.10 13.64 
±6.89** 

- 0.9±0.9 0.2 - 

PO4-P 

(mg/L) 

- - - 0.74±1.6 3.5 - 

TP (mg/L) 1.64 10.05 
±1.58 

9.4 - - 0.2-0.6 
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1.5.2. Process options for GW treatment 

Due to its low organic, nitrogen, pathogen content compared to the municipal wastewater 

(MWW), the GW could be used as an alternative of fresh water after an adequate treatment in 

order to conform to the reuse standards. The separation system allows the recycling of GW 

and actually, the on-site sanitation systems are used for a single home or small clusters of 

homes (WHO 2006b). The following section presents technologies used for the treatment of 

GW. 

1.5.2.1. Physical treatment 

Physical treatments include coarse sand, soil filtration, and membrane filtration, followed 

mostly by a disinfection step. March et al. (2004) used a system based on filtration through a 

nylon filter, sedimentation, and disinfection with hypochlorite. The TGW is reused for 

flushing toilet in one hotel situated in Palma Beach (Spain) and it allowed the conservation of 

23% of the total water consumption of the hotel.  

The COD, the turbidity, the SS, and TN were reduced from 171 mg/l, 20 NTU, 44 mg/l and 

11.4 mg/l in the influent to 78 mg/l, 16.5 NTU, 18.6 mg/l and 7.1 mg/l respectively in the 

effluent (Table 1-7). 

A slanted soil treatment system was also investigated by Itayama et al. (2006). It is composed 

of three trays and filled by a special type of soil called Kanuma soil composed of alumina and 

hydrated silica of 1 cm in diameter Fig. 1-5b. The system was considered as a combination of 

filtration and biodegradation. 

 

 
a) 

 

 

 

b) 
Figure  1-5: a) Two configurations of the slanted soil treatment system; b) Kanuma soil (Itayama et 

al. 2006). 

Another physical system was investigated for greywater treatment which used a submerged 

spiral wound module (Li et al. 2008). The membrane module is made with Polyacrylonitrile 
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with a surface of 8.2 m2 and a pore size of 0.0062 µm. An average removal of TOC of 83.4% 

was achieved Fig. 1-6. 

 

Figure 1-6: Schematic diagram of the submerged spiral wound membrane filtration system 

(Li et al. 2008). 

Šostar-Turk et al. (2005) studied UF combined with Reverse osmosis (RO) for laundry 

greywater treatment. The UF is carried out with a tubular module made by a ceramic 

membrane, with a pore size of 0.05 μm and a filtrating surface area of 0.13 m2. The 

membrane used in the RO system was a spiral wounded polyethersulfone membranes with a 

filtering surface area of 1.5 m2. The system UF-RO could achieve a BOD removal rate of 

98% from 86 mg/l in the influent to 2 mg/L in the effluent, the authors reported that from an 

economic point of view the membrane systems are still more expensive than conventional 

treatment due to the high energy consumption in addition to the membrane fouling Fig. 1-7. 

 

Figure 1-7: Ultrafiltration-Reverse osmosis treatment system for greywater collected from laundry 
(Šostar-Turk et al. 2005) 

Table 1-7: Performance of the greywater treatment technologies based on physical treatment. 
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 (March et al. 2004) (Itayama et al. 2006) (Li et al. 2008) (Šostar-Turk et al. 

2005) 

 Influent Effluent Influent Effluent Influent Effluent Influent Effluent 
Source of 

GW 

bathtubs 

and 

hand-

washing 

basins 

 Kitchen 

sink 

 baths, 

showers, 

hand wash 

basins, 

washing 

machines 

dishwashers 

and kitchen 

sinks 

 Laundry  

pH 7.6 7.5 - - 7.5 7.2 9.65 7.62 

Suspended 

solids 

(mg/L) 

44 18.6 105 23 - - 35 8 

Turbidity, 

(NTU) 
20 16.5 - - 140 0.5 - - 

TOC  

(mg C/L) 

58 39.9 - - 161 28.6 - - 

COD 

 (mg O/L) 
171 78 271 40.6 - - 280 3 

BOD,  

(mg/L) 
- - 477 81 - - 195 1.5 

N total,  

(mg N/L) 

11.4 7.1 20.7 4.4 16.5 16.7 2.75 0.03 

NH4-N 

(mg N/L) 
- - - - 10.1 11.8 2.45 0.03 

TP,  

(mg/L) 
- - 3.8 0.6 9.7 6.7 9.92 0.14 

PO4-P 

(mg/L) 

- - - - 7.5 5.9 - - 

1.5.2.2. Chemical treatment 

The chemical processes applied for greywater treatments include coagulation, photo-catalytic 

oxidation, ion exchange, and granular activated carbon. An electrocoagulation system was 

used for greywater treatment, the electrolysis cell is composed of a pair of outer monopolar 

electrodes made with stainless-steel and numerous inner bipolar electrodes made with 

aluminum (99% purity), the sodium hypochlorite NaClO was used as a disinfection agent (Lin 

et al. 2005). 

A treatment process combining the coagulation, sand filter and granular activated carbon 

(GAC) was investigated by (Šostar-Turk et al. 2005), the coagulation stage achieved a good 

removal of the BOD and the suspended solid with a removal rate of 51% and 100% 

respectively, Sanchez et al. (2010) used photocatalysis over titanium dioxide particles for the 

treatment of greywater collected from a hotel and a household. The treatment efficiency 

expressed as the removal of dissolved organic carbon (DOC) showed 65% DOC removal after 

150 min for hotel greywater. The results related to the treatment after coagulation and active 

carbon treatment are reported in Table 1-8. 
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Table 1-8: Performance of the greywater treatment technologies based on physical-chemical 
treatment. 

 (Lin et al. 2005) (Šostar-Turk et al. 2005) (Sanchez et al. 2010) 

 Influent Effluent Influent Effluent Influent Effluent 
Source of GW Domestic  Laundry  Hotel  
pH   9.6 6.8 6.93  
Suspended solids 

(mg/L) 
29 9 35 <5   

Turbidity, NTU 43.1 3.6 - - >50  
TOC, mg C/L - - - - 28.89* 10.31 
COD, mg O/L 55 22 280 20 53.8  
BOD5, mg/L 23 9 195 10   
N total, mg N/L - - 2.75 2.6   
NH4-N, mg N/L - - 2.45 2.3   
TP, mg/L - - 9.9 1   

*DOC: Dissolved organic carbon 

1.5.2.3. Biological treatment 

The BOD/COD ratio is a good indicator of wastewater biodegradability, an average 

BOD5/COD ratio of 0.45±0.13 indicates that the greywater is suitable for aerobic biological 

treatment (Hernández Leal et al. 2011). The biological treatment was widely used especially 

for the greywater with medium and high organic load (Li et al. 2009). Several treatment 

technologies were investigated: (S. Murat Hocaoglu et al. 2013) investigated the treatment of 

GW including kitchen wastewater stream collected from house and guesthouse complex in the 

city of Kocaeli in Turkey, composed of two buildings with a total of 28 apartments, with 

membrane bioreactor (MBR). The initial COD of raw wastewater had an average value of 309 

mg/L, the system allowed the removal of 96.8% of COD to reach 10 mg/l which met the non-

potable greywater reuse standards. The MBR was also used for the treatment of GW from a 

sports and leisure club in Rabat, Morocco, the system showed a great performance for the 

removal of COD, BOD5, ammonia NH4
+ with a removal efficiency of 85%, 94%, and 72% 

respectively (Merz et al. 2007). In addition to MBR, sequencing batch reactor SBR was used 

for the treatment of water from showers in student house in Tunisia, the GW is characterized 

by a low organic load with an average of 102 mg/L and a BOD5 of 97 mg/L, for an HRT of 

0.6 days the system reached an average concentration of COD of 12 mg/L and a BOD of 7 

mg/L (Lamine et al. 2007). Other studies used submerged membrane sequencing batch reactor 

(SM-SBR) for the treatment of synthetic GW, the process in SM-SBR achieved an average 

removal of 91% for COD, 74% for TN and 96% for NH4-N (Kraume et al. 2010). 

Another technology used for the treatment of GW, which is considered environmentally 

friendly and costs effective (Li et al. 2009), the constructed wetlands (CW). The latter is a 
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pond filled with a porous medium such as sand, gravel vegetated with macrophyte, the pond 

allows the transportation of water through the root zone with a sufficient hydraulic 

conductivity. The CW was investigated for the treatment of GW collected from Hammam 

(public bath) in the region of Douar Ouled Ahmed in Casablanca (Saidi et al. 2014). 

The characterization of raw GW showed an average concentrations of N-NH4, N-NO3, P-PO4 

of 29.9 mg/L, 3.1 mg/L, and 2.1 mg/L, respectively. The system achieved an average removal 

of COD and BOD5 of 67% and 85%. The CW was combined to photocatalytic oxidation with 

TiO2 to enhance the removal of organic substances and pathogens for non-potable applications 

with the possibility of reuse in groundwater recharge (Li et al. 2003). Fig. 1-8 and Table 1-9 

resume the performance of some of the mentioned technologies regarding the removal of 

organic and nitrogen load. 

 

 

a) 

 

 
 

b) 

 

c) 

 

 

d) 

Figure 1-8: Biological GW treatment a) MBR, Turkey (Hocaoglu et al. 2013); b) SBR (Lamine et al. 

2007), Tunisia c) SM-SBR, Germany (Kraume et al. 2010); d) CW, Germany (Li et al. 2003). 

Table 1-9: Performance of biological treatment technologies applied to GW. 

Reference (Bani-Melhem et al. 2015) (Hocaoglu et al. 2013) (Li et al. 2003) 
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Wastewater Real GW Real GW Real GW 

sources Cleaning and sink activities 
(The Faculty of Natural 

Resources at the Hashemite 
University, AL-Zarqa, Jordan). 

Lodging 
house and guesthouse 

complex of the 
TUBITAK Gebze 
Campus, Turkey 

Settlement in 
Flintenbreite  

Treatment  

technology 

Laboratory scale (SMBR) Pilot-scale (MBR) Constructed wetlands 
(CW) 

Performance Influent Effluent Influent Effluent Influent Effluent 

pH 6.9 7.8 7.1  6.9-8.1  
DO (mg/L) 0.72 6.15     

TDS (mg/L) 319 298     
Turbidity 

(FTU) 

80 3     

Colour 
(PtCo) 

378 -     

TSS (mg/L) 34 ND 51 <2   

VSS(mg/L)   40    
COD (mg/L) 356 45 310 10 258-354  

TN (mg/L)     9.7-16.6 <5 
NH3-N 

(mg/L) 

2.47 - 1.9 0.2  <0.16 

NO3-N 
(mg/L) 

1.10 -  0.3  <0.5 

TP (mg/L) 1.64 0.74 9.4  5.2-9.6 6 
Anionic 

surfactants 

(mg/L) 

45.84 -     

Feacal 

coliform(CF
U/100m) 

3.1*10
5
 26  ND   

Total 

coliform  

4.4*10
5
 29  ND   

1.6. Technical and performance background 

1.6.1. Moving bed biofilm reactor (MBBR) 

1.6.1.1. Principle and different used carriers  

Before the development of the MBBRs, the treatment systems with attached biomass 

presented some weaknesses related to the bad distribution of the load on the whole carrier 

surface (rotating biological contactors) which requires the necessity for discontinuous 

operation for backwashing (granular media biofilters) and in some cases hydraulic instability 

(fluidized bed reactors). In order to limit these problems, the MBBR process was developed in 

Norway in the late 1980s and early 1990s  (Ødegaard 2006).  

In MBBR systems the biomass is grown on both suspended and attached systems. The 

attached biomass grows on small carrier elements moving inside the reactor. The specificity 

of these systems resides mainly in the availability of a large surface area following the 
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integration of biocarriers into the biological reactor, which leads to a high surface for 

adsorption and development of the microorganisms. Consequently, the contact duration 

between the pollutants compounds and the biomass responsible of the treatment is expected to 

increase. The carriers don't require a permanent cleaning which increases the solid retention 

time for organisms with slow growth (Zinatizadeh and Ghaytooli 2015). Therefore the 

integration of biocarriers leads to the improvement of the treatment efficiency in compact 

configurations compared to the traditional activated sludge systems (Bassin et al. 2016). In 

addition, moving bed biofilm reactors have a low suspended solid production, and a high 

sludge age which fosters the growth of slow-growing nitrifying bacteria in the system (Leyva-

Díaz et al. 2013; Barwal and Chaudhary 2014; Bassin et al. 2016). However, it was found that 

anaerobic conditions could enhance the growth of the external biomass while aerobic 

conditions enhance the growth of the internal biomass (Nguyen et al. 2010). In this respect, 

the moving bed bioreactor (MBBR) has emerged as a compact treatment and that could 

replace the conventional activated sludge reactors for the treatment of municipal wastewater 

(Plattes et al. 2007) such as the removal of residual NO3
--N of wastewater treatment plant 

(WWTP) effluent (Yuan et al. 2015), or for the treatment of industrial effluent such as textile 

wastewater containing azo dye Reactive Orange 16 (RO16). In the mentioned study, the 

MBBR treatment showed a great performance with an average removal of chemical oxygen 

demand (COD) and ammonium of 93 ± 1% and 97 ± 2 %, respectively (Castro et al. 2017). 

Physical properties of the biocarriers are very important such as specific surface, porosity, 

resistance, water uptake and fluidization by air, etc. Properties of the biocarriers, that are 

relevant for the performance are, size, type (polyester–urethane, polyurethane), specific 

surface, porosity, resistance, water uptake and fluidization by air. In addition, the performance 

depends on the operating conditions (filling ratio, HRT).  

1.6.1.2. Polyurethane foam in wastewater treatment 

The polyurethane foam (sponge) for microbial immobilization was used in several wastewater 

treatment applications for their capacity to simultaneously remove organic and nutrients. The 

performance of this  type of carriers was investigated  in MBBR reactors for the treatment of  

high strength synthetic wastewater, the authors findings determined  the optimum thickness to 

achieve greater organic, nutrient  and phosphorous removal (Guo et al. 2010). The 

performance of an up-flow sponge bioreactor was also studied under aerobic and anaerobic 

conditions and using different sizes and types of polyurethane sponge  (Nguyen et al. 2010). 

The use of polyurethane foam cubes in biological treatment has been developed and deeply 
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investigated by the development of the hydrophilic cationic modified polyurethane (MPUF). 

A comparative study with the commonly used polyurethane foam (PUF) carriers showed that 

the amount of the biofilm attached to MPUF carriers was 1.3 times more than that attached to 

PUF carriers with more complex and diversified community (Chu et al. 2014). 

Recently, researchers have tried novel carriers structure that combines porous and hard 

material by using polyethylene carriers covered on the inside and outside with a sponge, in 

order to enhance the robustness and the efficiency of the carriers simultaneously. This type of 

carriers was used for the treatment of synthetic wastewater. The carriers with sponge 

thickness of 4 mm and pore size of 45 pores per inch achieved removal rates of chemical 

oxygen demand COD and ammonia NH4-N of 99.5 ± 1.1% and 93.6 ± 2.3 % respectively. 

However, the removal rates of COD and NH4-N with the commercial carrier were 74.9 ± 

2.7% and 40.0 ± 1.8 % respectively (Chen et al. 2014). 

Moreover, it is used in various membrane-coupled MBBRs bioreactors where it plays an 

important role in the reduction of the cake layers that could be formed on the surface of the 

membrane by their mobility into the reactor (Guo et al. 2010). 

Carriers composed of both sponge and plastic for moving bed biofilm reactor (MBBR) were 

also developed by (Deng et al. 2016) for a hybrid MBBR–membrane bioreactor (MBBR–

MBR). The study compared the plastic carriers with the novel carriers and the sponge 

modified biocarriers showed better effluent quality and enhanced nutrient removal at HRTs of 

12 h and 6 h. The impact of the used carriers in the biological treatment is very important and 

requires the control of different parameters related to the characteristics of the carriers such 

as: size, nature (raw or modified), environment (aerobic, anaerobic), thickness of biofilm in 

order to enhance biofilm attachment and then the efficiency of the treatment. 

Table 1-10 illustrates some examples of carriers used in literature and the performance of the 

corresponding MBBR systems and Table 1-11 summarizes some commercial carriers and 

their characteristics. 



CHAPTER 1: Literature review 

 
 

25 

Table 1-10: Performance of the MBBR  for the treatment of wastewater and different carriers extracted from the literature. 

  
Characteristics 

 

Reactor/Type of 
Wastewater 

Performance Carrier type Material Shape 

Nominal 

diameter 
(mm) 

Nominal 

length/thic
kness (mm) 

Apparent 
density (kg/m3) 

Specific 

surface area 
(m2/m3) 

Reference 

 

Lab-scale MBBR 
sys- tem with a 

volume of 1 L/ 

synthetic 

wastewater 

 

High COD and 
ammonium removal at 

organic loads up to 

3.2 kg COD/(m3 d)  

  

 

High-density 
polyethylene 

 

 

Cylinder 

 

9.1 

 

7.2 

 

150 

 

500 

 

(Bassin et al. 
2016) 

Kaldnes K1 
(before and after use) 

  

 

Virgin 
polyethylene 

with additives 

 

Round/ 
parabolic 

 

22 

 

0.8 – 1.2 

 

170 

 

3000 

Mutag Biochip 

(before and after use) 

 
Pilot-scale plant 

with a volume of 

5.6 m3/ 

wastewater 

influent of the 
WWTP 

 
The plant achieved a 

removal of soluble 

COD and 

Ammonium-N with 

77% and 93%  
respectively. 

Kaldnes carrier elements 
(ECOBETON, Belgium) 

 
Polyethylene 

 
Small 

cylinders 

 
10 

 
- 

 
950 

 
500 

 
(Plattes et al. 

2007) 
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Lab-scale MBBR 

reactor  with 

working volume 
of  2.2 L/ 

Municipal WW  

 

Ring form and 

Kaldnes-3 showed  

COD removal 
efficiency of 85% 

88% respectively, at 

HRT of 12 h and DO 

of 4 mg/L. 

 
 

 

  

 

High density 

polyethylene 

 

- 

 

- 

 

- 

 

- 

 

500 

 

(Zinatizadeh 

and 

Ghaytooli 
2015) 

Kaldnes-3 Ring form 

 
Laboratory scale 

MBBR with the 

volume of 6.0 L 

(aeration 

zone)/Synthetic  
wastewater with 

low C/N ratio 

 
The reactor filled with 

PU carriers showed 

higher performance 

for the removal of  

TOC and ammonium 
with 90% and 65%  

respectively, than the 

reactor filled with 

PCL achieving 

removal efficiencies 
of 72% and 56%  

respectively, at a 

hydraulic retention 

time of 14 h. 

Polyurethane (PU) 

  
8-10 

 

 

 

 
 

 

 

 

 
3.5-4 

   
300-500 

 

 

 

 
 

 

 

 

 
1080-1120 

 
900 

 

 

 

 
 

 

 

 

 
0.346 m2 g-1  

 
(Chu and 

Wang 2011) 

Biodegradable polymer 
polycaprolactone (PCL) 

 

Synthetic 
wastewater with 

COD:N:P ratio of 

100:5:1 

 

The plant removed 
94.58% ±5.06 of  

COD and 83.46% ± 

3.98 of ammonia. 

 

 
 

 

Porous 
polyester-

polyurethane 

sponge with 

plastic carrier 

  

25 

 

9 

 

950 

 

500 

 

(Deng et al. 
2016) 
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Table 1-11: Characteristics of commercial carriers. 

 

 

Reference 

 

 

Form 

Size 

in 

mm 

(length x 

diameter) 

 

 

Composition 

Effective 

surface area  

(m
2
/ m

3
 of 

material ) 

 
K1 

(Kaldnes) 

 
 

 

7 x 9 

 

PE 

 

500 

 
K2 

(Kaldnes) 

 

 

15 x 15 

 

PE 

 

350 

 
K3 

(Kaldnes) 

 

 

 

 
12 x 25 

 

 
PE 

 

 
500 

 
K5 

(Kaldnes) 

 

 

4 x 25 

 

PEHD 

 

800 

 
Biochip-M 

(Kaldnes) 

 

 

2.2 x 48 

 

PE 

 

1200 

 
Biochip-P 

(Kaldnes) 

 

 

3 x 45 

 

PE 

 

900 

Natrix C2 

(Kaldnes) 

 

 
30 x 36 

 
PE 

 
220 

Natrix M2 

(Kaldnes) 

 
50 x 64 

 
PE 

 
200 
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1.6.1.3. Wastewater treatment with MBBR (Real case studies) 

 Water and Energy Recycling in a Residential Passive House at Arnimplatz, Berlin-

Prenzlauer 

The greywater recycling system combined with heat recovery was implemented since March 

2012 in a multi-story passive house at Arnimplatz, Berlin-Prenzlauer Berg, Germany. The 

building is composed of a total of 41 flats with 123 tenants in addition to four commercial 

units with a total occupied area of 5, 200 m². The treatment system of the GW collected from 

showers and bathtubs consists of a combination of physical-biological treatment and UV 

disinfection without the use of chemicals. The system allows a daily treatment of about 3,000 

liters of low load GW to produce high-quality service water which is reused for toilet flushing 

(Fig. 1-9). The treatment plant achieved an effluent quality with a BOD7 concentration of less 

than 3 mg/l and turbidity < 1-2 NTU with the advantage of recovery of 40 kWh/d of thermal 

energy used to heat drinking water whereas the electric energy demand for the entire system is 

about 4 kWh/d. The system allows annual savings on water and energy were of 5,000 € and 

1,000 €, respectively.  

 
 

a) Schematic diagram of the GW recycling system combined with heat recovery 
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b) Real photo of the plant 

 

 
 

 
 
 

 
 

 
 
 

c) Multi-story passive house at Arnimplatz, 
Berlin-Prenzlauer Berg  

Figure 1-9: Greywater recycling system combined with heat recovery (NOLDE & PARTNER 2012).  

 MBBR in WWTP in Elmazraa Tunisia (Pilot station) 

A well-known poultry slaughter industry in Tunisia called "El Mazraa" considered as the 

biggest distributor of poultry in Tunisia located at Fondouk Jedid (Nabeul governorate). As 

shown in Table 1-12, wastewater from "El Mazraa" are characterized by a COD of 2366 mg 

O2/L, the Kjeldahl nitrogen is 315 mg L-1 with an ammonium concentration of 104.5 mg L-1 

in N and the phosphorus concentration is 19.2 mg/L. The MBBR was introduced on the 

treatment process in January 2018, the biological reactor has a capacity of 520 m3 with a 

filling ratio of carriers of about 15%. It allows the removal of 27.5 % of the COD from about 

2000 to 1450 mg/L. Fig. 1-10 presents the layout of the plant.  

Table 1-12: Physico-chemical characteristics of the raw wastewater. 

Parameters and units values 

pH 6.30 

Conductivity (mS/cm) 3.13 

DCO (mg O2/L) 6000 

N-NO3
- (mg/L) 0.4 

N-NO2
- (mg/L) 0.2 

N-NH3 (mg/L) 104.5 

TKN (mg/L) 315 

Cl- (mg/L) 1177.6 

SO4
2- (mg/L) 245.7 

P-PO4
3- (mg/L) 19.2 
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a) 

 
b) 

 
c) 

Figure 1-10: MBBR pilot plant of "El Mazraa"Tunisia; a) MBBR reactor b) photo of the carrier, and 

c) Layout of the plant. 

1.6.2. Biological membrane reactor (MBR) 

1.6.2.1. Principle and existing configurations 

The membrane is defined as a material that allows the selective transition of physical and 

chemical components forming the permeate and the retentate. The degree of selectivity 

depends on membrane pore size allowing the rejection of particulate matter with 

microfiltration (MF) or the rejection of monovalent ions such as sodium Na+ and chloride Cl- 

with the reverse osmosis (RO). Fig. 1-11 summarizes different membranes according to their 

permeability.  
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Figure 1-11: Membrane separation overview (Judd 2011). 

Fig. 1-12 illustrates the two possible configurations for biomass separation in MBRs which 

are side-stream and submerged configurations. The side-stream configuration consists of 

pumping the mixed liquor through the membrane module implemented outside the bioreactor. 

This configuration requires the use of a significant amount of energy for the c irculation pump 

used to circulate the biomass through the modules. Nevertheless, in the submerged MBRs, the 

membrane modules are placed inside the bioreactor and filtration is obtained by means of a 

suction pump. This configuration is energy saving which makes of it an attractive solution in 

the field of wastewater treatment plants (Judd 2011). 

 

 
a) 

 
b) 

Figure 1-12: Configurations of a membrane bioreactor: a) sidestream and b) immersed (Judd 2011). 

The membranes are classified into six principal types according to their configurations based 

on either a planar or a cylindrical geometry. The current employed configurations in the 
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membrane processes are: Plate-and-frame/flat sheet (FS), hollow fiber (HF), (Multi) tubular 

(MT), capillary tube (CT), pleated filter cartridge (FC), spiral-wound (SW). In submerged 

MBRs the membrane configurations that could be used are hollow fiber (HF) and flat sheet 

(FS) (Judd 2011). Fig. 1-13 presents the two commonly used configurations for membrane 

bioreactors. 

 
a) 

 

 
 

b) 

 

 
 
  

Figure 1-13: Membrane Configurations (a) Tubular Membrane module (b) Flat sheet from Kubota 

(Kubota 2018). 

1.6.2.2. Real case studies for wastewater treatment with membrane bioreactors 

 Wastewater treatment plant Nordkanal, Germany (biggest municipal ultra- filtration 

sewage plant) 

The WWTP Nordkanal was operating since June 2004, it is the biggest membrane wastewater 

treatment plant in Europe with a capacity of (80 000 PE), it is under the responsibility of 

Erftverband which is a non-profit organization under public law, with a focus on a healthy 

environment and the common good (Fig. 1-14). The specificity of the Nordkanal plant is the 

membrane filtration which is integrated into the nitrification tanks.  The membrane filters 

retain all solid matter, micro-organisms, bacteria and viruses before the discharge of treated 

water into the Nordkanal. The wastewater feed is about 16,000 m3/h characterized by a 

chemical oxygen demand (COD) of 9,600 kg/d, biochemical oxygen demand (BOD5) of 5,250 

kg/d, nitrogen (TKN) of 897 kg/d, Phosphorus (P tot) of 123 kg/d and suspended solids (SS) 

of 5,600 kg/d. Table 1-13 presents the main characteristics of the membranes.  

The plant costs 21,5 mill Euro and it achieved a good quality of effluent with a COD 

concentration of 90 mg/L, BOD5 of 20 mg/L, ammonium NH4-N: 10 mg/L, nitrogen N tot (at 

12 °C) 18 mg/L and Phosphorus Ptot  2 mg/L.  
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(a) (b) 

             
(b)                                                                         (d) 

Figure  1-14: a) Layout of the WWTP Nordkanal b) Membrane bioreactor c) Membrane cassette  

c)ZeeWeed ZW500 from  ZENON;d) The regenerated and cleaned membrane filter cassette 

 
Table 1-13: System of Zenon hollow fiber membranes. 

Parameter Description 

Type 

 

ZeeWeed ® 500 c (System of Zenon) Hollow fiber 
capillary 

Membrane surface 

 

84 480 m2 

Pore size 0.04 um 

Filter surface 440 m2 
 

Flux 30-40 L/m2.h 

Transmembrane pressure difference 0.1-0.6 bar 

Height 2.2 m 
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 Industrial Wastewater Treatment Membrane bioreactor (MBR), Schering AG 

Bergkamen, Germany. 

The membrane bioreactor plant at Schering's facility in Bergkamen was operated since 2003 

and it is used for the treatment of pharmaceutical wastewater for direct discharge into the river 

Lippe. The capacity of the plant is 4800 m3/d with a corresponding organic load of 130.000 

p.e. The plant is composed of four reactors: Aerated buffer tank, denitrification tank, 

nitrification tank and aerated sludge buffer with capacities of 1500 m3, 1350 m3, 7950 m3, and 

600 m3 respectively. It is considered as the largest MBR used in industry in Germany, the 

treatment consists on a pretreatment step through neutralization and sedimentation, the 

organic carbon and nitrogen are removed via the use of a partial anaerobic and aerobic 

process (PAA). Process air injection takes place via submerged injectors. The filtration is 

carried out using submerged hollow fiber membranes (Zenon). The feed influent is 

characterized by a BOD5 of 1625 mg/L, COD of 3750 mg/L, TKN of 125 mg/L, TP of 31 

mg/L and Ca of 700 mg/L. The treated wastewater quality has a COD <600 mg/L, total 

inorganic nitrogen <50 mg/L, total phosphorus < 2 mg/L (Fig. 1-15) . 

 

  

Figure 1-15: Ultrafiltration treatment plant at Schering AG Brgkamen (Zenon [Area: 15. 800m
2
]). 

1.7. Activated sludge processes  

1.7.1. Design and biological conversion processes 

According to (Metcalf and Eddy 2003), the activated sludge process was developed around 

1913 at the Lawrence Experiment Station in Massachusetts by Clark and Gage then by Ardern 

and Lockett in 1914 at the Manchester Sewage Works in England. The activated sludge 

treatment involves the production of an important mass of microorganisms determined as 

mixed liquor suspended solids (MLSS) or mixed liquor volatile suspended so lids (MLVSS) 
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able to transform organic matter into carbon dioxide, water, and other inorganic compounds.  

The activated sludge system is composed of (Fig. 1-16): 

 An aeration tank which plays the role of a biological reactor, where the suspended 

microorganisms grow aerobically, degrading the organic matter. The aeration is 

required in order to satisfy the needs of the microorganisms and to ensure their 

growth. 

 A clarifier or a settler which is a solid- liquid separation step in which particles with a 

size between 50 µm and 200 µm settle by gravity to be removed, more than 99% of 

the suspended solids could be removed in the clarification step (Metcalf and Eddy 

2003). 

 A return sludge system which transfers the sludge from the bottom of the clarifiers 

back to the aeration tank in order to ensure a stable concentration of microorganisms 

inside the biological reactor.  

 A purge used for the extraction of the excess sludge.  

 

Figure  1-16: Schematic diagram of Activated Sludge Process and the main design parameters 
(Metcalf and Eddy 2003). 

where: 

 Q : influent flow rate (m3 /d); 

 Qr : sludge recirculation flow rate (m3/d); 

 Qw : excess sludge flow rate (m3/d); 

 S0 : influent soluble substrate concentration (g BOD/m3) or (g bCOD/m3); 

 S : effluent soluble substrate concentration (g BOD/m3) or (g bCOD/m3); 

 X0 : concentration of biomass in influent (g VSS/m3); 

 X : biomass concentration (g VSS/m3); 

 XR : concentration of biomass in the return line from clarifier (g VSS/m3); 

 Xr : concentration of biomass in the excess sludge drain (g VSS/m3); 
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 Xe : concentration of biomass in the effluent (g VSS/m3); 

 V : the volume of the aeration tank (m3) 

Different organisms are involved into the biological treatment such as bacteria, fungi, algae 

protozoa, metazoa, those organisms occur a number of interlinked conversions concerns 

growth, hydrolysis, decay (Henze et al. 1997). The biological growth of organisms involves 

the consumption of small molecules such as acetic acid, ethanol, methanol, propionic acids, 

glucose, ammonium, nitrite etc. The growth process could be described by the following 

expression: 

r V,XB = µmax .f (S).XB                                                                                                               Eq 1-1  

Where: 

- r V, XB is the volumetric biological growth rate (M. L -3.T -1, for example, kg COD(B)/m3 ·d); 

-µmax is the maximum specific growth rate (T-1, unit, for example, h-1 or d-1); 

-f(S) describes the growth kinetics (first order or Monad kinetics); 

-XB is the concentration of biomass (Mx · L-3, for example, kg COD(B)/m3 or kg SS(B)/m3). 

The substrate consumption for biomass growth is described by Monod kinetics expression: 

max
,

max

. .V X B

S

S
r X

Y S K





                                                   Eq 1-2 

where: 

-Y max is the maximum yield constant (MXB · MS
-1, for example kg COD(B)/COD(S) or kg 

VSS(B)/kg COD(S)). 

This expression is used when the substrate S is the only limiting factor for growth.  

The hydrolysis process allows the slow degradation of both particulate and dissolved solids 

compared to biological growth processes and it is considered the rate-limiting step in 

biological wastewater processes.  

The hydrolysis processes are always considered as a first-order process, for example, the 

hydrolysis of the dissolved organic matter is described by the following expression: 

, .V S h Sr k S                                                                                                                      Eq 1-3  

Concerning decay processes, they describe the death of organisms which generates new 

slowly degradable material to the system used after hydrolysis for the growth of organisms. 

Decay processes are described by a first order process as regards the biomass: 

, .V XB Br b X                                                                     Eq 1-4  

Where:  

b:  is the constant for decay (T -1, for example d-1).  
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1.7.2. Removal of organic matter 

The decomposition of organic matter in the influent is carried out by autotrophic and 

heterotrophic microorganisms, the chemical composition presenting the organic matter in 

wastewater is C18H19O9N which could be oxidized through two mechanisms (Henze et al. 

1997): 

18 19 9 2 2 2 417.5 18 8C H O N O H CO H O NH       (without nitrification)        R1-1 

18 19 9 2 2 2 319.5 18 9C H O N O CO H O H NO       (with nitrification)             R1-2 

1.7.3. Removal of nitrogen 

The removal of nitrogen is carried out by three successive processes: i) The ammonification 

which consists on the production of ammonia by the hydrolysis of organic nitrogen ii) the 

nitrification which consists on the aerobic conversion of ammonia to nitrate ii) the 

denitrification transforming nitrate to nitrogen gas under anoxic conditions.  

 Ammonification 

The formation of ammonia from organic nitrogen is expressed by the following equation  

2 4 2

bacteria

orgN H O NH CO                                                          R1-3 

 Nitrification                                                                                                

The nitrification process transforming ammonia to nitrate is composed of two steps with the 

formation of nitrite as intermediate, the first step is the nitritation which consists of the 

oxidation of ammonium to nitrite with ammonium oxidizing bacteria (AOB) known as 

Nitrosomonas (Henze et al. 1997), the following equation is considered for the description of 

nitritation process (Kaelin et al. 2009): 

                                                  R1-4 

 

The second step of the nitrification process is the nitratation which consists on the oxidation 

by another group of organisms, frequently known as Nitrobacter (Henze et al. 1997). 

 

4 2 2 2

3
2

2
NH O NO H O H                                                                  R1-5 

4 2 2 2

3
2

2
NH O NO H O H     
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The nitrifying bacteria are autotrophic and are characterized by a low growth rate.  They use 

reduced carbon from carbon dioxide for their growth. The oxidation takes place through the 

oxidation of the nitrogen source, the growth expression for the oxidation of ammonia is the 

following: 

2 4 2 5 7 2 215 13 10 3 23 4CO NH NO C H NO H H O                            R1-6 

For the oxidation of nitrite, the following expression is considered: 

2 4 2 2 3 5 7 25 10 2 10CO NH NO H O NO C H NO H                          R1-7 

The nitrification process is influenced by different factors such as substrate concentration, 

temperature, oxygen, pH, toxic substances. 

 The nitrifying bacteria are sensitive to temperature, the growth rate increases with the 

increase of temperature until it reaches a range of 35-40°C in which the growth rate is stable. 

For the temperature higher than 40°C the growth rate starts to decline towards zero, Fig. 1-17. 

 

Figure  1-17: The evolution of the nitrification rate with temperature (Henze et al. 1997). 

The nitrifying bacteria are more sensitive to low oxygen concentrations than the heterotrophic 

bacteria and the optimum pH for the nitrification process is in the range of 8-9. 

 Denitrification 

The denitrification consists of the reduction of nitrate into gaseous nitrogen. The 

denitrification is mainly carried out by heterotrophic and some autotrophic bacteria under 

anoxic conditions. In the denitrification process, a sequence of reactions is occurring in which 
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nitrate is used by bacteria as the electron acceptor for substrate oxidation and cellular 

respiration. The following equations are considered (Kaelin et al. 2009): 

3 2 22 4 4 2 2NO H e NO H O                                                                R1-8  

                                                        R1-9 

2 22 2 2NO H e N O H O                                                            R1-10 

2 2 22 2N O H e N H O                          R1-11 

1.7.4. Removal of phosphorus 

Phosphorus appears in wastewater as orthophosphate (PO4
3-), polyphosphate (P2O7) and 

organically bound phosphorus (Metcalf and Eddy 2003). The removal of phosphorous 

compounds is carried out by phosphate accumulating organisms (PAOs) usually 

Acinetobacter species under anaerobic and aerobic conditions, Fig. 1-18. Under aerobic 

conditions, microorganisms take up phosphate and store it as polyphosphate. According to the 

following expression: 

3

2 4 2 4 2 4

5 7 2 2 3 2

0.16 1.2 0.2

0.16 1.2 0.2( ) 0.44 1.44

C H O NH O PO

C H NO CO HPO OH H O

 



   

   
                  R1-12 

Under anaerobic conditions, the microbes break the high-energy bonds in internally 

accumulated polyphosphate, resulting in the release of phosphate and the consumption of 

organic matter in the form of easily biodegradable organic compounds, the expression is the 

following: 

3

2 4 2 4 4 3

5 7 2 2 3 2 2

0.16 0.2 0.96

0.16 1.2 0.2( ) 1.40 0.48 0.96

C H O NH PO NO

C H NO CO HPO OH N H O

  



   

    
                       R1-13 

 
 

2 22 4 2 2 2NO H e NO H O     
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Figure 1-18: Biological phosphorous removal under anaerobic and aerobic conditions. 

1.7.5. Activated sludge models  

1.7.5.1. State of the art  

In 1982, the International Association Water Quality (IAWQ) previously named the 

International Association on Water Pollution Research and Control (IAWPRC) established a 

Task Group for the development of mathematical model describing the metabolic activity that 

happens in an activated sludge process, the first model was ASM1 which was published in 

1987. In 1998, IAWQ developed ASM3 which assumes that all the readily biodegradable 

COD is intracellularly stored before to be used for biomass growth. Moreover, the death 

regeneration concept prescribed in ASM1 is replaced in this model by endogenous respiration 

describing the ability of biomass to provide energy for maintenance, lysis, etc. Another 

difference is the existing of many entry points for oxygen in ASM3 whereas only entry point 

exists for ASM1, Fig. 1-20. 

1.7.5.2. Activated sludge models ASM1-ASM3  

  a. COD and nitrogen components  

In ASM1, the total COD is divided into non-biodegradable organic matter and biodegradable 

matter which are further subdivided into soluble (S) and particulate (X) components. 

The non-biodegradable matter includes inert soluble organic matter (SI) and inert suspended 

organic matter (XI) produced by the decay of autotrophic and heterotrophic microorganisms. 

The concentration of the inert component SI contributes to the COD effluent whereas XI 

becomes a part of the of the volatile suspended solids (Gujer 2000). 

The biodegradable matter includes soluble readily biodegradable (SS) and slowly 

biodegradable (XS) substrate. Fig. 1-19 demonstrates the COD components involved in ASM1 

and ASM3. 
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Figure 1-19: COD components in ASM1 and ASM3 (Hoque 2010). 

b. Biological processes in ASM1and ASM3 

Fig. 1-20 describes the model processes involved in ASM1 and ASM3 conducted by soluble 

and particulate compounds. The main characteristic of ASM1 is that the COD flows 

controlled by autotrophic and heterotrophic organisms are interlinked via the decay process. 

In fact, heterotrophic micro-organisms use COD in the form of readily biodegradable 

substrate SS for their growth then, the slowly biodegradable substrate XS after hydrolysis in a 

cycle reaction scheme. For their growth, the autotrophic micro-organisms use a reduced form 

of nitrogen and nitrify them in the aerobic system. The decay of the autotrophic micro-

organisms leads to the production of the particulate inert organic matter XI and the slowly 

biodegradable substrate XS which is used later for heterotrophic growth. The biochemical 

transformations of soluble and particulate compounds in ASM1 are described via a set of 

stoichiometric and kinetic expressions. The transformations described by ASM1 include the 

aerobic growth of heterotrophs and autotrophs, the anoxic growth of heterotrophs, decay 

processes for both heterotrophs and autotrophs and hydrolysis of soluble biodegradable COD 

and organic nitrogen compounds. The rate of each biochemical process is expressed in a 

series of Monod-type kinetic reactions. 

The activated sludge model No.3 used in this study accounts for seven COD fractions divided 

into soluble (S) and particulate matter (X), which are further divided into biodegradable and 

unbiodegradable components. The readily biodegradable substrate (SS) is removed by aerobic 

and anoxic storage of the heterotrophic bacteria with the production of a new component. This 
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component is the organic storage product (Xsto) which is stored in the biomass cell and it is 

used later for the growth of new biomass.  

ASM3 is based on the assumption that the readily biodegradable substrate (SS) is stored in the 

cell as internal polymers (XSTO) which will be consumed for the biomass growth in the 

absence of the external substrate.  

Furthermore, two other assumptions are integrated into ASM3 compared to the reference 

model ASM1. ASM3 includes three rates of oxygen consumption divided into three 

biodegradation processes: the rapid rate of oxygen consumption for degradation of readily 

biodegradable substrate, the slow rate associated with the degradation of slowly 

biodegradable substrate, and the oxygen rate for endogenous respiration. Nevertheless, in 

ASM1 there is only one oxygen-consuming process. Besides, the reuse of the particulate COD 

(XI) produced in the decay process in the growth process is replaced by the endogenous 

respiration that eliminates the COD cycling included in ASM1, as explained also by other 

studies (Gujer 2000; Henze et al. 2008).  

These assumptions are the characteristics of ASM3 which have been developed in order to 

correct the defects observed following the use of the ASM1 model and to allow an easy 

calibration of stoichiometric and kinetic parameters of the model. In fact, the co nsideration of 

the COD cycling and one oxygen-consuming process in ASM1 model requires the calibration 

of all processes which consume oxygen as well as the processes involved in the COD cycling 

as confirmed by other studies (Henze et al. 2008). 

Ss is formed by hydrolysis of particulate organic matter entrapped in the biofloc. The Soluble 

inert organic matter (SI) keeps the same concentration of entrance all over the treatment 

process. XI presents the inert suspended organic matter from the wastewater influent or it is 

generated by the aerobic and anoxic endogenous respiration of heterotrophs and autotrophs 

bacteria (biomass decay). It is integrated into the sludge mass and accumulated as inert 

volatile suspended solids (VSS) (Gujer 2000). 

XS, which presents the slowly biodegradable substrate, is formed by hydrolysis in ASM3. In 

fact, enzymatic reactions are required to break the slowly biodegradable substrate XS in order 

to be used for biomass growth. It is composed by the part of organic matter with a slow 

hydrolysis rate in addition to the dead biomass (Vitanza et al. 2016). Total suspended solids 

(TSS), chemical oxygen demand (COD) and total nitrogen (TN) were expressed using COD 

fractions considering the following equations: 

, , , , , , , , ,VSS XI I VSS XS S VSS BM TSS VSS BM H VSS STO STO VSS BM TSS VSS BM ATSS i X i X i i X i X i i X           R1-14 
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TSS is expressed as g/m3, and 
,VSS XIi , 

,VSS XSi ,
,VSS STOi ,

,VSS BMi , 
, ,TSS VSS BMi ,  are the stoichiometric 

conversion parameters implemented in the model expressed as g TSS/g COD and with values 

of 0.75, 0.55, 0.6, 0.7, and 1 respectively. 

  s I I S H STO ACOD S S X X X X X                                                                                                   R1-15 

      NSS s NSI I NXI I NXS S NBM H NBM ATN i S SNH SNO i S i X i X i X i X                                                    R1-16 

TN is the total nitrogen expressed as g N/m3, and  
NSSi ,

NSIi , 
NXIi ,

NXSi , and
NBMi are the 

stoichiometric conversion parameters with values 0.03, 0.01, 0.04, 0.03, and 0.07 g N/g COD 

respectively. 

ASM models have been implemented on several commercial software for biological process 

simulation, such as EFOR (Danish Hydraulic Institute), Simulink, BioWin (EnviroSim 

Associates Ltd. - Canada), STOAT (Sewage Treatment Optimization and Analysis over Time 

- UK), WEST (Wastewater treatment plant Engines for Simulation and Training -  Belgium) 

and GPS-X (Hydromantis Inc. – Canada), SIMBA (SIMulation programs für die Biologische 

Abwasserreinigung) which is the software used in the current study. 

Processes involved in ASM1 and ASM3 are described in matrix form in Table 1-14 and Table 

1-15 respectively, the kinetic and stoichiometric parameters for ASM1 and ASM3 are 

described in Table 1-16 and Table 1-17. For a complete description of the activated sludge 

models, readers could refer to (Gujer 2000). 

 

a) 

 

b) 

Figure 1-20: Schematic presentation of processes in a) ASM1;b) ASM3 (Gujer 2000). 
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Table 1-14: Process matrix involved in ASM1 for carbon oxidation and nitrification, adopted from (Gujer 2000).  

Variables & Units 

Process 

Ss Xs XB,H XB,A XP SO SNO SNH SND XND SALK PROCESS RATE 

[M (COD)L
-3

]               [M (N)L
-3

]  [Molar unit ] [ML
-3

T
-1

] 

Hydrolysis 1 -1 -- -- -- -- --  -- -- -- 

 
.

.

B.H

.

/ S
. .x

/

B H

B H

S O
h

O H oX s

X X
k

K SK X X

   
   
     

 

Aerobic growth on  

heterotrophs -
1

HY
 

-- 1 -- -1 
-
1 H

H

Y

Y


 

-- 
XB

i  -- -- 

14

XBi
  

B.H

.

S
. . .xS O

mH

S S O H o

S

K S K S


   
   

    

 

Aerobic growth on autotrophs -- -- -- 1 -- 4.57 A

A

Y

Y

   1

AY
 -

1
XBi

AY
  

-- -- 1

14 7

XB

A

i

Y
   

B.A

.

S
. . .xNH O

mA

NH NH O A o

S

K S K S


   
   

    

 

Decay of heterotrophs --  1 pf  -1 -- 
p

f  -- -- -- -- 
XB p XPi f i   -- 

..H B Hb X  

Decay of autotrophs --  1 pf  -- -1 
p

f  -- -- -- -- 
XB p XPi f i   -- 

A .A. Bb X  

Ammonification -- -- -- -- -- -- -- 1 -1 -- 1

14
 

..S .a ND B HK X  

 

NB: Soluble inert organic matter (SI) and particulate inert organic matter (XI) are not shown in the matrix as they are not involved in any 

conversion processes (Gujer 2000). Soluble and particulate variables used in the Matrix are defined below: 

Soluble variables      
DO g O2/m

3
 Dissolved oxygen  XSTO  g COD/ m

3
 Organic storage products 

SS g COD/ m
3
 Readily biodegradable substrate  XA g COD/ m

3
 Autotrophic biomass 

SNH g N/ m
3
 NH4

+
and NH3 nitrogen  XMI g COD/ m

3
 Particulate mineralic fration 

SNO g N/ m
3
 nitrate and nitrite nitrogen    

SN2 g N/ m
3
 Dinitrogen    

SALK mole/ m
3
 Alkalinity    

SI g COD/ m
3
 Soluble inert organic matter    

Particulate variables       
XI g COD/ m

3
 Particulate inert organic matter    

XS g COD/ m
3
 Slowly biodegradable substrate    

XH g COD/ m
3
 Heterotrophic biomass    
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Table 1-15: Process matrix involved in ASM3 for carbon oxidation and nitrification, adopted from 

(Gujer 2000). 

j Process                               Process rate equation 
, 0j jall    

1 Hydrolysis 

 

/
.

/

g H

H H

x S H

X X
k X

K X X

 
   

 

Heterotrophic organisms 
2 Aerobic storage of SS 

.
gO

STO H

O O s s

SS
k X

K S K S

  
  

   

 

3 Aerobic growth of XH 

 

/
.

/

O NH HCO STO H
H H

O O NH NH HCO HCO STO STO H

S S S X X
X

K S K S K S K X X


    
            

 

4 Aerobic endog. 

Respiration ,02 .O
H H

O O

S
b X

K S

 
 

 

 

5 Aerobic respiration of Xsto 
.O

STO STO

O O

S
b X

K S

 
 

 

 

Autotrophic organisms, nitrification 

6 Aerobic growth of XA 

. . ,

. . .O NH HCO
A A

A O O A NH NH A HCO HCO

S S S
X

K S K S K S


    
           

 

7 Aerobic endog. 
Respiration  ,02

O
A A

AO O

S
b X

K S

 
 

 

 

 

Table 1-16: Stoichiometric and kinetic parameters for ASM1(Gujer 2000). 

Symbol Unit Valueat20◦C Valueat10◦C 

Stoichiometric parameters  

YA g cell COD formed (g N oxidized)-1           0.24        0.24 

YH g cell COD formed (g COD oxidized)-1           0.67        0.67 

pf  Dimensionless           0.08        0.08 

iXB g N(g COD)-1 in biomass           0.086        0.086 

IXE g N(g COD)-1 in endogenous mass           0.06        0.06 

Kinetic parameters 

H  day-1            6.0         3.0 

KS g COD m-3          20.0        20.0 

KO,H g O2 m
-3          0.20        0.20 

KNO g NO3-N m -3          0.50        0.50 

bH day-1          0.62        0.20 

g  Dimensionless          0.8        0.8 

h            0.4        0.4 

kh g slowly biodegradable COD (g cell COD . day) -1          3.0        1.0 

Kx g slowly biodegradable COD (g cell COD day)-1         0.03       0.01 

A  day-1         0.80       0.3 

KNH g NH3 –N m -3         1.0        1.0 

KO,A g O2 m-3         0.4        0.4 

ka m3 . COD (g.day) -1         0.08        0.004 
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Table 1-17: Overview of the default Kinetic and stoichiometric parameters for ASM3, SIMBA, and 

literature. 

Symbol  Characterization Orignal 

Values 

of AS M3 

(Gujer 

2000) 

Values 

in 

Simba 

Values  

in Ref. 

References 

Stoichiometric parameters    

iN,SI 

[g N/g COD] 

N content of inert 

soluble COD SI  

0.01 0.01 - - 

iN,SS 

[g N/g COD] 

N content of readily 

biodegradable 

substrate 

0.03 0.03 - - 

iN,xI 

[g N/g COD] 

N content of  XI (Inert 

particulate COD) 

0.02 0.04 - - 

iN,xS 

[g N/g COD] 

N content of slowly 

biodegradable 

substrate 

0.04 0.03 - - 

iN,BM 

[g N/g COD] 

N content of biomass, 

XH,XA 

0.07 0.07 - - 

iTSS,xI 

[g TSS/g COD] 

TSS to COD ratio for 

XI  

0.75  - - 

fSI 

[g COD/g COD] 

Production of SI in 

the hydrolysis 

0 0 - - 

fxI 

[g COD/g COD] 

Production of XI in 

endogenous 

respiration 

0.2 0.2 - - 

YH,O2 

[g COD/g COD] 

Aerobic yield of 

heterotrophic 

biomass 

0.63 0.8 0.58 

 

(Sin et al. 2005) 

YH,NOx 

[g COD/g COD] 

Anoxic yield of 

heterotrophic 

biomass 

0.54 0.65 0.67 (Hocaoglu et al. 2013) 

YSTO, O2 

[g COD/g COD] 

The aerobic yield of 

stored product per SS 

0.85 0.8375 0.81 

 

(Sin et al. 2005) 

YSTO, NOx 

[g COD/g COD] 

The anoxic yield of 

stored product per SS 

0.8 0.70 - - 

YA  

[g COD/g COD] 

Yield of autotrophic 

biomass per NO3
-
 -N 

0.24 0.24 - - 

Kinetic parameters 

kH 

 

Hydrolysis rate 

constant 

3 9 2.81 

 

1.1 

 

(Abdel-Kader 2012; 

Hocaoglu et al. 2013) 

KX 

[g XS/g XH] 

Saturation/inhibition 

coefficient for 

particulate COD 

1 1 0.03 

 

(Hocaoglu et al. 2013) 

ksto 

[d
−1

] 

Storage rate constant 5 12 - 

 

- 

 

µH 

[d
−1

] 

Maximum growth 

rate on the substrate 

2 3 3.2 

2 

(Abdel-Kader 2012; 

Hocaoglu et al. 2013) 

µA 

[d
−1

] 

 The maximum 

growth rate of XA 

1 1.12 0.75 (Abdel-Kader 2012) 

bH,O2 

[d
−1

] 

Aerobic endogenous 

respiration rate for 

XH /Rate constant for 

lysis and decay 

0.2 0.33 0.16 (Hocaoglu et al. 2013) 

bSTO,O2 Aerobic respiration 0.2 - - - 
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[d
−1

] rate for XSTO 

bH,NOX 

[d
−1

] 

Anoxic endogenous 

respiration rate of XH 

0.1 - - - 

b STO,NOX 

[d
−1

] 

Anoxic respiration 

rate for XSTO 

0.1 - - - 

bA,O2 

[d
−1

] 

Aerobic endogenous 

respiration rate of XA 

0.15 - - - 

bA,NOX 

[d
−1

] 

Anoxic endogenous 

respiration rate of XA 

0.05 - - - 

ɳNOx 

[d
−1

] 

Anoxic reduction 

factor 

0.6 0.5 0.37 (Abdel-Kader 2012) 

KH,O2  

[g O2 m
−3

] 

Saturation/inhibition 

coefficient for 

oxygen heterotrophic 

growth 

0.2 0.2 0.2 

 

(Abdel-Kader 2012) 

KH,SS 

[g COD/ m 
3
] 

Saturation/inhibition 

coefficient for readily 

biodegradable 

substrates (SS) 

2 10 5 

 

10 

(Abdel-Kader 2012; 

Hocaoglu et al. 2013) 

KH,NH4  

[g N/ m
3
] 

Saturation constant 

for ammonium, SNH4 

0.01 0.01 1 (Abdel-Kader 2012) 

KH,NOx  

[g N/ m
3
] 

Saturation constant 

for SNOX 

0.5 0.5 - - 

KH,ALK  

[mole HCO3
-
/m

3 
] 

Saturation constant 

for alkalinity for XH 

0.1 0.1 - - 

KH,STO  

[g COD/g COD] 

Saturation constant 

for XSTO (storage 

products) 

1 0.1 - - 

KA,O2 (KNO2) 

[g O2/ m
3
] 

Oxygen saturation for 

nitrifiers 

0.5 0.5 0.2 (Abdel-Kader 2012) 

KA,NH4  

(KNNH4 ) 

[g N /m
3
] 

 

Ammonium substrate 

saturation for XA/ 
Saturation coefficient 

for ammonium 

(substrate), 

autotrophic growth 

1 0.7 - - 

KA,ALK (KNALK) 

[mole HCO3
-
/m

3 
] 

Bicarbonate 

saturation for 

nitrifiers 

0.5 0.5 - - 

 

c. Application of ASM1 and ASM3 on MBBR 

the modeling of wastewater treatment plant is an important tool for the design and the 

optimization of wastewater treatment processes, which could be used as a guideline to 

estimate some operational and performances criteria (Takács et al. 2007). Since the 

development of the series of activated sludge models (ASM1, ASM2, ASM3, etc.) by the 

IWA task group (Gujer 2000), many research studies have applied them to other different 

biological wastewater treatment systems. The modeling applied  to MBBRs can target the 

effect of the operational parameters (pH, flow rates, residence time and the number of 

carriers) and their impact on the performance of the treatment. It can, also, estimate the 

biofilm growth and reaction rates for the biological processes to achieve a specific process 
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objective (Takács et al. 2007). The ASM1 was used for the description of the evolution of the 

nitrogen forms during the biological treatment of municipal wastewater using MBBR. The 

results confirmed the adaptability of the activated sludge models (ASM1) to MBBR processes 

(Plattes et al. 2006). The ASM1 model was applied to biofilm reactors MBBR which treated 

synthetic wastewater to model the total organic carbon TOC removal under different 

hydraulic conditions (Zeng et al. 2013). Other research studies have developed an extended 

version of ASM3 in order to include the two steps of nitrification process (nitritation and 

nitratation) separately (Kaelin et al. 2009; Leyva-Díaz et al. 2015b). More recently, ASM2 

has been applied to model the removal of the chemical oxygen demand (COD) under aerobic 

conditions in a moving bed biofilm reactor (MBBR). The model includes the biofilm, the bulk 

liquid and the biological processes with the consideration of the interactions between different 

types of organisms which are autotrophic, heterotrophic and predator microorganisms (Revilla 

et al. 2016). Table 1-18 summarizes some studies that deal with the application of the 

modeling in MBBR reactors. 

Table 1-18: Previous studies on MBBR reactors modeling. 

References  (Plattes et al. 
2006) 

(Ferrai et al. 
2010) 

(Revilla et al. 
2016) 

Scale of MBBR Pilot- scale 
MBBR 

Pilot-scale MBBR Full-scale 
MBBR 

 

Type of carriers  Polyethylene 
Kaldnes carrier 

elements 
 

Cylindrical-shape 
polyethylene 

carriers 

Cylindrical 
polyethylene 
carrier type 

Biofilm Chip P 

Company ECOBETON Biomaster AnoxKaldnes™ 

Model  ASM1 ASM3 ASM2/ASM3 

Waste water  Municipal Municipal Pulp and paper 
industry 

Software/Company GPS-X 
/Hydromantis, Inc. 

AQUASIM 
platform /Eawag 

Aspen 
Custom / 

Modeler® (ACM) 

Results Simulation of 
ammonium and 
nitrate 
concentrations in 
the effluent. 

Assessment of the 
biokinetic and 
stoichiometric 
parameters of 
heterotrophic and 
autotrophic 
biomass. 

Simulation of the 
oxygen and 
phosphorous 
concentrations in 
the biofilm. 
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1.8. Life cycle assessment 

1.8.1. Definition and methodology 

Life cycle assessment is a standardized method defined as the "compilation and evaluation of 

the inputs, outputs and the potential environmental impacts of a product system throughout its 

life cycle" (ISO 14040 2006). It studies the environmental aspects and potential impacts 

throughout a system's life cycle (from cradle to grave). A system refers to a process, a product 

or a service. The LCA takes into account all the consecutive activities directly or indirectly 

associated with the system. According to the standard (ISO 14040 2006), LCA involves the 

extraction of raw materials, manufacturing, transportation and distribution, consumption, 

recycling, disposal and management of wastes associated with system. LCA is usually used to 

compare systems with the same function in order to identify the environmental impact of each 

step of the process for possible improvement alternatives.  

The main outputs of the LCA study are the development of new products or processes, the 

establishment of a guide for public policies concerning the choice of raw materials, energy 

sources, types of packaging, and waste treatment, etc. 

According to International Organization for Standardization (ISO 14040 2006), LCA is 

composed of four steps (Fig. 1-21): the definition of the objectives and scope of the study; 

inventory analysis; the assessment of life cycle impacts; the interpretation of the results.  

 

Figure 1-21: Stages of an LCA (ISO 14040 2006). 

1.8.1.1.Goal and scope 

The first step of an LCA study is the identification of the main goals of its application, the 

target audience (consumer, producer, government), and the scope of the study. This step is an 

interactive step between different actors involved in the study to define all the objectives and 
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reasons of the study. LCA is mainly used to evaluate the environmental effect of a product in 

order to check if it meets the environmental requirements, or to compare between alternatives 

from an environmental point of view for the development of political strategies. For example, 

in the context of European agricultural policy, the application of LCA to compare the 

environmental impact of intensive and extensive agriculture is very useful.  

The definition of the scope of the LCA study must take into account mainly the following 

elements and describe them clearly (ISO14040 2006), a brief description of some of these 

elements is given in the next paragraph.  

• The system of products to be studied,  

• The function of the system, 

• The functional unit, 

• The system boundary, 

• Life cycle impact assessment methodology  

• Data requirements, 

• Hypotheses, 

• Limitations. 

Once the function of the system has been defined, the functional unit (UF) could be 

identified. A functional unit (FU) is defined as (ISO14040 2006) as a reference to which the 

inputs and outputs are related. Moreover, it reflects one of the possible functions of the system 

and it allows the quantification of the process or the product system. It is used for the 

quantification of the performance of a product system and as a reference unit to which all 

inventory flows are reported in the case of the comparison of different scenarios.  

Different FUs were used in LCA studies related to WWTP. Vlasopoulos et al. (2006) used as 

an FU a process water flow of 10,000 m3 /day for a time period of 15 years (system design 

life). For the LCA of water reuse system Tong et al. (2013) used as FU 1 m3 of TWW, the 

choice of the FU was based on the function of the water recycling system which is the 

treatment of wastewater to the required quality for its application. Other studies included 

many parameters in the same FU such as the total volume of the treated wastewater, the 

design life (15 years), the specific water consumption (in liters/person day) and the population 

number which represents the population that will benefit from the TGW (Memon et al. 2007). 

The most commonly used FU in the reviewed studies related to wastewater treatment 

technologies is the volume unit of TWW (Muñoz et al. 2009; Chatzisymeon et al. 2013). 
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The definition of the system boundaries is a primordial step in an LCA study, it determines 

which modules to consider for modeling the studied system. According to (ISO14044 2006): 

"The system boundary determines which unit processes shall be included within the LCA. 

The selection of the system boundary shall be consistent with the goal of the study". 

The definition of data and assumptions is mandatory. In fact, LCA studies require a large 

amount of data. As a result, the reliability of the results will strongly depend on the quality of 

the data. Their origin and quality must, therefore, be specified. In terms of quality, it is 

necessary to specify if the data are measured, calculated or estimated in addition to the 

verification of the geographic, temporal or technological validity of these data.  

1.8.1.2. Life cycle inventory 

According to (ISO 14040 2006), inventory analysis "involves data collection and calculation 

procedures to quantify relevant inputs and outputs of a product system". Inventory analysis 

allows the quantification of the flows emitted as well as the extracted resources composed by 

material, energy, and pollutants included in the system boundaries  

LCI consists of the determination of the material and energy balances of the complete life 

cycle of the system. Thus, a list of inputs and outputs of the environment reported to the 

functional unit is compiled and quantified on the system boundaries.  

1.8.1.3. Impact assessment 

At the end of the life cycle inventory, the LCA practitioner has a quantification of all the 

flows of substances emissions and consumptions of the investigated system. The essential role 

of life cycle impact assessment is to regroup these flows into a limited number of impacts in 

order to facilitate the understanding and analysis. The impact assessment includes the 

following steps (Jolliet et al. 2010). 

-Classification of impacts: This stage consists on the selection of a relevant list of impact 

categories in which flows are grouped according to their effects on the environment.  

-The characterization: consists on the evaluation of the contribution of each environmental 

flow to each category of effect in a quantitative way.  

-Global evaluation: Consist on the translation of the results of the LCA into decision-making 

parameters by standardization and weighted aggregation of the impact indicators.  

The purpose of impact analysis methods is, therefore, to link inventory data to the 

environmental damage caused by the inventoried substances. To do this, it is useful to group 

inventory results with similar effects (for example, all substance flows that influence 
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stratospheric ozone concentration) into impact categories at an intermediate level, called 

intermediate categories (midpoint categories). 

An additional step is to allocate these intermediate categories to one or more categories of 

damage. These categories consider damage on different topics to be protected such as human 

health, ecosystems. Fig. 1-22 shows the general outline of the methodological framework, 

which links all inventory results to damage categories across intermediate categories (Jolliet 

et al. 2010). 

 

Figure 1-22: General structure of the life cycle impact assessment framework. 

In the current work, the methodology developed by the center of environmental science 

(CML) 2 baseline 2000 (version 3.04) of Leiden University was chosen. The indicated 

method is a midpoint method and it includes 11 impact categories which are the following: 

Abiotic Depletion (AD), abiotic depletion (fossil fuels) (AD), global warming potential 

(GWP), ozone layer depletion (ODP), human toxicity (HT), fresh water aquatic ecotoxicity 

(FAEP), marine aquatic ecotoxicity (MAE), terrestrial ecotoxicity (TE), photochemical 

oxidation (POP), acidification (AP), eutrophication (EP) Table 1-19. 
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Table 1-19: Overview of the environmental impact included in CML impact assessment methodology 

(Pré Consultants 2014). 

Impact 

category 

Unit General description 

AD MJ This impact category is related to the extraction of minerals and fossil 
fuels due to inputs in the system. 

GWP100 kg CO2 eq It concerns the emissions of greenhouse gases into the air.  
The most important substances are CO2, CH4, N2O and halogenated 
hydrocarbons (Pasqualino et al. 2011). 
The Global warming characterization model is developed by the 
Intergovernmental Panel on Climate Change (IPCC). Factors are 
expressed as GWP for a time horizon of 100 years (GWP100). 

ODP kg CFC-11 

eq 

This impact category was developed by the World Meteorological 
Organization, it defines different gases responsible of stratospheric 
ozone depletion which causes harmful effects on human health, animal 
health, terrestrial and aquatic ecosystems, biochemical cycles due to 
the larger fraction of UV-B radiation reaching the earth surface. 

HT kg 1.4-DB eq This category concerns the effects of toxic substances on the human 
environment.  

FAEP kg 1.4-DB eq This category indicator refers to the impact on freshwater ecosystems, 
as a result of emissions of toxic substances to air, water, and soil 

MAE kg 1.4-DB eq Marine eco-toxicity refers to impacts of toxic substances on marine 
ecosystems 

TE kg 1.4-DB eq This category refers to impacts of toxic substances on terrestrial 
ecosystems 

POP kg C2H4 eq Formation of Photo-oxidant substances (mainly ozone) through the 
photochemical oxidation of volatile organic substances and carbon 
monoxide which are injurious to human health, ecosystems, and crops. 

AP kg SO2 eq This category includes the acidifying substances which affect the soil, 
groundwater, surface water, organisms, ecosystems, and materials 
(buildings) 

EP kg PO4
3-

eq Eutrophication includes all impacts due to excessive levels of macro-
nutrients in the environment caused by emissions of nutrients to air, 
water and soil.  
The excessive quantity of nutrients leads to an increase in plant growth 
which depletes the level of oxygen (Pasqualino et al. 2011). 

Note: MJ= One megajoule; kg CO2 eq= One kilogramme of carbon dioxide equivalent; kg CFC-11 eq= One 

kilogramme of trichlorofluoromethane equivalent; kg 1.4-DB eq= One kilogramme of 1,4-dichlorobenzene 

equivalent; kg C2H4 eq= One kilogramme of ethylene equivalent; kg SO2 eq= One kilogramme of sulphur 

dioxide equivalent; kg PO4
3-

eq= One kilogramme of phosphate equivalent. 

1.8.1.4. Interpretation  

The objectives of the fourth phase of the LCA is to analyze the results and to develop 

conclusions, to explain the limits and to provide recommendations based on the results of the 

previous phases of the study to meet the objective and scope of the study.  

The interpretation consists on the: 
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-Identification of significant points based on the results of the inventory analysis and impact 

assessment phases in relation to the objectives and scope of the study.  

-Verification involving a sensitivity analysis. 

-Conclusions and recommendations in order to define improvement alternatives.  

1.8.2. Application of the LCA in the field of wastewater treatment: Impact of 

the recycling of treated water 

1.8.2.1. Case studies from the literature 

In recent years, LCA has been applied for the environmental assessment of wastewater 

treatment systems, with a special interest to the contribution of the reuse and recycling in a 

sustainable development context. In this frame, several LCA studies focused on wastewater 

treatment and the comparison between treatment technologies. Recently, Holloway et al. 

(2016) compared between a full advanced treatment (FAT), hybrid ultrafiltration osmotic 

membrane bioreactor (UFO-MBR), reverse osmosis (RO) and ultraviolet advanced oxidation 

processes (UV-AOP) used for potable water treatment and reuse. The evaluation using the 

LCA methodology was carried out to assess the environmental impact of construction, 

maintenance, and operation of these different water reuse schemes.  

The FAT was evaluated for the energy and greenhouse gas GHG emissions. It was 

demonstrated that the contribution of the operation step of FAT accounts 75% of the total 

energy and 80% of GHG emissions for high disposal pressure (69 bars) and even for low 

pressure (0 bars), the operation step contributes 70% of the total energy and 75% of the total 

GHG emissions. Important findings related to this study showed that the high environmental 

impact of the conventional treatment with microfiltration MF was due to the use of the 

chemicals: caustic soda and calcium hydroxide in this process, which enhanced the global 

warming potential (GWP) and consequently the greenhouse gas (GHG). 

In another study, three raw sewage treatment technologies have been compared: the 

continuous microfiltration (CMF) with ozonation as a pre-treatment disinfection step, a 

membrane bioreactor (MBR) followed by reverse osmosis (RO), and a wastewater 

stabilization pond system (WSP). The recycled water was used for irrigation of sensitive  

crops such as grape, almond, bean, plum, and apricot. Thus, the FU was the delivery of 1 mL 

of recycled water to be used for irrigation of sensitive crops such as bean, almond, apricot, 

plum, and grape (Tangsubkul et al. 2005). The energy usage was found as the most 

contributor to the GWP impact for the CMF and MBR, the methane release from ponds was 
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found to be the most contributor for the WSP which is the third treatment technology under 

comparison. The results showed that the energy usage contributes to the EP impact category 

to 80% for CMF and MBR. Whereas, for the WSP, the construction module contributes to 

94%. Concerning impact categories related to the toxicity (HTP, FAETP, MAETP, and 

TETP) were mainly caused by the biosolids applications (87–98%). The construction phase 

presented a minor contribution to different impact categories, except for the impact category 

GWP in which it contributes to 25-38%. In the case of WSP option, the construction module 

contributes to 94% and 35% for the EP and GWP impact categories respectively. The 

potential environmental impact results showed that the use of energy contributed mostly to the 

GWP for MBR and RO except for WSP, which is the most environmental friendly option in 

which the release of the methane from ponds is the largest contributor.  

The impact of the wastewater in the irrigation was further assessed using LCA (Muñoz et al. 

2009). Different alternatives for wastewater reuse management have been compared: 

wastewater discharge plus desalination supply, wastewater reuse without tertiary treatment, 

wastewater reuse after applying ozonation as a tertiary treatment, and wastewater reuse after 

applying ozonation in combination with hydrogen peroxide, with a special focus on the 

toxicity impact categories. The supply of 1m3 for irrigation in agriculture was adopted as FU. 

The investigated impact categories were: Freshwater aquatic toxicity, terrestrial ecotoxicity, 

human toxicity via soil and human toxicity via water. The option that describes the no reuse 

scenario presented the worst scenario for all the toxicity impact categories, except for the 

category terrestrial ecotoxicity for which the direct reuse is the option with the highest impact 

category. The LCA results have demonstrated that the tertiary treatment with ozone and ozone 

peroxide presented lower impact than the no reuse scenario, except for the impact category 

terrestrial ecotoxicity for which the no reuse scenario presented the highest environmental 

impact. The LCA allowed the determination of the contribution of the elementary processes to 

the impact category GWP, it was shown that for the ozone reuse and ozone-peroxide, the 

ozonization step is the most contributor followed by cooling water and oxygen. The impact on 

global warming was not affected by water pollutants in contrast to the toxicity impact 

categories. The direct reuse of WW didn't require any treatment. Thus, it had no effect on the 

GWP, the emissions related to the desalination of the sea water were around 2 kg CO2 eq./m3 

while the emissions related to ozone and ozone- peroxide were around  0.3 kg CO2
- eq./m3 

(Fig. 1-23). 
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Figure  1-23: Life Cycle Impact Assessment results per functional unit for global warming(GW), 
measured for a time frame of 100 years (Muñoz et al. 2009). 

The environmental impact of the tertiary treatment alternatives for reuse purposes has been 

investigated for the effluent issued from the conventional activated sludge system coupled 

with the filtration treatment (CAS-TF) and from the immersed and the external membrane 

biological reactor (MBR) (Ortiz et al. 2007). The study investigated the contribution of each 

life cycle phase for the wastewater technologies which are: assembly, operation, membranes, 

final disposal. The analysis of the results obtained with CML method showed that the 

operation phase had the highest contribution for all the technologies with 70.5%, 83.6%, 79.4, 

77.2% of CAS, CAS-TF, external MBR and immersed MBR, respectively. The functional 

unit considered in the mentioned study was the production of an average of 3000 m3/ day of 

water during 25 years with a working life of the membranes of 7 years.  

The environmental impact of the tertiary treatment required for the reuse of the reclaimed 

water in non-potable applications was further investigated in the study conducted by 

(Meneses et al. 2010). The reclaimed water was used for agriculture applications through the 

replacement of fertilizer with nutrient included in the reclaimed water. Moreover, reclaimed 

water was used in urban applications such as; landscape application and fire protection which 

reduces the consumption of water resources. The environmental impact of three disinfection 

treatment technologies have been evaluated: treatment with chlorination plus UV treatment, 

ozonation, and ozonation plus hydrogen peroxide. The analysis with the CML method showed 

that the ozonization plus hydrogen was the alternative with the highest impact for all the 

impact categories especially for the acidification potential (AP ). For the impact category 

GWP, the ozonization alternative showed a lower contribution than the ozonization plus 
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hydrogen peroxide. These results are similar to those mentioned in the previous reference 

(Muñoz et al. 2009). The chlorination plus UV disinfection presented the lowest 

environmental impact for all the impact categories, except for the photochemical oxidation 

(Fig. 1-24). 

 

 

Figure  1-24: Environmental profile of different disinfection treatment technologies (Meneses et al. 
2010).  

The study evaluated separately each alternative of reuse of reclaimed water which are 

agricultural use and urban use in addition to the production of 1m3 of water for non-potable 

application from potable water and desalinated water. The results showed that the 

environmental profiles of the production of 1m3 of reclaimed water for urban reuse were 

lower than the one produced for agriculture use. However, it was similar to the production of 

1 m3 of potable water with traditional water treatment. The desalination of the water had the 

highest environmental impact compared to the other alternatives.  

20 technologies and their combinations used for the treatment of water produced during the 

extraction of oil and gas processes have been assessed for a reference FU which is the 

production of 10,000 m3/day for a system design life of 15 years (Vlasopoulos et al. 2006). 

Among the technologies used for the second stage of treatment, rotating biological contactors 

(RBC), absorbents (ABS), activated sludge (AS), trickling filters (TF), air stripping (AIR) 

aerated lagoons (AL), wetlands (CWL), and microfiltration (MF). The CML method was used 

for LCIA and the impact categories discussed in the study were: global warming, depletion of 

abiotic resources, acidification, eutrophication, and photo-oxidant formation. It was found that 

the contribution of the construction phase is low, less than 10%, for all the impact categories,  
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for the technologies ABS, AL, AS, AIR, MF compared to the use phase. The contribution of 

the construction phase of the technologies RBC and TF to the eutrophication impact category 

increased and it reached 40% and 21% respectively. The highest contribution of the 

construction module was determined for the CWL with more than 92% for all the impact 

categories. Investigated technologies have been classified according to their operational 

energy consumption. The highest impact for all impact categories was the recorder for AS 

which operated at 0.92 kWh/m3. However, ABS which operated at 0.11 kWh /m3 presented 

the lowest impact in all the impact categories.  

In the field of GW treatment and reuse, Memon et al. (2007) used an LCA approach with two 

assessment methods to compare the environmental impacts of four different GW recycling 

treatment technologies in flushing toilets. Treatment technologies included reed beds (RB), 

membrane bioreactors (MBR); membrane chemical reactors (MCR) and an innovative green 

roof water recycling system (GROW). The results of the LCA showed that (GROW) 

technology performed the best environmental performance. However, MCR appeared less 

environmental friendly due to the use phase.  

The LCA becomes an important tool for decision makers and different stakeholders in the 

field of integrated water management and sustainable development, in order to define 

appropriate options to improve the sustainability of the WWTP by the identification of 

technologies with lower environmental impact considering the environmental decision criteria 

(Salgot 2008; El-Sayed Mohamed Mahgoub et al. 2010; Dominguez et al. 2017). The 

applicability of any wastewater treatment technology should be related not only to its 

degradation performances but also to its environmental impacts.  

LCA assessment was investigated in the studies related to the sustainability, with the 

comparison of alternatives for small and decentralized rural communities for two-energy 

saving systems (constructed wetland and slow rate infiltration) and a conventional one 

(activated sludge process) (Machado et al. 2007). The obtained results allowed the 

optimization of the design of the plant through the replacement of the steel with High-density 

polyethylene (HDPE) in the activated sludge tank which resulted in a 1% reduction in CO2 

emission and 1% in the abiotic depletion indicator.  

1.8.2.2. Software  used for the LCA 

Different commercial software are used for the environmental assessment of WWTP. 

Raghuvanshi et al., (2017) used the software Umberto NXT Universal and Eco- invent 

database v3.0 for the assessment of WWTP in a university campus in India with a special 
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focus on the impact of the recycled water, other studies used also the software Umberto such 

as (Bisinella de Faria et al. 2015). SimaPro 8.0 software was used to support the calculations 

in WWTP studies (Garfí et al. 2016; Lorenzo-Toja et al. 2016). 

The software GaBi version 4.3 software was used by (Tong et al. 2013; Dominguez et al.  

2018) in order to determine the data inventory and analyze the environmental impacts. GaBi 

database provides the background data for the chemical and energy consumption.  

1.8.2.3. Functional unit (FU) 

In the field of WWTP, the main functional unit used in the reviewed studies is the volumetric 

FU. In most of the cases, the authors used as FU the treatment of 1m3/d. 

In the study conducted by (Amores et al. 2013), the FU was 1 m3 of potable water supplied to 

the consumers in the Spanish Mediterranean area. Many studies used the volumetric FU 

(Niero et al. 2014; Garfí et al. 2016; Lorenzo-Toja et al. 2016).  

Some studies indicated that this FU is not always representative, because it does not reflect 

the influent quality or the removal efficiency of the WWTP (Corominas et al. 2013). In fact, 

the comparison of two systems with different treatment performances might result in 

erroneous conclusions in case of the use of the volumetric functional unit without any other 

specifications concerning the performance of the plant.  

1.8.2.4. LCIA methods 

The life cycle assessment methods used for the environmental assessment of wastewater 

treatment plant are either midpoint methods such us: CML2001 (Amores et al. 2013; Tong et 

al. 2013; O’Connor et al. 2014; Rodriguez-Garcia et al. 2014; Lorenzo-Toja et al. 2016), 

endpoint method such as Impact 2002 and Eco- indicator 99 (Memon et al. 2007) or a method 

that integrates midpoint and end endpoints results. 

The well-known method for both midpoint and endpoint assessment, the ReCiPe method 

which provides results in three main endpoint categories: ecosystem quality, human health, 

and resources (Niero et al. 2014; Lorenzo-Toja et al. 2015; Raghuvanshi et al. 2017a). The 

ecosystem quality has nine sub-categories: agricultural land occupation, climate change, 

freshwater eco-toxicity, freshwater eutrophication, marine eco-toxicity, natural land 

transformation, terrestrial acidification, terrestrial eco-toxicity, and urban land occupation. In 

human health, there are six subcategories: climate change (human health), human toxicity, 

ionizing radiation, ozone depletion, particulate matter formation, and photochemical oxidant 
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formation. The resources category includes two sub-categories: fossil depletion and metal 

depletion. 

1.8.2.5. System boundaries 

The system boundaries of the WWTP include the material and energy flow inputs related to 

the main phases of water collection, sludge activation, treatment, purification, and re-

distribution (Raghuvanshi et al. 2017). The following inputs could be considered: the reagents 

used during different treatment stages with the possibility of the integration of the related 

processes of packaging and transport, the consumption of energy and materials for the 

operation and the maintenance of the plant in addition to the generated waste and the possible 

methods of treatment (Amores et al. 2013). The inventory data in the most investigated case 

studies included energy and materials consumption (Machado et al. 2007). In general, data 

related to the infrastructure of the treatment plants’ processes and products are not taken into 

account because it presents a low impact compared to the operation phase which still the 

burdens generator within the wastewater treatment (Lorenzo-Toja et al. 2016). However, the 

construction materials, including (steel, fiber concrete, cast iron, reinforced concrete, 

galvanized iron, HDPE, low-density polyethylene LDPE, and Polyvinyl chloride PVC), of the 

distribution network and sewage collection have been considered due to their relative 

significance. The choice of the system boundary depends on the defined objectives, and the 

reasons for such selection are not well explained in the LCA studies. (Memon et al. 2007; 

Holloway et al. 2016) used also the data related to the construction material, energy demand, 

and chemical use to determine the energy use and the environmental impact of each 

investigated system. Fig. 1-25 describes the system boundaries adopted in different case 

studies related to the LCA of WWTP. 
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Figure 1-25: Boundaries of the urban wastewater system. The letters A until H indicate the 

different system boundaries that could be adopted in the LCA of the WWTP (Corominas et al. 2013) 

 

In the study conducted by Memon et al. (2007), only the construction components and 

operational elements have been considered, the transportation and the disposal step were 

excluded from the study. The authors explained that the consideration of transportation and 

waste disposal involves further management technology settings related to the geographical 

location of the plants which was not the objective of the study. Fig. 1-26 shows the system 

boundaries adopted by Memon et al. (2007) for the LCA study. 

 

 

Figure 1-26: System boundaries applied in LCIA (Memon et al. 2007). 

 

In the study conducted by Tong et al. (2013), the sludge treatment and disposal were included 

in the system boundary in addition to the different treatment stages including the booster  

pump, primary treatment, secondary treatment, and tertiary treatment. The effluent from the 

water recycling plant has been reused or discharged into the environment. The description of 
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the different treatment stages included energy and chemicals production and transportation. 

Air emissions have been also included (Fig. 1-27). 

 

 

Figure  1-27: System boundary for the LCA study adopted by Tong et al. (2013). 

1.8.2.6. Advantages of using LCA  

The LCA studies provide useful information for the improvement of the design of the WWTP. 

The study conducted by Foley et al. (2010) showed that the infrastructure resources, 

operational energy, direct greenhouse gas (GHG) emissions and chemical consumption 

increased with the increase of the nitrogen removal to a concentration <5 mg N L-1. Similarly, 

infrastructure resources and chemical consumption increase sharply with the increase of 

phosphorus removal without affecting operational energy and direct GHG emissions, the 

authors highlighted the benefits of the increase of phosphorus recovery via biosolids applied 

to agricultural land in order to replace synthetic fertilizers.  

The LCA allows the quantification of the environmental contribution of different treatment 

stages in the WWTP. (Amores et al. 2013) demonstrated that the main contributors to the 

GWP impact category on urban water cycle systems were the distribution network with 

35.2%, the collection pumps with 20.5% and the wastewater treatment plant with 13.8% due 

to the high energy consumption. In the case of the reuse of reclaimed water, the  
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environmental improvement was shown only for the freshwater consumption due to the water 

saving. 

The LCA study conducted by Lorenzo-Toja et al. (2016) allowed the identification of the 

treatment step with the highest contribution to the overall impact of a two WWTPs located in 

different climatic regions (Atlantic and Mediterranean). The results indicated that the 

contribution of the operation step is the most important from an environmental point of view, 

the construction step is negligible.  

The reuse of the treated wastewater was investigated by Tong et al. (2013) with special focus 

to the impact of the additional tertiary treatment required for the reuse of wastewater. Hence, 

they compared four scenarios: The wastewater was treated and discharged, 20% and 99% of 

the wastewater was treated and reused in the industrial process, and the treated wastewater 

was used for horticulture. The authors highlighted the large environmental credit that occurs 

following the reuse of the reclaimed water. Moreover, the results showed that the sludge 

treatment and disposal contributed over 35% to the impact category: Eutrophication 

potentials. The authors suggested the incineration of the sludge for energy recovery in 

addition to the possibility of the use of the nutrient included into the sludge in agricultural 

applications in order to reduce the environmental impact related to the landfill. 
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This chapter describes locations of grey water collection, technologies used for the treatment 

and analytical methods used for the characterization of the greywater in order to evaluate the 

performance of the reactor.  On the other hand, analytical methods used for the investigation 

of the concentration and the morphology of the attached biomass are described. 

2.1.Greywater under study 

In the current work, real GW was investigated: 

a) At the outlet of a shower room in a student house accommodating about 200 students in 

Tunis, Tunisia located at rue 10 Decembre N° 28 El Menzah 11004 Tunis  (Lab-scale MBR,  

Pilot plant SM-SBR).  

b) At a cellar of a residential building in Berlin composed of 14 flats with a total number of 

inhabitants about 54 persons located at Marienburger Straße 31A, 10405 Berlin, Germany. 

(Pilot plant MBBR) 

c) At a community-based dwelling in the center of Berlin consisting of three residential 

buildings and accommodating about 71 families with approximately 223 tenants (Block 6)  

located at Bernburger Str. 22, 10963 Berlin, Germany ( Full-scale MBBR) 

Table 2.1 describes the characteristics of grey water under study and the related technology 

used for the treatment. 

Table 2-1: Greywater: origins, characteristics and treatment technologies. 

Appropriate 

treatment 

technology 

Lab scale MBR Pilot plant  

SM-SBR 

Pilot plant 

MBBR 

 

Full scale 

MBBR 

Greywater origin Shower Shower Showers and bath 
tubes 

Showers, 
bathtubs, 

washbasins, 
kitchens and 

washing 
machines 

 
pH 6.8 

- 
31 
80 
102 

- 
6.7 
0.6 
3.5 
- 

8 7.47 
Turbidity (FTU) - 93 
TSS (mg/L) - 135 
BOD5 (mg/L) 100-150 208 
COD (mg/L) - 396 
TN (mg/L) 9.6 5 
NH4-N (mg/L) 3 2.2 
NO3-N (mg/L) - 0.03 
PO4-P (mg/L) - - 
TP (mg/L) - 1.27 
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2.2. Experimental set-up of the treatment technologies 

     2.2.1. Lab-scale reactor (MBR)  

          2.2.1.1. MBR configuration 

 
The 12.5 L bioreactor is composed of 3 reactors implemented in series: anoxic reactor, 

aerobic reactor and membrane reactor (Fig. 2-1), (Fig. 2-2). The design of the reactors and the 

effective volume are summarized in Table 2-2. 

 

 

Legend 

1-Anoxic reactor 

2-Aerobic reactor 

3-Membrane reactor 

4-Membrane 

5-CIP tank 

6-Influent tank 

7-Permeat pump 

8-Recycling pump  

9-Blower 

10-Stirrer 

11-Manometer 

Figure 2-1: Experimental set-up of the MBR. 

Table  2-2: Design of different reactors for MBR. 

 Aerobic reactor Membrane reactor Anoxic reactor 

Length (mm) 200 230 200 

Width (mm) 120 35 120 

Height (mm) 300 420 300 

Effective volume (L) 2.5 5 3 or 5 
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(a) 

 

(b) 

Figure  2-2: Design of different reactors (a) Front view, (b) Top view. 

The submerged membrane unit (Kubota, Japan) with a porosity of 0.2 µm is hooked to a 

supporting panel with dimensions 315 x 226 x 6 mm (L x W x thickness), the active surface 

of the membrane per panel is 0.11037 m2, the membrane module is composed of 2 panels 

which leads to a total active surface area of 0.22074 m2  (Table 2-3), (Fig. 2-3). 

A cross-flow type, is separating the mixed liquor into permeate (treated water) and activated 

sludge. The membrane submerged into the aeration tank allows the removal of suspended 

solids (SS) including micro-organisms (coliform bacteria and virus) from the permeate, the 

biological treatment is assured by the supply of oxygen playing also the role o f membrane 

surface cleaning through turbulent flow. 

Table 2-3: Kubota submerged membrane unit. 

Parameters Description 

Type of membrane Flat Sheet 
Material Chlorinated Polyethylene (PE-C) 
Porosity 0.2 µm 
Dimensions of the supporting panel 315 x 226 x 6 mm. (L x W x thickness) 
Active surface of the sheet by panel 283 x 195 mm x 2 = 0.11037 m

2
 

Total active surface m
2
 0.11037 x 2=0.22 
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Figure 2-3: KUBOTA submerged membrane unit. 

         2.2.1.2. Run mode of the reactor 

GW is pumped through a peristaltic pump (ProMinent GmbH, Germany) with a flow rate 

ranging from 2.8 L/h to 5.2 L/h, filtered permeate is extracted through the membranes 

utilizing the same type of pump with flow rates ranging from 1.8 L/h to 4.2 L/h. Whereas, the 

activated sludge is pumped from the membrane reactor to the anoxic reactor with a flow rate 

ranging from 11.2 L/h to 20.8 L/h. 

Aeration is provided to aerobic and membrane reactors using an air blower through a porous 

strip placed at the bottom of each reactor, the dissolved oxygen concentration ranged between 

2mg/L and 4 mg/L. A manometer (Jumo GmbH & Co.KG) is implemented before the 

permeate pump in order to control the pressure, the permeate pump is stopped and a 

membrane cleaning is required when transmembrane pressure (TMP) reaches the limitation 

point which is about 0.1 bars. Flows of greywater through reactors is automated and managed 

by a level sensor (Liquipoint, Endress+Hauser, France). The GW is pumped into the anoxic 

reactor, then it is discharged into the aerobic reactor as long as the high level of the detector is 

not reached, the supply pump is running and it is stopped once the high level is reached. The 

permeate pump is initiated once the wastewater reaches the low level, the operation of the 

permeate pump is regulated to allow the relaxation of the membranes. Therefore, for each 8 

min of working time, the pump is stopped for 2 min which leads to a real working time of  

19.2 h/24 h and a real flow rate of 2.4 L/h instead of 3L/h as example (Fig. 2-4).  

For the investigation of the performance of this reactor, samples were withdrawn from the 

influent and the permeate, then analyzed for physical and chemical parameters.  

 



CHAPTER 2: Material & Methods 

 

 
 

69 

 

Figure 2-4:  Scheme of the laboratory-scale membrane bioreactor system. 

    2.2.2. Pilot-scale submerged membrane sequencing batch reactor (SM-

SBR) 

         2.2.2.1.SM-SBR configuration and components description 

 
The SM-SBR is a part of the technical demonstration center (TDC) implemented in the frame 

of the Zer0-M project (Sustainable Concepts Towards a Zero Outflow Municipality). It is a 

project funded by the MEDA Water program of the European Union (EU) (Regelsberger et al. 

2007). 
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Figure  2-5: Technical demonstration center (TDC) (Arnold and Bousselmi 2007). 

Raw GW was collected from the shower room of the student house in a tank with a volume of 

6.8 m3, the GW is pumped to the Biological reactor using an automated system. The TGW is 

collected in another tank with a volume of 6.8 m3 for recycling in toilets flushing. The shower 

room is open three times a week with a total potable water consumption of 7.41 m3 for the 212 

students. A pilot-scale SM-SBR (BUSSE GmbH, Germany) with a capacity of 600L was used 

in this study (Fig. 2-6a). The main components of this system are the bioreactor, the 

membrane module (Fig. 2-6b), the air compressor (Fig. 2-6c) and the control panel (Fig. 2-

6d). The GW flows from the top of the bioreactor and the supply flow is regulated using level 

sensors to maintain a constant volume of liquid (Fig. 2-6e). The air supply is necessary for 

biological treatment and to maintain also a constant stirring inside the reactor, it is assured by 

an air blower (Nitto Kohki, Co., Ltd, Japan) which provides an air flow of 120 L/min, it is 

placed under the membrane module diffusing big and fine bubbles.  A purge implemented in 

the bottom of the reactor is used for the evacuation of the excess of the sludge. The membrane 

module is isotropic organic made with chlorinated polyethylene (PEC) fro m (KUBOTA, 

Japan) and it is submerged into the bioreactor, it is characterized by a total surface area of 5 

m2 with a nominal pore size of 0.4 µm and attached with a belt in order to remain suspended 

and distant from the bottom of the reactor with about 25 cm (Table 2-4). 

The panel is used to control the supply pump, the compressor, and the permeate pump. A 

programmable timer is used to control the cycles of filtration and aeration.  

 



CHAPTER 2: Material & Methods 

 

 
 

71 

a) 

 

b) 

 

c) 

 

d) 

 

 

e) 

 

Figure 2-6: a) SM-SBR (MF-GW-HKA4) b) Air blower c) Control panel d) membrane module e) 
Conductor pipes of grey water. 
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Table 2-4: Characteristic of the membrane module. 

Membrane material PEC, Plate module KUBOTA 

Membrane surface m
2
 5 

Pore diameter µm 0.4 

Number of membranes 12 

Resistance / pH range 1.5/10 

Resistance H2O2 (NaOCl) 3000-5000 (500 ppm normal) 

Resistance temperature <50°C 

Resistance pression Max 0.1 bar/0.3 bar 

Permeate flux 10-60 L/m
2
h 10-60 

Energy demand Kwh/m
2
 permeate 0.2-0.8 

 

         2.2.2.2.Run mode of the bioreactor 

 

The bioreactor operated according to a definite cycle of 2 hours composed of: The filling step, 

the aeration and permeation step, the idle step and at the end a second permeation step. 

 The filling step in which the reactor is filled with 100 L of GW for 5 minutes, the 

remaining effective volume of the reactor which is 500 L presents the stationary 

volume of the reactor    

 The aeration and permeation step which lasts 40 min in which the wastewater is 

aerated with fine bubbles and then with large bubbles followed by a first permeation 

step of 10 min. When the electrovalve connected to the permeate outlet is opened, the 

filtration begins without stopping the aeration to prevent the clogging of the 

membrane. Filtration is caused by gravity due to the difference in water level which 

exercises a pressure ∆p. The filtration and aeration stop 2 minutes each 5 minutes of 

filtration for the relaxation of the membrane and for the reduction of clogging. The 

first period of filtration takes about 10 min 

 The 1st Idle step: It constitutes the step without aeration and it lasts 30 min.  

 The aeration step: 20 min 

 The 2nd Idle step : 20 min 

Figure 2-7 describes the functioning mode of the Bioreactor.  
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Figure 2-7: Operational phases of the SM-SBR 

    2.2.3. Pilot-scale moving bed biofilm reactor (MBBR) 

The treatment plant is located in the cellar of a residential building in Berlin (Marienburger 

Straße 31A, 10405 Berlin, Germany). It is composed of 14 flats with an average number of 

inhabitants of fifty-four persons.  

The current case study is a reference study for a common type of building in Berlin, Germany 

which is the Multi- family dwelling presenting more than 42% of the total number of 

residential buildings in 2016 (Stinauer 2018). 

The GW which comes from showers and bath tubes flows by gravity to a storage tank in the 

basement of the building in order to be treated. The treatment system is composed of 

biological treatment with two MBBRS, made with Polyethylene (GreenLife GmbH, Germany) 

with an effective volume of 950 L, added to an UV disinfection treatment step (Fig. 2-8). The 

suspended bio-carriers used in the treatment are Polyurethane foam on polyether basis (PU) 

with open pore size structure (EMW, filter technik). The bio-carrier has a net density of 20-30 

kg/m3, with a number of pores between 40-50 ppi and a specific surface area of about 1000 

m2 m−3. The filling ratio of foam cubes is about 20%.  The aeration is provided by two air 
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blowers (LA 45, Nitto Kohki, Co., Ltd) for each bioreactor. After a tertiary treatment with UV 

lamp, with a power consumption of 18 W (Matala Water Technology Co., Ltd, Taiwan), the 

effluent is stored in a tank then pumped with a flow rate of 1m3/d to be reused for toilet 

flushing. The biological treatment showed a high performances regarding the removal of 

organic substrates with 93% and 97% for COD and BOD respectively (COD effluent < 25 

mg/L; BOD < 5 mg/L) and. coli/100 mL < 10.  

 

Figure 2-8: Greywater treatment system. 

    2.2.4. Full-scale moving bed moving reactor (MBBR) 

The study area (Block 6) is a community-based dwelling in the center of Berlin that consists 

of three residential buildings which accommodate about 71 families (approx. 223 tenants).  

Greywater from showers, bathtubs, washbasins, kitchens and washing machines undergoes an 

advanced physical-biological treatment in a multistage Moving Bed Biofilm Reactor (MBBR) 

followed by the sand filtration and UV disinfection (Fig.2-9). The system was implemented 

within the framework of a demonstration project that includes water saving measures and a 

dual-piping system (Berlin Senate Department for Urban Development, 2008) (Saidi et al. 

2017). The overall treatment system was composed of nine biological reactors, sedimentation 

reactor, and a storage tank, each of which had a capacity of 1.3 m³. It was considered as a 

biological mechanical treatment because it referred to the treatment of greywater with the 

biomass developed in the biocarriers and the separation of the sludge at the bottom of the 

reactor. The system was designed to treat 8 to 11 m³ of greywater, depending on the daily 

service water demand per day, thus having hydraulic retention time (HRT) between 1.2 and 
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1.6 days. The treated water was reused to flush 90 toilets and to irrigate gardens. The 

biocarriers were made of polyurethane foam PUF on polyether basis with open pore size 

structure (EMW, Filtertechnik). The biocarrier PUF has a net density of 20-30 kg/m3 with a 

number of pores between 40-50 ppi (pores per inch) and a specific surface area of about 1000 

m2/m3. The filling ratio, i.e., the amount of support per volume of the reactor (Vsupport  /Vreactor) 

was 15% for the first two reactors and 20% for the seven remaining reactors. Hence, the 

corresponding specific surface areas were 150 m2/m3 and 200 m2 /m3, respectively. The 

available total areas for the establishment of the biofilm were 150 m2 and 200 m2, 

respectively, for an effective volume of 1 m3 for the reactor. Air was introduced into the 

reactors through porous diffusers, placed at the bottom of each tank. Several air blowers 

(Nitto Kohki, Co., Ltd, Japan) were used for this purpose with variable airflow rates, ranging 

from 45 L/min to 120 L/min (Table 2-5). The aeration allowed the movement of the carriers 

inside the reactors and the provision of the oxygen to the attached and suspended biomass into 

the bulk liquid. The aeration allows the movement of the carriers inside the reactors and the 

provision of the oxygen to the attached and suspended biomass into the bulk liquid.  

 

Figure 2-9: Greywater treatment system in Block 6, Berlin-Germany; 1: Influent sampling point, 2: 
Effluent sampling point 
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Table 2-5: Theoretical air flow of different air blowers. 

Reactors R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 

Type 120 A 120 A 80A 60B 60B 60B 45 B 80B 
Sediment

-ation 
tank 

45B 

Air flow 

(L/min) 
120 120 80 60 60 60 45 80 

 
45 

 

2.3. Analytical methods 
 

Various analytical methods were used during this study to evaluate the performance of the 

treatment processes and to determine the evolution of the concentrations of the various 

compounds in solutions (NO3
-, NO2

-, NH3) during the treatment. 

    2.3.1. Physical parameters 

Physical measurements included the determination of the conductivity which indicates 

indirectly the salt concentration in the wastewater in addition to the pH and the turbidity. 

Table 2-6 indicates the equipment used in addition to the method of preparation of the 

samples. 

Table 2-6: Physical parameter determination. 

  Preparation of the sample  

Analysis Unit Filtration Type of the filter Equipment 

pH - 
 

- pH-Meter, 340i, WTW 

Conductivity ms/cm 

 
- 

ECM Multi-type LXG090, 

Dr Lange 

Turbidity FTU 
 

- Turb 430 IR, WTW 

TSS mg/L 

 

Sartorius stedim , 

Glass-Microfibre 

Discs, Grade 

MGC, porosity 

(1.2 µm) 

Suction filtration (vacuum 
filtration) 

Dissolved oxygen 

(DO) 

mg/L 

 
- DO meter (oxi 340i, WTW) 
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     2.3.2. Chemical parameters 

Samples were analyzed for organic, nitrogenous and phosphorous compounds composed of  

dissolved oxygen-carbon (DOC), chemical oxygen demand (COD), biological oxygen 

demand (BOD5/ BOD7+ATH), total nitrogen (TN), nitrate N-NO3
- , nitrite N-NO2

 -, ammonia 

N-NH4
+ and orthophosphate P-PO4

3-. Table 2-7 summarizes the methods used for the 

determination of the mentioned parameters.  

 
Table 2-7: Analytical methods for the determination of chemical parameters. 

Parameter Filtration Type of filter Standards Equipment 

Total COD 

(Chemical Oxygen 

Demand) 

 - 
ISO 6060-1989; 
DIN 38409-H41-
H44 

Dr. Lange quick test 
cuvettes 

DOC (Dissolved 

Organic Carbon)  
Sartorius stedim, 
Cellulose Acetate 
filter, pore size 0.45 
µm, Germany.  

(DIN EN 1484). 

 

multi N/C 2100, 
Analytik Jena, 
Germany 

TN (Total 

Nitrogen)  
DIN EN 1484 multi N/C 2100, 

Analytik Jena, 
Germany 

NH4-N 
 

DIN EN ISO 
1732: 1997 

-FIAstar 5000 
Analyser; 
-Nessler method 
 

NO2-N 
 

DIN EN ISO 
13359: 1996 

FIAstar 5000 
Analyser 

NO3-N 
 

DIN EN ISO 
13395 

FIAstar 5000 
Analyser 

PO4-P 
 

ISO/DIN 
5681:2001, DIN 
EN ISO 13395 

FIAstar 5000 
Analyser 

TP 
 - 

 Dr Lange quick test 
cuvettes 

BOD (Biological 

Oxygen Demand)  - 
DIN EN 1899-2 WTW, OxiTop 



CHAPTER 2: Material & Methods 

 

 
 

78 

 

    2.3.3. Biomass measurement 

In literature, the removal of biomass from the carriers (polyurethane, Kaldnes K1, Mutag 

Biochip TM) was carried out using different solutions such us hydrochloride solution 0.1 

mol/L where the dry carriers were stirred for 2 h at 80 °C (Chen et al. 2014) or sodium 

hydroxide solution with concentrations of 0.1M or 1N  (Goode 2010); (Bassin et al. 2016). 

Comett et al. (2004) used a caustic soda solution NaOH 0.01% to remove biomass from 

Linpor carriers (polyurethane carriers) investigated for Leachate treatment. 

In our case, The biomass, attached to the PUF carriers, were determined as total attached 

solids (TAS) and volatile attached solids (VAS), the method used for the determination of the 

biomass concentration was adopted from (Goode 2010). Table 2-8 illustrates the 

characteristics of the polyurethane foam cubes used in this study.  

Table 2-8: Characteristics of Polyurethane foam cubes used in this study. 

Properties Values 

Total reactor volume (m3) 1.3 

Height (m) 1.53 

Wastewater volume (m3) 1 

Size of each carrier (raw) (cm) 1.2*1.2*1.2 

 R1 R5 

Filling ration 15% 20% 

Number of pieces in the reactor 86850 115800 

The total surface area in MBBR (m2) 150 200 

Density (g/cm3) 20-30 kg/m3  

Mean weight of each carrier  (g) 0.12 

Specific surface area (m2/m3) 1000 m2/m3  

 

The methodology used consisted of the following steps: Five support carriers were removed 

from the concerned reactors periodically during the period of the investigation and dried at 

105 °C until a constant weight. Afterwards, the carriers were introduced into a sodium 

hydroxide solution (NaOH, 0.1 M) to extract the attached biomass from the pores. The 

experiment was conducted under stir for 30 min at 95°C (Comett et al. 2004; Bassin et al.  

2016). Finally, the support carriers were rinsed and the obtained solution was filtered using 

filters (Whatman, 595 1/2 Folded filters) to determine the amount of biomass attached to the 5 

elements of carriers. An extrapolation was made to determine the TAS incorporated into the 

total amount of carriers inside reactors.  Consequently, the attached biomass was obtained as 

grams per liter of the reactor. Fig. 2-10 shows the biomass attached to carriers and the 

methodology of extraction.   
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The amount of the biomass attached to the 5 carriers elements (BS5) was calculated according 

to the following expression (Eq. 2-1): 

X(g/L) =BS*(N carriers L-1)*r                                                            Eq-2.1 

where : 

-BS (g per carrier) is the amount of the biomass attached to each carrier ; 

-N (carrier L-1) is the number of suspended carriers per unit volume 

-r is the filling ratio, i.e., the fraction of the effective working volume occupied by the carriers 

(0.15 for R1, R2 and 0.2 for the others reactors).  

For the determination of the volatile attached solids (VAS), the filters used for TAS were 

dried again in the oven with a temperature of 550°C, the difference into the two weights 

presented the VAS (DIN EN 15935:2012-11). 

The morphology of the biofilm was also investigated using a scanning electron microscope 

(SEM) with a high-resolution field emission microscope (S4000, Hitachi, acceleration field of 

10 kV and 20 kV, gold-coating). 

 

 
  

 

Figure 2-10: Extraction of biomass attached to carriers a) Attached biomass b) solubilization of the 
biomass with caustic solution (0.1M  at 90-95°C c) cleaning of carriers with deionized water.  
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3.1. Organic matter degradation  

  This chapter is divided into four parts: 

1/ Investigation of the organic matter degradation in different reactors.   

2/ Investigation of the performance of the plant and biomass characterization.  

3/ Modeling the performance of the MBBR system with a long measurement campaign for 

data collection.  

4/ Application of ASM3 to the SM-SBR reactor. 

   3.1.1. Estimation of wastewater flow and pollution load 

The analyses was conducted for 24h composite samples for 10 days in order to determine the 

plant performances. The grab samples were used for the kinetic study during an operating 

period of 6 hours. (Note: Reactor 9 was not analyzed as it only served as a sedimentation tank 

and not as an MBBR). 

In order to monitor the pollutant load during the day, an automatic sampling of the influent 

was performed hourly over a period of 24 hours. The objective was to identify the high period 

of greywater generation and the related DOC. (Fig. 3-1) presents the obtained variation of the 

inflow (in L/h) and the DOC (in mg/L) during the 24 hours. 

Two peaks were recorded. The first one concerned the pollutant load which was at 19:00 

(DOC = 150.2 mg/L), this value could be explained by the fact that during this time the 

inhabitants return home from work and make some activities such as cooking, washing dishes, 

bathing, etc. The second peak was recorded at 8:00 am with a volume value of 1016 L which 

represents a lower DOC concentration of 61 mg/L. Notably, at that time in the morning, most 

of the residents take a shower which could explain the high water inflow and low (diluted) 

organic load.  

Thus, as expected, the organic load was not stable and it depended on the activities of the 

inhabitants during the day. The daily flow was 9.23 m3/d with a maximum flow rate recorded 

of 1016 L/h. The organic load determined, as DOC, was 0.9 kg/d with a maximum value 

recorded of 112 g/h. 
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Figure 3-1: Variation of the inflow and the DOC concentration during a period of 24 hours. 

    3.1.2. Organic load variation and nutrients removal 

The main goal of the treatment is the degradation of the organic matter, which is the main 

pollutant load of greywater. Table 3-1 shows the average values of organic matter, nitrogen, 

and phosphorus in the influent and effluent of the greywater treatment system.  

Table 3-1: Average treatment performance for settled samples (n=10). 

Parameters COD 

(mg/L) 

BOD7 

(mg/L) 

DOC 

(mg/L) 

NH4-N 

(mg/L) 

 

NO3-N 

(mg/L) 

Total 

Nitrogen  

(mg/L) 

PO4-P 

(mg/L) 

Total 

Phosphorus 

(mg/L) 

Influent 413.3 293 77.8 7.15 0.34 13 1.9 2.81 

Effluent 22.6 1.6 7 0.02 3.27 4.8 2.4 2.42 

Reduction 

(%) 

94.5 99.4 91 99.7 - 63 - 14 

 

During the first period of the investigation, the system achieved an average organic removal 

rate of 94.5 % in terms of COD, 99.4 % for BOD7 and 91 % in terms of DOC. 

The turbidity was almost totally removed, it decreased from 291 NTU in R1 to 4.5 NTU in 

R10 and it reached 0.5 NTU after the final step of treatment which is the sand filtration.  

(Fig. 3-2). 
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The profile of the settled sludge volume presents the highest concentration of 6.9 mL/L in R3 

compared to R1 1.5 mL/L. In particular, the degradation of the DCO is high in R3 which 

results on the formation of high concentration of sludge. For the remaining reactors, the 

sludge volume decreased continuously to 1.2 mL/L.  The average DO concentrations for one 

operating day was also recorded. The variation of the DO concentration depends on the 

organic load. For the reactors R1, R2, R3, and R4 the concentration didn't exceed 1 mg/L. The 

DO concentration increases starting from R5 to reach 8.4 mg/L in R10 due to the decrease in 

the organic load. 

 

Figure 3-2: Variation of the turbidity, the dissolved oxygen and the settled sludge in different reactors 

   3.1.3. Performance of each stage 

The contribution of each stage to the removal of the organic matter was determined for the 

DOC and the BOD7. The reduction was determined as g/(m3.d) for 24-hour composite 

samples and calculated using the following equation: 

Δ COD (g/(m3.d)) = (CODoutput, Ri (g/m³) - CODinput, Ri-1(g/m³))*Q/V Eq-3.1 

Where: 

Ri: Reactor 

Ri-1: Previous reactor  

Q: Inflow (m³/d)  

V: Reactor volume (m³) 
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Figure 3-3: Contribution of each reactor to the removal of the organic load in terms of COD, DOC, 

and BOD. 

The total removal rate achieved by the system is 2.6 kg COD/(m3.d). 

The analysis of (Fig. 3-3) shows that the reactor R3 achieved the highest removal of the 

organic load, it allows the removal of (0.61 kg/(m3.d)). The removal rates of R1, R2, R4-R5, 

were 0.5 kg/m3.d, 0.4 kg/m3.d and 0.3kg/m3.d. In R7, COD removal was low (0.18 kg/(m3.d)) 

and decreased to 0.07 kg/(m3.d) in the last two reactors. 

The removal profile of BOD7 is similar to the removal profile of the COD with an average 

loading rate of 2.8 kg BOD7/d. R1 and R3 achieved the highest removal with about 0.47 

kg/(m3.d) followed by R2 with 0.42 kg/(m3.d). R4 and R5 achieved 0.22 kg/(m3.d).  

In R6, BOD7 reduction achieved 0.16 kg/(m3.d) and in R7 and R8 0.05 kg/(m3.d). In the final 

reactor, BOD7 reduction did not exceed 0.02 kg/(m3.d). 

The removal of DOC reached 91% and the average removal rate was 0.4 kg DOC/(m3.d) with 

a loading rate of 0.7 kg DOC/d. The comparison of the different treatment stages of the 

greywater showed that most of the DOC was removed in the R1 and R3 with 0.18 kg/(m3.d) 

and 0.1 kg/(m3.d) respectively. DOC reduction in R2 and the following four reactors was 

between 0.06 kg/(m3.d) and 0.04 kg/(m3.d), while it did not exceed 0.01 kg/(m3.d) in the last 
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two reactors. The final steps of the treatment enhance the removal of slowly and the 

unbiodegradable substrate in the grey water.  

    3.1.4. Rates of the substrate degradation 

The removal of organic substrate in each reactor was determined as COD and BOD7 and was 

measured hourly during 5 hours in order to determine the function related to their removal 

(Figs. 3-4 and 3-5). The removal rates for COD and BOD7 were calculated in (g./(m3.d)) using 

the following equations: 

∆COD=(CODt1– CODt2)/(t2-t1)                         Eq-3.2 

∆BOD=(BODt1– BODt2)/(t2-t1)                         Eq-3.3 

 

 

Figure 3-4: Correlation coefficient for the reduction of COD in different reactors 

The analysis of Fig. 3-4 shows that the COD degradation rates were different from one reactor 

to another depending on the organic load. The degradation rate for R1 was 0.95 kg/(m3.d) for 

the first hour, 0.72 after 2 hours and 0.38 kg/(m3.d) after 5 hours for the respective COD 

concentrations of 350, 325 and 260 mg/L. The degradation rates related to the BOD are 

presented in Fig. 3-5. 
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The results confirm that the highest degradation rate is achieved in R3 with 1.9 kg/(m3.d), 

followed by R1, R2, R4, and R5, with approximately 1 kg/(m3.d). In R6, COD reduction 

decreased to 0.4 kg/(m3.d), while in the final reactors it did not exceed 0.14kg/(m3.d). The 

correlation between COD (mg/L) and ∆COD g/(m3.d) in each reactor is high. The coefficient 

of correlation varies between 0.88 and 0.99 for the reduction of COD (Fig. 3-4). 

The analysis of (Fig. 3-5) shows that R1 and R3 achieved the highest reduction in terms of 

BOD7 with approximately 1 kg/(m3.d) followed by R2 0.72 kg/(m3.d). R4 and R5 achieved a 

reduction of 0.4 kg/(m3.d) each. The correlation between BOD7 (mg/l) and ∆BOD7 (g/(m3.d)) 

in each reactor was also high and the coefficient of correlation varied between 0.91 and 0.97.  

 

Figure 3-5: Correlation coefficient for the reduction of BOD7 in different reactors. 

3.2. Performance of all reactors of the MBBR  

    3.2.1. Turbidity   

 

The analysis of Fig. 3-6 shows the profile of the removal of the turbidity in different reactors. 

The turbidity concentration decreased from an average concentration of 107 ± 33.4 FTU in 

the influent to 4.5 ± 1.43 FTU in the effluent which corresponds to an average removal of 

95.8%. Others studies presented values of turbidity concentration for real greywater of 80 

R7 

R3 
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FTU (Bani-Melhem et al. 2015). It is important to highlight that before its removal the 

turbidity concentration increased in the reactors R1 and R2 due to the biological treatment 

which leads to an increase in the suspended solids Fig. 3-7. The treatment achieved a stable 

concentration of the turbidity in the effluent despite the variation of the influent turbidity, Fig. 

3-8.  

 

Figure 3-6: Average concentration profile of turbidity at different reactors of MBBRs. 

(number of samples=9 per reactor) 

 

 

Figure 3-7: Profile of the turbidity concentration in the influent and in the effluent during 7 days. 
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Figure 3-8: Samples extracted from different reactors. 

    3.2.2. Organic removal: DOC and COD removal 

 

Fig. 3-9 shows the performance of the MBBR system with respect to the removal of COD in 

different reactors of the multistage MBBR system. The influent COD concentration varied 

between 147 mg/L and 381 mg/L with an average value of 259 ± 88.5 mg/L. The average 

value of the corresponding COD in the effluent was 26 ± 13 mg/L which gives an average 

removal efficiency around 90%. 

Fig. 3-10 shows the variation of the average DOC concentration in different reactors and Fig. 

3-11 the DOC concentration profile in the influent and in the effluent. The DOC variation 

showed an average concentration of 78 ± 26 mg/L and 9.7 ± 1.82 mg/L in the influent and the 

effluent respectively, the calculated removal efficiency was 87.5%. 

This concentration is lower than the concentration of DOC registered for the groundwater 

which is about 24.54 mg/L, the DOC of the tap water of the chair of Environmental science 

engineering was analyzed and the obtained value was 4.91 mg/L nearly half of the 

concentration of the effluent which highlights the performance of the system for the removal 

of the DOC. The analysis of both Fig. 3-9 and Fig. 3-10 confirmed the decrease in the average 

concentrations of COD and DOC from one reactor to another. Moreover, the profile of the 

concentration of the effluent was stable compared to the profile of the influent with variable 

concentration. The DOC concentration in R1 and R2 didn't show a noticeable variation due to 

the design of the plant presenting a connection between the two reactors Fig. 2-8. The 

contribution of each reactor with respect to the DOC removal was calculated and the results 

showed that the Reactor R1 achieved the highest removal of DOC with 33% compared to 

other reactors followed by the reactors R3, R5, R6 with a contribution of 14%, 9.8%, 10.75% 

respectively Fig. 3-11. 
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It is important to highlight that the contribution of the three last reactors R7, R8, R10 was less 

than 3% in the whole treatment decreasing the average DOC concentration from 10.78 mg/L 

(R7) to 9.74 (R10) which enhances the treatment efficiency and the quality of the effluent.  

 

 

Figure 3-9: Average concentration profile of COD at different reactors of MBBRs. 

 (number of samples=5 per reactor)  

 

 
 

Figure 3-10: Average concentration profile of DOC at different reactors of MBBRs. 

 (number of samples=9 per reactor)  
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Figure 3-11: Profile of the DOC concentration for the influent and the effluent during 7 days. 

 

Figure 3-12: Contribution of different reactors on the Removal efficiency of the DOC concentration . 

    3.2.3. Nitrogen removal 

The TN concentration in the greywater of our study varied from 10.8 mg. N. L-1 to 4.75 mg. 

N. L-1 with an average value of 8.3 ± 2.2 mg.  N. L-1. The concentration of the TN in the 

greywater is low compared to the municipal wastewater in which it could reach 100.37 

mg.N.L-1  in the outlet of the primary settler of a WWTP  (Leyva-Díaz et al. 2015a) since no 

urine is present. The nitrogen in greywater mainly originates from protein contained in food 

residues, household cleaning products, and personal care products.  

Bani-Melhem et al. (2015) reported a value for TN concentration of 1.1 mg. N.L-1 in 

greywater. The total removal efficiency of TN was about 28.2 % leading to a decrease of the 
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average concentration of TN from 8.31 mg. N. L-1 in the influent to 5.9 mg. N. L-1 in the 

effluent, Fig.3-13 and Fig.3-14. Furthermore, the average concentration of TN reached 2.46 

mg.N.L-1 in R7 and it increased to a concentration of 5.96 mg.N.L-1  in R10  after being 

decreased to 1.78 mg. N. L-1 in R6 with a total removal efficiency of 78.5% (from the influent 

to R6). 

 

Figure 3-13: Average concentration profile of TN at different reactors of MBBRs (number of 
samples=8 per reactor).  

 

Figure 3-14: Profile of the TN concentration for the influent and the effluent during 7 days. 
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Fig.3-15 represents the variation of N-NO3
- in each reactor. The nitrification process started 

from R5 and the nitrate concentration increased until to 4 mg/L which represent about 60% of 

TN. 

The investigation of the daily variation of the dissolved oxygen concentration into different 

reactors showed an average of 3.7, 5.6, 6.7 and 4.6 mg. L-1  into R6, R7, R8, R10 respectively  

Fig.3-19. The oxygen concentration affects the nitrification process which consists on two-

steps of biological oxidation of ammonia to nitrate. The process of nitrification is well 

described in several studies (Makinia et al. 2005). In fact, during the first step, ammonia is 

oxidized to nitrite by a group of bacteria collectively called the ammonia-oxidizing bacteria 

(AOB), represented by Nitrosomonas. In the second step, the oxidation of nitrite to nitrate is 

performed by a group of bacteria collectively called the nitrite-oxidizing bacteria (NOB), 

represented by Nitrobacter.  The process of the nitrification is sensitive to a number of 

environmental factors, such as pH, dissolved oxygen concentration, temperature, and 

inhibitory chemicals. The investigation of the effect of the dissolved oxygen concentration 

shows that for the simulation of the nitrification process a concentration of 1 mg/L still not 

enough for the growth of nitrite oxidizers to oxidize NO2
- to NO3

-, the limited oxygen 

concentration promotes nitrite accumulation. The concentrations of N-NO3 and N-NO2
 

increased considerably starting from reactor 6 which indicates the enhancement of the 

nitrification process following the maintaining of a high level of dissolved oxygen 

concentration (DO) with a range between (4 mg/L-6 mg/L)  Fig.3-15 and Fig.3-17. 

The profile of the NO3-N concentration demonstrates its low concentration in the influent 

whereas a higher concentration was recorded in the effluent following the mentioned 

nitrification process and the absence of the anaerobic conditions required for the 

transformation of the nitrate to N2. The concentration of nitrate reached an average of 5.97 

mg.N.L-1 in the effluent Fig.3-16.  

The profile of the NO2-N showed its instability as it is an intermediate compounds in addition 

to its low concentration ranging between 0.015 mg.N.L-1 and 0.045 mg.N.L-1 in the effluent 

Fig.3-18. 
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Figure 3-15: Average concentration profile of NO3-N at different reactors of MBBRs (number of 

samples = 9 per reactor). 

 

Figure 3-16: Profile of the NO3-N concentration for the influent and the effluent during 7 days. 

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

N
O

3
-N

 (
m

g
/L

)

Reactors

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 1 2 3 4 5 6 7

Influent R10

Time (days)

N
O

3
-N

 (
m

g
/L

)



CHAPTER 3: Treatment of grey water with MBBR and SM-SBR: Performances and modeling of the 
biodegradation characteristics 

 

  
94 

 

Figure 3-17: Average concentration profile of NO2-N at different reactors of MBBRs (number of 
samples=9 per reactor). 

 

Figure 3-18: Profile of the NO3-N concentration for the influent and the effluent during 7 days. 
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Figure 3-19: Daily variations of the dissolved oxygen concentration in MBBR reactors. 

    3.2.4. Biomass characterization 

The purpose was to investigate the evolution of the morphology of the attached biomass to the 

carriers at early and advanced treatment stages. Thus, Bio-carriers from reactor 1 (R1) and 

reactor 5 (R5) were extracted in order to characterize the biomass. The biomass concentration 

in the carrier was determined as total attached solids (TAS) and volatile attached solids 

(VAS). The average of TAS were 7 Kg.m-3 and 6 Kg/m3 for R1 (filling ratio of 15%) and R5 

(filling ratio of 20%) respectively. The corresponding VAS were 5.4 Kg/m3 and 3.5 Kg/m3  

which represent 77% and 58% from the TAS respectively for R1 and R5 (Table 3-2). The 

decrease of the VAS from R1 to R5 could be explained by a corresponding decrease of the 

organic load in the mentioned reactors. Gu et al. (2014) measured the attached biomass to the 

polyethylene carriers used for the treatment of coking wastewater in an MBBR reactor with a 

volume of 8L, the results showed a concentration of 2.4±0.2 Kg/m3. A concentration of 1.9 

Kg/m3was found by Li et al. (2011) who investigated the removal of phenols, thiocyanate, and 

ammonium from coal gasification wastewater using a 4L moving bed biofilm reactor filled 

with polyethylene carriers. In the earlier mentioned studies, the carriers used are polyethylene 

carriers type Kaldnes the lower biomass concentrations than obtained from the polyurethane 

carriers used in this study. In fact, the polyurethane is characterized by a  porous structure 

which allows to microorganisms to grow inside the matrix (Fig. 3-20g) leading to a higher 
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specific surface area of 1000 m2/m3 for polyurethane against 500 m2/m3 for Kaldnes K1 

carriers (Bassin et al. 2016). The effect of the structure of the carrier on the biomass 

concentration was mentioned in the study carried out by Comett et al. (2004) who investigated 

the treatment of leachate from the anaerobic fermentation of solid wastes using two types of 

biofilm support which are kaldnes and Linpor carriers with a porous structure. The biomass 

concentration in the Linpor carriers was 2.7 higher than the kaldnes carriers.  

The analysis of the suspended biomass extracted directly from the bulk showed an average 

concentration of 170±23 g/m3 and 88±13 g/m3 respectively for R1 and R5. For both reactors, 

the majority of the biomass (97% to 98%) was attached as biofilm to the carrier elements.  

Plattes et al. (2007) investigated an MBBR for the treatment of municipal wastewater with a 

volume of 2.8 m3 and found that 93% of biomass was attached as biofilm to the carrier 

elements type Kaldnes polyethylene with a concentration of 2.8 kg/m3, only 7% was 

suspended  with a concentration of  205 g/m3. 

This low concentration of suspended biomass is a characteristic of MBBR systems. The 

design and operation of MBBR is usually based on surface loading rates (g COD/m2d) which 

depends on the activity of the attached biomass (Ødegaard et al. 2000). The surface loading 

rates were 21.8 g COD/m2.d and 5.21 g COD/m2.d for R1 and R5 respectively. Equally 

important, the activity of the suspended biomass in MBBR systems is usually neglected 

(Bassin et al. 2016).  

 

Table 3-2: Average total and volatile attached solids on Polyurethane carriers (number of samples= 

11). 

 R1 R5 

 Total attached 

solid   

(TAS) 

Volatile 

attached solid 

(VAS) 

Total attached 

solid  

(TAS) 

Volatile  

attached solid 

 (VAS) 
Average concentration 

per 5 carriers (g) 

0.40 ± 0.08 0.23 ± 0.06 0.26 ± 0.09 0.15 ± 0.05 

Average concentration 

per 1 carrier (g) 

0.081 ± 0.017 0.046 ± 0.013 0.052 ± 0.018 
 

0.030 ± 0.01 

Total average 

concentration Kg. m
-3
 

7 ± 1.49 
 

5.37 ± 1.52 6 ± 2.08 3.54 ± 1.25 

 

SEM images present the aspects of the attached biomass, which grows inside the pores for R1 

and R5 (Fig. 3-20g). The investigation of the morphology and the structure of biofilm in 

different reactors revealed different types of forms in each reactor.  
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Fresh PU carrier has many clear pores (Fig. 3-20g), which provides interspaces for 

microorganisms to grow and multiply. Yet, according to the photos, they present irregular 

porous morphology. The comparison with PU carriers of the reactors shows that the biomass 

grows on the internal surface of the pores, forming a deep biofilm caused by the accumulation 

of the biomass into the pores.  

According to SEM observations, the biofilm attached to PU carriers in R1 show filamentous 

bacteria (Fig. 3-20e), while in R5 the SEM observation demonstrates spherical and oval forms 

like a bunch of grapes (Figs. 3-20d,f). The forms had a diameter of more than 60 µm, which 

eliminated the possibility that they would present staphylococci bacteria, as these have 0.2 µm 

in diameter and 2-8 µm in length (HM et al. 2017), while the forms in our case present more 

than 60 m (Fig.3 20f). These forms were found in the study carried out by (Zinatizadeh and 

Ghaytooli 2015) for the investigation of a moving bed biofilm reactor (MBBR) used for the 

treatment of municipal wastewater. They explained their existence of these forms by the 

composition of the raw wastewater, which contains colloidal matter and unbiodegradable 

particles. Greywater can contain a colloidal COD fraction of 35% of the total COD  which 

could explain the oval forms in R5 (Abu Ghunmi et al. 2010; Hernández Leal et al. 2010). 

 

(a) 

 

(b) 
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(c) 

 
(d) 

(e) (f) 

(g) 

 

Figure 3-20: SEM images of the biofilm developed on PU carriers represented at different scales in 

R1 (a, 400 µm - c, 100 µm - e, 20µm) and R5 (b, 400 µm - d, 200 µm -f, 40 µm) compared to the raw 

carriers (g, 400 µm). 



CHAPTER 3: Treatment of grey water with MBBR and SM-SBR: Performances and modeling of the 
biodegradation characteristics 

 

  
99 

3.3. Modeling the MBBR performance 

    3.3.1. MBBR system performance 

 

In order to collect data for the model, a long-term measurement campaign was carried out.  

The performance of the MBBR system was monitored regarding the removal of turbidity, 

TSS, COD, BOD and nitrogen compounds which are TN, NH4-N, NO3-N (Fig. 3-21, Table 3-

3). The analysis of Fig. 3-21 describing the profiles of DOC, TN, NH4-N, and NO3-N shows 

that the removal efficiency for DOC ranged from 52% to 90% depending on the influent 

concentration whereas DOC concentration in the effluent was below (16 mg/L) (Fig. 3-21a). 

High total nitrogen removal was achieved by the system with an average rate of 78% (Fig. 3-

21b). Table 3-3 summarizes average values related to the performance of the MBBR system 

regarding the removal of turbidity, TSS, COD, BOD and nitrogen compounds: TN, NH4-N, 

NO3-N. According to the obtained results, the system achieved an average removal efficiency 

of 97%, 98.7%, 93%, 80% and 99% for the turbidity, TSS, COD, DOC, and BOD5 which 

highlights the efficiency of the treatment regarding the organic pollution.  

The decrease of NH4-N concentration to less than 0.1 mg/L and the increase of NO3-N 

concentration to 0.8 mg N/L (± 0.7 mg. N/L) is, in general, related to the nitrification process. 

In fact, among the characteristics of MBBR is the high sludge retention time of the biofilm 

which allows a major growth of nitrifying bacteria and enhances nitrifying activity in the 

reactor (Di Trapani et al. 2008; Leyva-díaz et al. 2013). As a further matter, it indicates that 

the MBBR system was operating with no nitrogen limitation ensuring full COD removal with 

an average COD level of 27.9 ±7 mg/L, BOD5 is less than 2.5 mg/L and the total suspended 

solids is less than 2 mg/L.  

A slight increase of  the average concentration of the total phosphorus from 1.27 mg/L (± 

0.32) in the influent to 1.73 mg/L (± 0.63) in the effluent was registered. In fact, due to the 

long SRT, the phosphate accumulating organisms (PAOs) in attached growth systems 

increase and cause occasional phosphorus release at effluent (Zinatizadeh and Ghaytooli 

2015). In general, The process of biological phosphorus removal is originated in anaerobic 

zones (Leyva-Díaz et al. 2015a) which are limited in our system due to the aeration and the 

configuration of the used carrier material.   
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(c) 

 

d) 

 

Figure 3-21: Removal profiles of organic matter a) DOC and nitrogen compounds 

b) TN c) NO3-N and d) NH4-N in the MBBR treating greywater. 

Table 3-3: Influent and effluent characterization of the MBBR system (average values). 

Sources  Influent Effluent Removal 
efficiency% 

pH 7.4±0.17 7.9±0.25 - 

Turbidity (NTU) 93 (±34) 2.3 (± 0.86) 97.3  

TSS (mg/L) 135 (± 22.7) 1.67(± 0.5) 98.8  

BOD5 208 (±12) 2.5(±0.4) 99 

 COD (mg/L) 396 (±128) 27.9 (±7) 93 

DOC (mg/l) 58 (±26) 11.7 (± 2) 80 

TN (mg/L) 5 (±3) 1.1 (±1) 78 

NH4-N (mg/L) 2.2 (±1.25) < 0.1 >89  

NO3-N (mg/L) 0.03 (±0.12) 0.8(±0.7) - 

TP (mg/L) 1.27 (±0.32) 1.73 (±0.62) - 
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    3.3.2. COD fractionation 

Characteristics of greywater related to its biodegradability were investigated for the 

assessment of different COD fractions used as input for influent characterization in the model.  

In order to determine the single COD fractions, the method and the equat ions used by 

Roeleveld and Van Loosdrecht (2002) were adopted from the guidelines of wastewater 

characterization in the Netherlands. The method is based on a physical-chemical step to 

characterize the soluble and particulate fractions added to a BOD-analysis for the 

characterization of the biodegradable fraction of the influent COD (BCOD).  

The method consists of the determination of the biodegradable COD (BCOD) in the influent 

by curve fitting of BOD values measured for 25 days with the BODtot  (Fig. 3-22). 

The BCOD presents the sum of the readily biodegradable soluble COD (SS) and the slowly 

biodegradable COD (XS).  

The method was applied and the Eq. 3-3 was resolved using nonlinear regression with the 

least squares method with MATLAB. The results obtained and a summary of values from the 

literature are outlined in Table 3-4. The following equations have been applied: 

 

1

-
1-

tot t
BOD

BOD BOD
k t

e

                                                            Eq.3-3 

A correction factor fBOD with a value of 0.15 from Roeleveld and Van Loosdrecht (2002) was 

considered to calculate the BCOD fraction according to the following  Eq.3-4: 

1

1
BOD

BCOD BODtot
f




                                                                                           Eq.3-4 

The fractions of COD, i.e. inert soluble COD (SI), readily biodegradable COD (SS), slowly 

biodegradable (XS) and inert particulate matter (XI), were determined as follows (Eqs. 3-5; 

3-8): 

0.9I effS COD                                                                          Eq.3-5 

inf 0.45S IS COD S                                                                      Eq.3-6 

25S SX BCOD S                                                                         Eq.3-7 

( )I tot I S SX COD S S X                                                         Eq.3-8 
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Figure 3-22: Examples of the Simulated profile of biological oxygen demand for the determination of 

k BOD, BOD tot and BCOD during 25 days. 

Table 3-4: COD fractions characterizing different wastewater sources. 

Type of 
wastewater 

Total 
COD* 

[mgO2.L
-1

] 

SS 
% 

XS 
% 

SI 
% 

XI 
% 

References 

This study 330±12* 54.6±11.7 26.5±8.8 6.9±2.37 12±4.76 - 

Synthetic 

greywater 
203± 69 25±16 42±9 SI+XI=33±22 

(Scheumann, 
2010) 

Real 

greywater 
311 25 69 5 1 

(Hocaoglu et al. 
2013) 

Municipal 

wastewater 
- 37 47.3 5.7 10 (Fenu et al. 2010) 

* Average value of total COD concentrations of samples used for the determination of COD 

fractions. 

        The readily biodegradable fraction (SS) is the major fraction found in the greywater of this 

study with 54.6±11.7 % of the total COD which confirms its aptitude for biological treatment. 

This value is in the same range with the value reported in the literature related to greywater, 

e.g. Atanasova et al. (2017) reported also 51% for SS concentration, both values are higher 

than the value reported by Hocaoglu et al. (2013) equal to 29.3%. 

The slowly biodegradable fraction (XS) was about 26.13±8.8 % and is considered to be low 

compared to other studies in Table 3-5. The inert fraction composed by soluble and particulate 

compounds presents 18.9 ±7 %, (Scheumann 2010) reported a value of 33±22% for synthetic 

greywater, whereas Hocaoglu et al. (2013)  reported 6% for real grey water.  
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    3.3.3. Simulation results 

 
In order to simulate the obtained experimental results, the multistage MBBR system was 

implemented in the wastewater treatment simulator SIMBA#2 including the real operational 

conditions (Fig. 3-23).  

 
* Uncompleted list 

** Constant used for the selection of parameter value (DO concentration)  

Figure 3-23: Plant layout under Simba software. 

The inputs of the model are mainly values of the COD fractions assessed on the basis of 

respirometric evaluation: a readily biodegradable substrate (SS), soluble inert organic matter 

(SI), particulate inert organic matter (XI), slowly biodegradable substrate (XS) and ammonia 

concentration SNH. 

Fig. 3-24 represents a comparison between simulated and experimental average values of the 

total chemical oxygen demand (COD) variation during the treatment process in each reactor. 

The simulation was performed using average COD concentrations of composite samples 

extracted from all reactors during the experimentation period. The similarity between the 

measured and the simulated COD values confirms that the model reproduced experimental 

data well taking into account standard deviation related to each reactor taking into account 

standard deviation related to each reactor. This deviation was high for the two first reactors 

due to the high variation of the influent organic load during the experimentation (Fig. 3-1 and 

Fig. 3-21a). This deviation was attenuated starting from R3. The MBBR system achieved a 

total removal efficiency of COD about 93%. R3 achieves the highest removal efficiency with 

respect to the COD concentration with a contribution of 20.5% followed by R1 and R2 with a 
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contribution of 18% and 15% respectively. The total removal of the three first reactors 

represents 53%.  

The contributions of the two last reactors R8 and R10 are less than 3%. Indeed, this low 

contribution could be explained by the fact that the last reactors serve for the removal of 

slowly and unbiodegradable part in greywater, which enhances the removal efficiency of all 

the system and highlights the advantages related to the use of a multistage system. They play 

the role of a stabilization of the final organic load in the effluent apart from the greywater 

organic load as observed in Fig. 3-2. 

 

 

Figure 3-24: Simulated and measured COD concentration in different reactors using default 
parameters of ASM3 model (MBBR). 

In order to fit the model to other parameters, essentially, nitrogen compounds, a monitoring 

campaign was conducted for R1 and R5 to investigate a long-term evolution of TN and 

ammonia. Likewise, dissolved oxygen profiles (DO) for R1 and R5 during three days are 

illustrated in Fig. 3-25 a,b. The average DO concentration for R1 was below 1mg/L and it 

could reach 0.1 mg/L. On the other hand, the average DO concentration for R5 was 4.42±0.38 

mg/L. The low concentration of DO in R1 could be attributed to the high organic load of the 

influent compared to R5 Fig.3-24. Positively, the high pollution in R1 leads to a higher 

consumption of DO. 

 Table 3-5 shows the measured and simulated mean values considered for R1 and R5 in 

addition to the effluent for the following parameters: DO, SNH, TSS (suspended), TN, and 

COD. 
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The results of the simulation show an acceptable correlation regarding the evolution of the 

investigated parameters in R1, R5 and in the effluent except for TN. An overestimation of the 

TN concentration was recorded for the mentioned reactors with about 50% for R1 and R5.  

In order to determine the best fit between experimental and simulated concentrations of TN, 

the adjustment of stoichiometric parameters of Eq.3-9 was conducted.  

2       NSS s NSI I NXI s NBM H NBM ATN i S SNH SNO SN i S i S i X i X                                             Eq.3-9 

The adjustment concerned the N content of slowly biodegradable substrate XS (iNXS) and the 

N content of inert particulate XI ( iNXI).  N contents of biomass XH and biomass XA (iNBM) are 

considered constant in WWTP (0.07 g N/g COD) (Brdjanovic et al. 2015) that's why they 

were not modified. The use of the default value of stoichiometric parameter iNXI = 0.02 g N/g 

COD reported by (Gujer 2000) instead of the value of 0.04 g N/g COD of modified ASM3hsg 

implemented in Simba software  leads to a slight decrease in  simulated TN concentrations 

from 11 and 7.6 g N/m³ to 10.98 and 6.148 g N/m³ for R1 and R5 respectively. The use of an 

adjusted values of iNXI = 0.02 g N/ g COD (Original ASM3 (Gujer 2000)) and iNXS = 0.01 g 

N/ g COD (instead 0.03 of ASM3hsg) gave rise to a better fit between experimental (5.2+/-

2.6, 3.25+/-2 g N/m³) and simulated values (8.98, 5.6 g N/m³) for R1 and R5 respectively. 

Particularly, the use of lower stoichiometric parameters, presenting the N content in different 

COD fractions, leads to a better fit between experimental and simulated TN concentration for 

R1 and R5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 3: Treatment of grey water with MBBR and SM-SBR: Performances and modeling of the 
biodegradation characteristics 

 

  
108 

(a) 

 

(b) 

 

Figure 3-25: Variation of DO profiles for R1 and R5 
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Table 3-5: Comparison between Simulated and measured mean values of dissolved oxygen (DO), 

ammonium nitrogen (SNH), Total suspended solids (TSS), Total Nitrogen (TN) and chemical oxygen 

demand  (COD) in R1, R5, and effluent using default parameters of ASM3 model. 

 
 Experimental values 

 

Simulated values 

 

(R1) 

 

(R5) 

 

Effluent 

 

(R1) 

 

(R5) 

 

Effluent 

SO g O2/m³ <1 4.42±0.38 - <1 5.81 - 

SNH g N/m³ 1.5±1.5 1.4±1 <0.1 3.25 0.1 <0.1 

TSS g TSS/m³ 170±23 88±13 1.67±0.5 147.5 63 <0.1 

TN g N/m³ 5.2±2.6 3.25±1.96 1.1±1 11 7.6 4 

COD  g COD/m³ 325±115 99.5±40 27.9±7 247.9 94.6 14.5 

 

3.4. Modeling the SM-SBR performances for the treatment of greywater  

    3.4.1. Performance of the SM-SBR 

A measurement campaign was conducted during one month in order to evaluate the 

performance of the SM-MBR for the removal of COD, NH4–N and orthophosphate PO4-P 

(Fig. 3-26). The average value of the influent COD concentration was 278.7±69 mg/L and the 

average value of the corresponding effluent COD was 70.58 ±30.31 which gives an average 

removal efficiency of 73.52% (Fig.3-26a). The influent ammonia–nitrogen concentration in 

the greywater was high 16.76 ±5.13 mg/L compared to the average value 6.7 ±5.6 mg/L found 

previously for the same influent by Lamine et al. (2007) (Fig. 3-26b), the effluent NH4–N 

mg/L was 6.21 ± 4.81 mg/L achieving an average removal efficiency of 63.46% ± 22.9. 

During the first five days of the initial operating stage, the percentage of the  removal 

efficiency of NH4-N increased from 7.26% to 76.12%. This could be attributed to the low 

growth rate of nitrifying bacteria which requires more time to develop and to reach sufficient 

concentrations for the nitrification of the ammonium (Rosenberger et al. 2002; Bani-Melhem 

et al. 2015). 

The SM-SBR presented an excellent removal efficiency of the orthophosphate compounds 

with a removal efficiency of 82.81% leading to a decrease of the orthophosphate from an 

average concentration of 12.22 mg/L± 3.66 mg/L in the influent to 2.45±2.11 mg/L in the 

effluent (Fig. 3-26c). Average values of greywater characteristics in terms of chemical 

parameters are presented in Table 3-6 
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(c) 

Figure 3-26: Performance of the SM-SBR for (a) COD removal, (b) NH4–N removal and (c) 

orthophosphate (PO4-P) removal. 

Table 3-6: Grey water characteristics and performance of the plant 

 Unit Influent Effluent 

pH - 7.23±0.24 7.56± 0.36 
TSS mg L-1 31±15 - 
COD mg O2 L-1 278.7±69.25 70.58±30.31 
NH4-N mg N L-1 16.76±5.13 6.21±4.81 
NO3-N mg N L-1 0.42±0.31 2.09±1.92 
PO4-P mg P L-1 12.22±3.66 2.45± 2.11 

 

   3.4.2. Application of ASM3  

ASM3 was applied to predict the biodegradation performance of the SM-SBR, the graphical 

presentation of the plant under Simba software was carried out using Petri Net Based 

Sequential Control which is composed of a sequence of states and transitions containing an 

internal timer allowing the transition from one state to the next one once the timer counted 

down to zero. Two types of timer blocks were used, the majority of the states (aeration and 

filtration) were described with the transition with a solely internal timer. Whereas the state 

describing for the fill state, an external transition input was used limiting the volume of water 

to 600 L which is the maximum value of the plant (Figure 3-27).  

The results show that using default values of "ASM3 hgs" the correlation between 

experimental and simulated results was acceptable for COD concentration. In fact, the COD 

concentrations in the effluent were 70.58± 30 mg/L and 30 mg/L for the experimental and the 
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simulated results respectively. Whereas the ammonium nitrogen concentrations in the effluent 

were 6.21± 4.81 mg/L and 3.707 mg/L for experimental and the simulated results  

respectively.  The results showed an underestimation of the nitrate concentration. Thus, the 

simulated concentration of nitrate was less than 0.01 mg/L against an experimental value of 

2.09± 0.07mg/L. The results conducted by (Hu 2016) showed that the adjustment of the 

following kinetic and stoichiometric parameters μH (Maximum growth rate on the substrate), 

KNO (Saturation coefficient for oxygen), and KNH (Saturation coefficient for ammonium) 

could provide a correct presentation of NH4-N and NO3-N. Table 3-7 shows the ammonia and 

nitrate concentrations in the effluent after the adjustment of the mentioned parameters. The 

adjusted values of µH꞊2, KNO ꞊1, KNH ꞊0.5 showed a good fit between experimental and 

simulated concentrations of NH4-N and NO3-N. 

 

Table 3-7: Steady state simulation results and measured values for the greywater effluent 

Parameters  Units 

 

 

µH:d-
1
 

KNO: g O2.m
-3 

KNH :g N.m
-3

 

Average 

measured 

values 

Default 

ASM3hsg 

values 

µH꞊3 

KNO ꞊0.5 

KNH ꞊0.7 

Adjusted 

ASM3_1 

values  

µH꞊2 

KNO ꞊1 

KNH ꞊1 

Adjusted 

ASM3_2 

values 

µH꞊1 

KNO ꞊1.5 

KNH ꞊1.5 

Adjusted 

ASM3_3 

values 

µH꞊2 

KNO ꞊1.5 

KNH ꞊1 

Adjusted 

ASM3_4 

values 

µH꞊2 

KNO ꞊1 

KNH ꞊0.5 

COD g.m
-3

 70.58± 30 30 30 30 30 30 

NH4-N g.m
-3

 6.21±4.81 3.712 7.004 9.328 9.043 6.798 

NO3-N g.m
-3

 2.09±1.92 <0.1 <0.1 <0.1 <0.1 <0.1 
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Figure 3-27: SM-SBR system model developed in Simba software 
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In the following sections, life cycle assessment (LCA) was applied for a lab scale MBR 

reactor and a pilot plant moving bed biofilm reactor (MBBR) which was  implemented  within 

the framework of a decentralized greywater treatment alternative for non-potable reuse 

application. 

4.1. Lab-scale biological membrane reactor (MBR) 

    4.1.1 Performance of the reactor for the removal of the DOC and TN 
 

The performance of the reactor was investigated for the removal of DOC and TN under 

different flows to study the effects of operating conditions. Experiments were carried out until 

the system reached the steady state, for a running time of about 5 hours. For a supply flow 

equal (Qinf) to 4 L/h, permeate flow (Qper) equal to 3 L/h, and a recycling flow (Qrecy)  

equal to 16 L/h, the reactor showed average removal efficiencies of 84.5% and 45.5% for 

DOC and TN respectively. The profiles of the average concentrations of DOC and TN f are 

presented in Fig. 4-1. The DOC decreased from a concentration of 26.8 mg/L in the influent 

to an average concentration of 4.2 ± 0.28 mg/L in the effluent and the TN decreased from 

16.5 mg/L to an average concentration of 9 ± 0.47 mg/L. It is important to highlight that an 

average removal efficiency of 65.3% was achieved after 30 min of the beginning of the 

experiment, whereas an average removal efficiency of 39.5% was achieved for the TN.  

 

Figure 4-1: Profile of the average concentrations of the DOC and TN  for the experiment 

with Qinf= 4 L/h, Qper= 3 L/h, and Qrecy= 16 L/h. 
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    4.1.2. Effect of the supply flow 

 
Experiments were carried out with the variation of the supply flow Qinf to values of 2.8 L/h 

and 5.2 L/h. Permeate and recycling flows were maintained constant with values of 1.8 L/h 

and 11.2 L/h, respectively. The MBR showed a great removal efficiency of DOC for both 

flows with 82.3% and 83.56% respectively. Nevertheless, for the removal efficiency related to 

the TN concentration, Qinf = 5.2 L/h achieved a removal efficiency of 63.51% which is 

higher than the removals 50.54% and 45.5% achieved by Qinf = 2.8 L/h, Fig. 4-2. In fact, the 

supply of grey water in the reactor is monitored by a level sensor, and the supply is in this 

case dependent on the Qper. 

 

  

Figure 4-2: Variation of the DOC and TN concentrations profiles in the effluent for Qinf = 2.8 L/h 

and Qinf= 5.2 L/h with constant values of Qper=1.8 L/h and Qrecy= 11.2 L/h (COD0= 26.78 mg/L, 

TN0= 16.5 mg/L). 

    4.1.3. Effect of the permeate flow 

The effect of the variation of the permeate flow on the performance of the reactor has also 

been investigated for values of Qper = 1.8 L/h and Qper = 4.2 L/h corresponding to a flux of 

8.18 L. m-2.h-1 and 19 L.m-2.h-1. The influent and the recycling flows were maintained 

constant with values of Qinf = 2.8 L/h and Qrecy = 11.2 L/h. 

Qper = 1.8 L/h showed better removal efficiencies for both DOC and TN with 82.3% and 

50.54%  respectively, against removal efficiencies of 78% and 37.15%  achieved by Qper = 

4.2 L/h, Fig. 4-3. This result could be explained by the fact that decreasing the permeate flow 

increases the residence time of the GW into the reactor which enhances the biodegradation of 
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organic and nitrogen compounds. The Qper appears as the main parameter affecting the 

quality of the permeate and driving the biological degradation process.  

 

  

Figure 4-3: Variation of the DOC and TN concentrations profiles in the effluent for Q per= 1.8 L/h 

and Q per = 4.2 L/h with constant values of Qinf=2.8 L/h and Qrecy= 11.2 L/h (COD0= 26.78 mg/L, 

TN0= 16.5 mg/L). 

    4.1.4. Effect of the recycling flow 

 
In order to study the effect of the recycling flow Qrecy, Qinf and Qperm were maintained 

fixed with values of 2.8 L/h and 1.8 L/h respectively. A close performance for the removal of 

DOC and TN was recorded for Qrecy = 11.2 L/h and Qrecy = 20.8 L/h with 82.3% and 

81.25% for DOC and 50.54% and 53.75% for TN respectively, Fig. 4-4. The expected 

enhancement effect on nitrogen degradation is not observed.  

Experiments are also conducted in order to investigate the profiles of NH4, NO3-N, and NO2-

N in the effluent. The initial concentration of the sludge determined as MES concentration 

was 15.48 mg/L. 
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Figure 4-4: Variation of the DOC and TN concentrations profiles in the effluent for Qrecy = 11.2 L/h 

and Qrecy = 20.8 L/h with constant values of Qinf=2.8 L/h and Qper= 1.8 L/h, (COD0= 26.78 mg/L, 

TN0= 16.5 mg/L. 

    4.1.5. Profiles of NH4-N, NO3-N, and NO2-N in the TGW   

Experiments were carried out during one month for a daily working time of four hours. 

During this period, the reactor didn't show any fouling problem and Qper is constant. This  

could be explained by the low organic load of the influent. The profiles of the average 

concentrations of the mentioned parameters were analyzed. Equally, it was observed that the 

reactor showed a good performance for the removal of ammonia (NH4-N) from an initial 

average concentration of 11.6 ±1 mg/L in the influent to an average concentration of 2.3 ± 

1.75 mg/L in the effluent with an average removal efficiency of 79.5 %.  

The reactor achieved an average removal efficiency of 78.4% after a running time of 15 min  

which highlights the efficiency of the plant Fig. 4-5. Moreover, the performance of the MBR 

regarding the removal of ammonia could be considered as a stable leading to close values of 

ammonia concentrations in the effluent for all the experiments.  
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Figure  4-5: Profile of the average concentration of ammonia in the effluent during one month for 

experiments lasting 4 hours NH4-N0=11.6 mg/L 

 

On the other hand, the analysis of the profile of nitrate concentration showed a final average 

concentration at the end of different experiments of 5.5 mg/L Fig. 4-6. The presence of nitrate 

in the effluent indicates the incomplete denitrification process leading to the transformation of 

nitrate to dinitrogen N2 due to the absence of anaerobic conditions required. The big 

fluctuation of the nitrate concentration described through the standard deviations was due to 

the fact that on the first days of the experiments the reactor showed an unstable and low 

concentration of NO3-N reaching 0.5 mg/L and 1.13 mg/L. These low values could be 

explained by the low specific growth rate of the nitrifying bacteria which requires a 

development period, in our case one week, to achieve their maximum removal efficiency.  A 

study conducted by (Scheumann 2010), showed a concentration of 9.2 mg/L ± 1.6 in the 

effluent treated with a Lab scale 3L membrane bioreactor (MBR) used for the treatment of 

real GW (showers effluent) with an initial COD concentration of 122 ± 21 mg/L. This high 

concentration of nitrate recorded in the effluent leads to the necessity to the adoption of an 

additional anaerobic reactor to enhance the denitrification process for the removal of nitrate. 

The concentration of nitrite was low in the permeate with an average value of 1.22 ± 0.96 

mg/L. After one month of experiments, the concentration of NO2-N in the effluent decreased 

to reach less than 0.1 mg/L.  
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Concerning the orthophosphate PO4-P concentration, an increase of the average concentration 

of the orthophosphate PO4-P from 0.51 mg/L ±0.32 in the influent to 2.65±2.12 mg/L in the 

effluent was registered. In fact, the process of biological phosphorus removal is originated in 

anaerobic zones (Leyva-Díaz et al. 2015) which are limited in our system due to the aeration 

and the configuration of the system. The performance of the reactor for the removal of 

organic and nitrogen compounds is summarized in Table 4-1. 

 

 

Figure 4-6: Profile of the average concentration of the nitrate in the effluent during one month for 

experiments lasting 4 hours. 

 

Figure 4-7: Profile of the average concentration of the nitrite in the effluent during one month of 

experiments lasting 4 hours  
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Table 4-1: Performance of the lab-scale MBR system for Qinf=3 L/h, Qperm=2 L/h, and Qrecy=11.2 
L/h. 

Sources  Influent Effluent Removal 

efficiency% 

pH 6.8 7.9 - 
TSS (mg/L) 31 - - 
BOD5 80 - - 
DOC (mg/L) 26.8 4.73 82.33 % 
TN (mg/L) 16.5 8.16 50.54 % 
NH4-N (mg/L) 11.61 2.3 79.5% 
NO3-N (mg/L) - 5.5 - 
PO4-P (mg/L) 0.51 2.65 - 

 

    4.1.6. LCA of a lab-scale biological membrane reactor (MBR)  

         4.1.6.1. Functional unit and system boundaries 
 

The treatment system related to the MBR includes biological treatment with the activated 

sludge and microfiltration. This LCA study aims to analyze and understand the potential 

environmental impacts of the MBR technology. The functional unit is defined as 1 L of water 

being treated. Fig. 4-8 shows the system boundary of the LCA model of the lab-scale MBR, 

which includes the energy required for the operation of the MBR plant and the material used 

for the construction of the plant.  

 

 

 

Figure 4-8: Schematic drawing of system boundary: energy flows, and materials used for the LCA of 

a lab-scale MBR treatment reactor reported to the functional unit which is the treatment of 1L of 

greywater for a working period of one year. 
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        4.1.6. 2. Life cycle inventory analysis 

The material and energy consumptions required for the operation of the MBR according to the 

FU which is the treatment of 1L/d of greywater for one working year are listed in Table 4-2. 

The energy demand of the MBR process was calculated for the pumping of the influent, 

effluent and the recycling of the sludge, likewise the energy required for the aeration of the 

bioreactor and the membrane tank in addition to the stirring and the level sensor. The total 

annual MBR energy demand was assumed to be 40.57 KWh/L/year.  

As a first step, the energy requirements used in the LCA study were described with the French 

electricity grid mix as the system was designed in France and no data related to the Tunisian 

electricity is integrated into the Simapro database.  

The French energy mix is dominated by the nuclear energy with 71.6%, the hydropower 

accounts about 10.1%, it is followed by Gas (7.7%), Coal (1.8%) and fuel (0.7%). Solar and 

wind account for 6.2%. The bio-energies accounts for (7.7%) (Planete Energies 2017). 

In the second step, the Tunisian electricity grid based on the production of the electricity with 

the Natural Gas was adopted. The production center of electricity in Rades (CPERT, Tunisia) 

is located 13 km from the capital Tunis near the port of the Goulette. It is composed of two 

thermal power plants. The CPERT is the largest unit of electricity generation in Tunisia, it 

produces 700 MW which represents 37% of the national production.  

The electricity is produced using steam dry water to drive the alternator in the rotation, this 

steam is generated in a boiler that transforms the chemical energy of the fuel (gas natural, 

heavy fuel) in heat energy (Lakhoua 2009). The inventory of the data required for the 

production of 1 kWh is summarized in Table 4-3. 

 

Table 4-2: Life cycle inventory of the energy and construction material for the operation of the MBR 

reported to the functional unit 

 kWh Kg 

Alimentation 

pump/Permeate pump 

Operation 2.89 - 

Construction 

[Polyethylene, LDPE, 

granulate, at plant/RER] 

- - 

Anoxic reactor Operation (Stirrer) 8.516  

Construction 

[Polyethylene, LDPE, 

granulate, at plant/RER] 

 5 

Aerobic reactor Operation (air 

diffuser+level sensor) 
1.95  

Construction 

[Polyethylene, LDPE, 

granulate, at plant/RER] 

- 5 

Membrane reactor Operation (air diffuser) 1.82  
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Construction 

[Polyethylene, LDPE, 

granulate, at plant/RER] 

- 5 

Manometer Operation 2.43  

Construction 

[Polyethylene, LDPE, 

granulate, at plant/RER] 

- - 

 

Table 4-3: The inventory of the data required for the production of 1 kWh of electricity in CPERT, 

Tunisia  (Hajjaji et al. 2013) 

Production of 1 kWh of electricity Resources 

Water 84.5g 
Natural Gas 0.23Nm

3
 

Transport of Natural gas (Pipelines) 147.75 kg.km 

 Material/Fuel  

Hydrochloric acid 11.21mg 
Ammonium 0.02 mg 
Sulfonic acid 0.05 mg 
Sodium carbonate 0.12 mg 
Sodium hydroxide 7.12 mg 
Trisodium phosphate 1.17 mg 
EDTA 0.18 mg 
Iron sulfate 1.6 mg 
Reinforced concrete 583.21 mg 
Rebar, reinforced steel 22.92 mg 

 Emission to air  

Carbone dioxide 515.54 g 
Carbon monoxide 
 

0.03 mg 

NOX 21.92 mg 
NH4 0.04 mg 

 Emission to water  

Chlorine 9.58 mg 
Phosphorous 47.88 mg 
Copper 38.31 mg 
Iron 38.31 mg 

 

         4.1.6.3. Life cycle impact assessment (LCIA) 

The methodology developed by the Center of Environmental Science CML 2 baseline 2000 

(version 3.04) of Leiden University was chosen. The indicated method is a midpoint method 

and it includes 11 impact categories which are the following: Abiotic Depletion (AD), abiotic 

depletion (fossil fuels) (AD), global warming potential (GWP), ozone layer depletion (ODP), 

human toxicity (HT), freshwater aquatic ecotoxicity (FAEP), marine aquatic ecotoxicity 

(MAE), terrestrial ecotoxicity (TE), photochemical oxidation (POP), acidification (AP), 

eutrophication (EP). 
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Potential environmental impacts were evaluated using the software SimaPro 8.3.0.0 which is 

one of the most commonly used software tools for LCA studies. It allows a simple 

presentation of inventory’s results and impact analysis, and summarizes a detailed 

contribution of each elementary process 

CML method is widely used and validated for the LCA of wastewater treatment technologies. 

Significantly, it was used by Pasqualino et al. (2011) for the assessment of the environmental 

loads associated with wastewater reuse in addition to the evaluation of alternatives for final 

wastewater. It was also used for the assessment of the environmental impact of 13 wastewater 

treatment plants (WWTPs) for a small population (less than 20,000 population equivalent 

(p.e.)) (Gallego et al. 2008), the results allowed the identification of the main impact 

categories in the WWTPs. CML method was used to compare between four treatment 

technologies for recycling of the greywater generated from households including reed beds, 

membrane bioreactors (MBR); membrane chemical reactors (MCR) and an innovative green 

roof water recycling system (GROW) (Memon et al. 2007). 

The use of the CML method is due to its clear and detailed presentation of the impacts 

generated by the WWTP and the gain related to the recycling, and reuse of the reclaimed 

water. Equally, it is a well-known methodology for impact analysis widely used for 

environmental assessment (Pasqualino et al. 2011) and for the calculation of potential risks to 

human health, ecological quality and resources (Ng et al. 2014).  

Potential environmental impacts are evaluated using the software SimaPro 8.3.0.0 which is 

one of the most commonly used software tools for LCA studies. It allows a simple 

presentation of inventory’s results and impact analysis and summarizes a detailed contribution 

of each elementary process 

         4.1.6.4. Environmental impact of the operation and construction processes  
 

The analysis of Fig.4-9 and Table 4-4, shows that regardless the energy mix used for the 

operation of the reactor (French or Tunisian mix), the construction module presented the 

highest contribution for all the impact categories and this is due to the fabrication process of 

the low-density Polyethylene (LDPE) used for the fabrication of the reactor.  

The construction of the membranes was not included in our study due to the lack of 

information related to the emissions of the fabrication process. In a recent study conducted by 

Ioannou-Ttofa et al. (2016), the environmental impact of a membrane bioreactor (MBR) was 

investigated in order to evaluate quantitatively the emissions produced during the 

construction, operation, and the deconstruction phases. The LCA methodology was applied 
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using SimaPro 8.0.3.14 and two LCIA methods were applied IPCC 2013 version1.00 and 

ReCiPe version 1.10. The functional unit that was chosen is the “effective treatment of 1m3 of 

urban wastewater”. The membranes were made with chlorinated polyethylene and ABS resin 

membrane. The results of the LCA have shown that the contribution of submerged membrane 

unit was low and it contributed only to the toxicity impact categories. The contribution of the 

submerged membrane was 28%, 22%, and 13% to the impact categories terrestrial 

ecotoxicity, human toxicity, and marine ecotoxicity respectively. The cause was due to the 

manufacturing procedure of chlorinated polyethylene, which is based on the chlorination of 

polyethylene by gaseous chlorine. The total contribution of the operational and the 

constructions phases were 96.5% and 3.5% respectively. 

On the other hand, some studies related to the LCA of biological membrane reactors have 

shown that the operational phase of an MBR contributes the most compared to the 

construction phase for the treatment of greywater or urban wastewater. 

In the study conducted by Tangsubkul et al. (2005), the LCA has been applied to a membrane 

bioreactor followed by reverse osmosis. The construction and the operation phases integrated 

all activities and resources required for the design of the water recycling systems. The 

construction of sludge treatment, handling facilities and vehicles were excluded. The 

operation phase included also the quality and quantity of chemicals, materials and energy 

inputs and outputs during this phase. The functional unit adopted in the mentioned study was 

the delivery of 1 mL of recycled water to be used for irrigation of sensitive crops such as 

bean, almond, apricot, plum, and grape 

The results showed that the contribution of the operation phase was higher than the 

construction phase for most of the impact categories. The noticeable contribution of the 

operation phase was recorded for EP and GWP with 90%, 69% respectively. Against a 

contribution to the construction phase of 10% and 31% respectively.   

In the study conducted by Memon et al. (2007) comparing different greywater recycling 

technologies, the LCA of the MBR was investigated. The FU was the total volume of 

greywater treated during the design life of the system for 15 years. The construction phase 

integrated the quantity of material required for the implementation of the water holding tank, 

aeration pumps, pipe networks and material for membranes (PVC, cast iron, Bronze, stainless 

steel, and polypropylene for membranes). The operation phase included the chemicals used 

for periodic membrane cleaning (NaOH, HCL) and electricity required for the operation of 

the pumps, aeration units, and pressure management. The operational phase contributed more 
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than 95% to all impact categories. Ortiz et al. (2007) used LCA for the assessment of urban 

water treatment technologies for reuse. The results related to the immersed membrane 

biological reactor showed that the contributions of the operational phase, construction, and 

membranes to the total environmental load were 77.2%, 18.1%, and 4.7% respectively using 

CML 2 baseline method.  In the mentioned case study, the biological treatment integrated two 

membrane bioreactors of 225m3 of capacity and the adopted FU was the production of 3000 

m3 / day of water during 25 years.  

Consequently, at the lab scale level, the energy required for the treatment of 1L of greywater 

could be considered as negligible compared to the construction module.  

The integration of the transport module of the MBR from France to Tunisia with ship didn't 

affect all the impact categories; only the impact categories photochemical oxidation, 

Acidification, Eutrophication were affected with contributions of 1.68%, 6.9% and 2.73% 

respectively (Fig.4-10). 

 
 

(a) 

 
 

(b) 

Figure 4-9: Contribution of the operation and construction processes in all impact categories (CML-

IA baseline V3.04/ /Characterization) for LCA of the MBR using a) French grid mix electricity and b) 

Tunisian grid electricity. 
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Table 4-4: Characterization values of the different environmental impacts corresponding to LCA of 

the MBR using CML-IA baseline V3.04 and two sources of electricity, the functional unit is the 

production of 1L of TGW per day for a working period of one year. 

 French grid mix electricity Tunisian grid mix electricity 

Impact category Unit Operation Construction Operation Construction 

Abiotic depletion (fossil fuels) MJ 5.27E+01 1.42E+03 1.29E+02 1.42E+03 

Global warming (GWP100a) kg CO2 eq 4.62E+00 4.22E+01 1.43E-03 4.22E+01 

Ozone layer depletion (ODP) kg CFC-11 eq  6.59E-06 1.59E-05 6.04E-11 1.59E-05 

Human toxicity kg 1.4-DB eq 3.19E-01 8.49E+00 1.88E-03 8.49E+00 

Fresh water aquatic ecotox. kg 1.4-DB eq 6.45E-02 3.59E+01 6.28E-01 3.59E+01 

Marine aquatic ecotoxicity kg 1.4-DB eq 4.60E+02 1.63E+04 1.27E+02 1.63E+04 

Terrestrial ecotoxicity kg 1.4-DB eq 1.71E-03 3.71E-02 2.68E-06 3.71E-02 

Photochemical oxidation kg C2H4 eq 9.93E-04 2.21E-02 4.85E-07 2.21E-02 

Acidification kg SO2 eq 1.72E-02 9.00E-02 1.63E-04 9.00E-02 

Eutrophication kg PO4
-3

 eq 1.39E-03 2.53E-02 4.29E-05 2.53E-02 
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Figure 4-10: Contribution of the operation, construction and transport processes in all impact 

categories (CML-IA baseline V3.04/ /Characterization) for LCA of the MBR, the functional unit is the 

production of 1L of TGW per day for a working period of one year. 

4.2. Life cycle assessment of a decentralized greywater treatment 

alternative for non-potable reuse application (MBBR) 

The on-site recycling of treated greywater (TGW) at a small scale level could be an efficient 

integrated water management solution to overcome the shortage of freshwater and to reduce 

pollutant emissions.  

In this section, greywater (GW) was collected from a building situated in Berlin, Germany 

and treated with a moving bed biofilm reactor (MBBR) in order to be recycled in toilet 

flushing. Life cycle assessment approach (LCA) was applied to compare recycling to no 

recycling scenarios and to evaluate the environmental impact of the MBBR. Fig.4-11 resumes 

the steps of LCA applied to evaluate the environmental impact of the recycling of TGW.  
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Figure 4-11: Description of the system under study. 

    4.2.1. Goal and scope 

The aim of this study is to investigate the environmental impact of GW treatment by MBBR 

and to understand whether MBBR could be considered as a friendly technology to the 

environment after the assessment of its environmental advantages and drawbacks. In addition, 

the investigation of the contribution of the recycling of treated greywater (TGW) on the total 

impact of the system, and the areas for improvement have been investigated. The system is 

located in Berlin, Germany, where operational and technical data were collected during the 

period 2017-2018. 

   4.2.2. System boundaries and simplifications 

 
The LCA studies which deal with water reuse alternatives includes mainly the energy and 

material requirements in addition to the quality of the treated effluent according to the final 

reuse purposes (Muñoz et al. 2009). The system boundaries for the investigated system 

include the construction phase and the operation phase required for the operation of the 

MBBR (1st Biological treatment reactor, 2nd Biological treatment reactor, UV treatment, and 

storage). The operation phase includes the energy consumption for operating the pumps 
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(including recycling pumps) and the air blowers (Fig. 4-12). The integration of the tap water 

consumption as a virtual process in addition to the operation and construction processes, 

allows the quantification of the impact of replacing the tap water by the reclaimed water 

through the reuse of TGW. Moreover, the environmental credit resulting from avoiding 

external water supply could be quantified. The following data are not considered in the system 

boundaries for no availability of the data or for simplicity reasons of the LCA study:  

 The network piping related to the tap water supply, since it is assumed to be the same 

in all scenarios. 

 The construction materials of the equipment such as pumps and air blowers for no 

availability of the data, only the energy demand required for their operation is 

considered. 

 The end of life of the MBBR system. In fact, the aim of this study was not to compare 

different wastewater treatment technologies but it is about the same reactor. 

Consequently, the generated waste related to the end-of-life of the MBBR reactor is 

the same for all scenarios. Furthermore, the contribution of the disposal phase is 

usually considered insignificant to the overall impact (Tangsubkul et al. 2005) 

 The emission of pollutants related to the discharge of the effluent into the natural 

water source, as the quality of the effluent, is considered in agreement with the 

European regulations of water discharge and reuse.  

  The production and the treatment of the sludge due to the low produced quantity 

during the treatment (1g/day).  

 The secondary materials for construction such as (nails, supporting structure). The 

construction phase includes only the main materials required for the implementation of 

the reactors such as the fabrication process and the transportation steps.  

 Materials used for the fabrication of the UV lamp for no availability of the data, only 

the energy is considered.   
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Figure 4-12: System boundaries 

   4.2.3.Compared scenarios 

Fig. 4-13 illustrates the three scenarios under study. Scenario 1 is considered as the baseline 

scenario with no water recycling, the GW goes through biological treatment composed of the 

two MBBRs followed by the UV treatment. Then, it is discharged into the natural 

environment (river, lake). This scenario investigates the impact of the MBBR as a technology 

for the treatment of GW (Fig. 4-13a). 

Scenario 2 presents the recycling and the potable water replacement scenario. In this scenario, 

the GW is used instead of potable water and is pumped back to the households via a separate 

pipes network and used for toilet flushing (Fig. 4-13b). The volume of tap water required for 

the total needs in flushing toilets is about 1.5 m3/d. Indeed, the reuse of the TGW from the 

MBBR system avoids the consumption of 1 m3/d of the fresh water. Consequently, the 

resultant amount of added tap water is only 0.5 m3 /d. The replacement of the tap water supply 

is counted as an environmental credit by the consideration of the reuse of grey water as an 

avoided load. Scenario 3 is the direct discharge scenario. In this scenario, the treated effluent 

from the MBBR is discharged into the natural water stream without any tertiary treatment 

which is usually the case for municipal WWTP (Fig. 4-13c). The objectives of the 

investigation of the three scenarios are described in Table 4-5. 

Table 4-5: Objectives related to the investigation of different scenarios 

Scenarios 

and 

comparisons 

Objectives 

Scenario1 

(Sc.1) 

Investigation of the environmental impact of the MBBR operational stages 
(only the treatment system). 

 
Scenario 2 Investigation of the environmental impact of additional processes required 
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(Sc.2) for the recycling of the TGW (the distribution system composed  of pumps 

and pipes). 
 

Scenario 3 

(Sc.3) 

Investigation of the environmental impact of the MBBR operational stages 
without UV disinfection (only the biological treatment system).  
 

Comparison 

between Sc.1 

and Sc2 

Investigation of the evolution of the environmental profile of the MBBR 
before and after integrating of the recycling of the TGW. 

Determination of the contribution of the recycling process to the total 
environmental impact of the MBBR system. 
 

Comparison 

between Sc.1 

and Sc.3 

Assessment of the environmental contribution of the tertiary treatment into 
the treatment process of the MBBR. 

 
 

Comparison 

between Sc.2 

and Sc.3 

Assessment of the evolution of the environmental impact between scenario 2 

and scenario 3 in case of eliminating the tertiary treatment for direct 
discharge scenario and only considering of the biological treatment.  

 

 

a) Scenario1 

 
 

b) Scenario 2 
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c) Scenario 3 

 

Figure 4-13: System boundaries for water recycling scenarios, a) Scenario 1: without recycling; b) 

Scenario 2: with recycling of TGW for toilet flushing; c) Scenario 3: discharge without tertiary 

treatment (direct discharge). 

    4.2.4. Functional unit 

A functional unit (FU) is defined in (ISO 14040 2006) as a reference to which the inputs and 

outputs are related. Moreover, it reflects one of the possible functions of the system and it 

allows the quantification of the process or the product system. Different Functional units have 

been used in LCA studies related to WWTP. Vlasopoulos et al. (2006) used as FU a process 

water flow of 10,000 m3 /day for a time period of 15 years (system design life). For the LCA 

of water reuse system, Tong et al. (2013) used as an FU 1 m3 of TWW, the choice of the FU 

is based on the function of the water recycling system which is the treatment of wastewater to 

the required quality for its application. Other studies have included many parameters in the 

same FU such as the total volume of the treated wastewater, the design life (15 years), the 

specific water consumption (in litres/person day) and the population number which represents 

the population that will benefit from the TGW (Memon et al. 2007). The most commonly 

used FU in the reviewed studies for wastewater treatment technologies is the volume unit of 

TWW (Muñoz et al. 2009; Chatzisymeon et al. 2013). The main function of the reactor under 

study is the treatment of a certain volume of GW influent which enters into the system. 

Moreover, the main objective of this LCA study is not to compare different technologies used 

for the treatment of GW, but to evaluate the impact of the recycling of the TGW. Thus, the 

FU used in this study is the production of 1m3 of TGW per day for 365 working days of plant 

achieving a water effluent with COD concentration of 25 mg/L.  
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    4.2.5. Life cycle inventory analysis (LCI) 

The data used for the life cycle assessment is collected from technical data sheets of different 

equipment (air blowers, pumps) and from the operating conditions of the plant. Only the 

flows related to the operation of the plant are extrapolated to one working year. Data for the 

construction of the plant are supposed to be available for the treatment of 1m3/day all over the 

year. For the electricity requirement, the German electricity mix is adopted. It is mainly 

composed of 70.5 % of energy from fossil fuels and 29.5% of renewable energy 

(AGEB2016). Scenario 1 and scenario 2 include the same steps of the treatment. Under those 

circumstances, the same inventory data related to the operation and construction stages is 

adopted for both scenarios. Regardless, scenario 2 includes the data required for the reuse 

system composed of the storage system, the pumping system and the transport of TGW to 

houses (pipes). Background inventory data is obtained through the LCA database: Industry 

data.2, Ecoinvent 3.3, ELCD which contain processes data such as the production of energy 

and chemicals and the transportation of materials. Table 4-6 resumes the different data used in 

this study. 

Table 4-6: Inventory data related to different treatment stages of the MBBR for each scenario 

reported to the FU 

  Sc.1 Sc.2 Sc.3 Database 

used for 

inventory 

 1st Biological reactor Unit     

Construction Biological treatment 

Tank (Polyethylene, 

LDPE) 

Kg/m
3
 55 55 55 Industry data 

.2 

Polyurethane foam Kg/m
3
 4.94 4.94 4.94 Ecoinvent 

3.3 

Operation Air blower  Kwh/m
3
/y 394.2 394.2 394.2 ELCD 

Pump (for pumping GW 

to 2nd Biological 

reactor) 

Kwh/m
3
/y 43.8 43.8 43.8 ELCD 

 2nd Biological reactor  

Construction Biological treatment 

Tank 

(Polyethylene, LDPE) 

Kg/m
3
 55 55 55 Industry 

data.2 

Polyurethane foam Kg/m
3
 4.94 4.94 4.94 Ecoinvent.3 

Operation Air blower Kwh/m
3
/y 394.2 394.2 394.2 ELCD 

Pump (pumping to UV 

tank) 

Kwh/m
3
/y 43.8 43.8 43.8 ELCD 

 UV treatment  

Construction UV treatment tank 

(Polyethylene, LDPE) 

Kg/m
3
/y 60 60 - Industry 

data.2 

Operation UV lamp  Kwh/m
3
/y 8.74 8.74 - ELCD 

 Recycling Treated water  

Construction Pipes (PVC) Kg/m
3
 - 36 - Industry 

data.2 
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Operation Distribution pump to 

houses 

Kwh/m
3
/y - 7.8 - ELCD 

 

    4.2.6. Life cycle impact assessment (LCIA) 

The CML 2 baseline 2000 (version 3.04) method applied in the previous section was chosen. 

The indicated method includes 11 impact categories which are the following: Abiotic 

Depletion (AD), abiotic depletion (fossil fuels) (AD), global warming potential (GWP), ozone 

layer depletion (ODP), human toxicity (HT), freshwater aquatic ecotoxicity (FAEP), marine 

aquatic ecotoxicity (MAE), terrestrial ecotoxicity (TE), photochemical oxidation (POP), 

acidification (AP), eutrophication (EP). Potential environmental impacts were evaluated using 

the software SimaPro 8.3.0.0. 

In the current study, ReCipe method was also investigated for the assessment of LCA of the 

MBBR system in the sensitivity analysis section. In fact, the mentioned method was used for 

the assessment of wastewater treatment plants in small communities such as the comparison 

of conventional wastewater treatment plant with two nature-based technologies for a 

population equivalent of 1500 p.e (Garfí et al. 2017) and in another studies related to the 

wastewater treatment plants (Niero et al. 2014; Buonocore et al. 2016; Guven et al. 2018). 

    4.2.7. Results and discussion 

        4.2.7.1. Scenario1: Greywater treatment using MBBR 

The relative contribution of environmental profiles of the main treatment stages of the plant is 

displayed in Fig. 4-14. The first and the second biological reactors demonstrate the same 

environmental profile as they are only described via the construction and operation processes.  

The biological treatment composed of both bioreactors contributes to the largest 

environmental impact for most of the indicators with a contribution higher than 50 %.  For the 

impact categories HT, MAE, TE, and EP, the module of the tap water consumption presents 

the highest contribution with about 65%, 52%, 68% and 61% of the total impact respectively. 

The corresponding indicators are 2.39.10+2 kg 1.4-DB eq, 3.41.10+5 kg 1.4-DB eq, 1.81 kg 

1.4-DB eq, 7.52.10-1 kg PO4
3-eq (Table 4-7).  

The study conducted by Pasqualino et al. (2011) has demonstrated that the secondary 

treatment stage is the stage with the largest environmental impact with a contribution between 

30.5% and 84.2% for all the impact categories. The mentioned study, has determined the 
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environmental impact of the operation stages of a Spanish Mediterranean wastewater 

treatment plant (WWTP) using as FU 1 m3 of wastewater which enters the WWTP. 

Pintilie et al. (2016) have found in their study that the stage with the largest environmental 

impact, is the secondary (biological) treatment with a contribution between 20% and 90% for 

most of the indicators. The functional unit (FU) adopted in the mentioned study was 1 m3 of 

wastewater which enters the municipal WWTP. 

In the current study, the environmental impact of the biological treatment is mainly caused by 

the contribution of the construction module for the most impact categories except for GWP 

and AP for which the energy consumption is the main contributor with 59 % and 48% 

respectively. Tangsubkul et al. (2005) have found that the construction module contributes 

31% to the impact category GWP for a biological membrane reactor (MBR) used as water 

recycling technology. Meanwhile, in another study which investigates the treatment of 

petroleum wastewater with a Rotating biological contactor (RBC), the construction module 

contributes 22% and 35% for GWP and AP respectively (Vlasopoulos et al. 2006). 

 

Table 4-7: Environmental profile for the MBBR operational stages for scenario 1, referred to the 

production of 1m
3
 of TGW per day for a working period of one year, based on LCA characterization. 

(values indicated in the discussion are marked in bold) 

Environmental 

Impact 

category 

Unit Total 1st 

biological 

reactor 

2nd 

biological 

reactor 

UV 

treatment 

Tap water 

consumption 

scenario 1 

(Toilet 

flushing) 

AD MJ 2.64E
+4

 8.53E
+3

 8.53E
+3

 5.85E
+3

 3.50E
+3

 

GWP100 kg CO2 eq 1.40E
+3

 4.65E
+2

 4.65E
+2

 1.81E
+2

 2.90E
+2

 

ODP kg CFC-11 eq 2.13E
-4

 6.16E
-5

 6.16E
-5

 6.47E
-5

 2.50E
-5

 

HT kg 1.4-DB eq 3.69E
+2

 4.64E
+1

 4.64E
+1

 3.69E
+1

 2.39E
+2

 

FAEP kg 1.4-DB eq 5.76E
+2

 1.40E
+2

 1.40E
+2

 1.45E
+2

 1.51E
+2

 

MAE kg 1.4-DB eq 6.54E
+5

 1.21E
+5

 1.21E
+5

 7.05E
+4

 3.41E
+5

 

TE kg 1.4-DB eq 2.67 3.52E
-1

 3.52E
-1

 1.61E
-1

 1.81 

POP kg C2H4 eq 3.99E
-1

 1.18E
-1

 1.18E
-1

 9.04E
-2

 7.28E
-2

 

AP kg SO2 eq 3.23 9.12E
-1

 9.12E
-1

 3.95E
-1

 1.01 

EP kg PO4
3-

eq 1.24 1.86E
-1

 1.86E
-1

 1.12E
-1

 7.52E
-1
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Figure 4-14: Process contribution in all impact categories (CML-IA baseline V3.04/ 
/Characterization) for scenarios 1 

        4.2.7.2. Scenario 2: Greywater treatment using MBBR and including recycling 

for toilet flushing  

In the 2nd scenario, the TGW was recycled for non-potable use (toilet flushing). Thus, the 

volume of fresh water (potable water) required for flushing toilet decreased by 1 m3/day and it 

was counted as an avoided load. The reuse of the TGW required the use of a distribution 

system composed of pipes and a pump (Fig. 4-13b).  

Fig.4-15 and Table 4-8 show the impact of the integration of the distribution system into the 

life cycle of the MBBR without considering the impact of the recycling of TGW.  

The contributions of the biological treatment were 62.4%, 62.8%, 65% and 69.8% for the 

impact categories POP, ODP, AD, and GWP respectively. While, the contribution of the 

distribution system is lower than 10% for most impact categories, except for the impact 

categories HT, TE, and AP for which the contribution of the distribution system was 51.8 % 

with 2.25E+02  kg 1.4-DB eq, 18.3% with 3.30E-01 kg 1.4-DB eq and 17.3% with 5.35E-01 

kg SO2 eq respectively. The highest contribution of the distribution system was found for the 

impact category HT and it is due to the submodule PVC Pipes production which includes the 

production of PVC resin, transport of the resin to the converter, the conversion process itself 

and packaging of the finished product for onward despatch.  

The PVC was found as the main material that enhanced the environmental impact of the 

construction phase of three technologies used for the treatment of petroleum wastewater: 
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Rotating biological contactors (RBC), trickling filters (TF) and constructed wetlands (CWL) 

(Vlasopoulos et al. 2006). 

The analysis of the impact assessment results of both scenarios, showed that the contribution of the 

Tap water consumption process in the characterization results for scenario 2 displayed a lower impact 

than scenario 1 with a reduction ranging from 9% for the AD to 46.5% for HT.  

 

 

Figure  4-15: Process contribution in all impact categories (CML-IA baseline V3.04/ 
/Characterization) for scenarios 2. 

Table 4-8: Environmental profile for the MBBR operational stages for scenario 2, referred to the 

production of 1m
3
 of TGW per day for a working period of one year, based on LCA characterization 

(values indicated in the discussion are marked in bold) 

Environmental 

Impact category 

Total 1st 

biological 
reactor 

2nd 

biological 
reactor 

UV 

treatment 

Tap water 

consumption 
Sc.2 (toilet 

flushing) 

The 

distribution 
system of 

TGW 

AD 

(MJ) 

2.63E+04 8.53E+03 8.53E+03 5.85E+03 1.17E+03 2.18E+03 

 GWP100 

(kg CO2 eq) 

1.33E+03 4.65E+02 4.65E+02 1.81E+02 9.68E+01 1.24E+02 

ODP 

(kg CFC-11 eq) 

1.96E-04 6.16E-05 6.16E-05 6.47E-05 8.32E-06 2.40E-08 

HT 

(kg 1.4-DB eq) 

4.35E+02 4.64E+01 4.64E+01 3.69E+01 7.98E+01 2.25E+02 

FAEP 

(kg 1.4-DB eq) 

5.17E+02 1.40E+02 1.40E+02 1.45E+02 5.04E+01 4.13E+01 

MAE 

(kg 1.4-DB eq) 

4.34E+05 1.21E+05 1.21E+05 7.05E+04 1.14E+05 7.60E+03 
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TE 

(kg 1.4-DB eq) 

1.80E+00 3.52E-01 3.52E-01 1.61E-01 6.02E-01 3.30E-01 

POP 

(kg C2H4 eq) 

3.77E-01 1.18E-01 1.18E-01 9.04E-02 2.43E-02 2.71E-02 

AP 

(kg SO2 eq) 

3.09E+00 9.12E-01 9.12E-01 3.95E-01 3.35E-01 5.35E-01 

EP 

(kg PO4
3-

eq) 

7.78E-01 1.86E-01 1.86E-01 1.12E-01 2.51E-01 4.35E-02 

         4.2.7.3. Scenarios comparison 

The recycling module included in scenario 2, leads to a decrease in five impact categories 

compared to scenario1 which are ODP, FAEP, MAE, TE, and EP with a reduction of 3.9%, 

1.6%, 16.2%, 10.2 %, and 17 % respectively. In the remaining impact categories AD, GWP, 

HT, POP and AP, scenario 1 displays the lowest impact (Table 4-9 and Fig. 4-16). 

For the impact category AD, scenario 2 presents higher impact than scenario 1 with a total 

contribution of 2.74E+04MJ against 2.64E+04MJ for scenario 1. This result is attributed to 

the additional energy consumption of the distribution system module. The impact on GWP is 

higher for scenario 2 than scenario 1 with a total contribution of 1.43E+03 kg CO2
- eq against 

1.40E+03 kg CO2
- eq also due to the additional energy consumption and the PVC used for the 

pipes. The system's impact on HT is higher with 28.3% for scenario 2 and presents 5.15E+02 

against 3.70E+02 kg 1.4-DB eq for scenario 1. This is mainly due to the PVC production 

which contributes 2.25E+02 kg 1.4-DB eq for scenario 2 on HT impact category for a total 

emission of all processes of 5.15E+02 kg1.4-DB eq. 

In the current case study, with the consideration of the aforementioned assumptions, the most 

harmful impact was found for MAE with contributions of 6.54E+05 kg 1,4-DB eq and 

5.48E+05 kg 1,4-DB eq for scenario 1 and 2, respectively. In fact, a noticeable contribution of 

the tap water consumption process to the total environmental impact is recorded for scenario1 

and scenario2 with 52.14% and 41.42%, respectively. For the impact category AP, scenario 2 

presents a higher impact with 5.8 % compared to scenario 1 due to the PVC production. The 

magnitude of the SO2 emissions related to the acidification is 3.23 and 3.43 kg SO2 eq for 

scenario 1 and 2, respectively. The impact on the EP for scenario 2 is lower than scenario 1 

with 17% and the total emissions related to the EP impact are 1.24 kg PO4
3- eq and 1 kg PO4

3- 

eq for scenario 1 and 2, respectively. The tap water consumption process and the polyethylene 

material are the main contributors to the emissions related to the EP impact category. Indeed, 

the tap water process contributes 60.65% and 48.64% to the emission of the total processes 
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respectively for scenario1 and scenario2. Whereas, the polyethylene contributes 17.17% and 

20.38% for scenario 1 and scenario2, respectively. 

The difference between the results of the two scenarios reflects the impact of the integration 

of the distribution system and the recycling of the TGW in scenario 2 which could be 

considered as low except for the HT impact category. Consequently, the recycling system 

allows the reduction of the tap water consumption without noticeable harmful impact on the 

environment. 

 

Figure  4-16: Comparison of environmental impacts of the two scenarios on various impact 

categories based on the LCA characterization results 

Table 4-9: Characterization values of the different environmental impacts corresponding to LCA of 

scenario 1 and scenario 2 using CML-IA baseline V3.04. The functional unit is the production of 1m
3
 

of TGW per day for a working period of one year (significant values commented in the discussion are 

marked in bold). 

Environmental 

Impact category 

Unit LCA scenario1 LCA Scenario2 

AD MJ 2.64E+04 2.74E+04 

GWP100 kg CO2 eq 1.40E+03 1.43E+03 

ODP kg CFC-11 eq 2.13E-04 2.05E-04 

HT kg 1.4-DB eq 3.69E+02 5.15E+02 

FAEP kg 1.4-DB eq 5.76E+02 5.67E+02 

0

10

20

30

40

50

60

70

80

90

100

AD GWP ODP HT FAEP MAE TE PO AP EP

Scenario 1 Scenario 2

R
e
la

ti
v

e
  i

m
p

a
c
t 

(%
)

Impact categories



CHAPTER 4: Environmental assessment of a lab-scale biological membrane reactor (MBR) and a 
moving bed biofilm reactor (MBBR) 

 

  
141 

MAE kg 1.4-DB eq 6.54E+05 5.48E+05 

TE kg 1.4-DB eq 2.67 2.40 

POP kg C2H4 eq 3.99E-01 4.02E-01 

AP kg SO2 eq 3.23 3.43 

EP kg PO4
3-

eq 1.24 1.03 

 

Fig. 4-17 illustrates the relative characterization results of the LCA of scenario 2 using the 

CML 2 baseline method. It can be seen that the recycling of the TGW presents negative 

characterization values, which means that an environmental benefit occurs in comparison with 

the “no reclaimed water recycling” scenario (scenario1). The integration of the recycling 

process leads to a decrease in all impact categories with a reduction ranging from - 3.9% for 

the ODP to -20.1% for the TE. 

 

Figure 4-17: Contribution of the recycling in the impact categories of scenario 2 

        4.2.7.4. The contribution of the tertiary treatment on the total emission of the 

MBBR system 

The tertiary treatment is a mandatory step for the reuse of reclaimed water (Meneses et al. 

2010). Thus, the contribution of the impact of tertiary treatment on the total emission of all 

stages’ treatment of the MBBR was evaluated. The obtained results reveal an increase in the 

environmental load ranging between 6% to 30.4% depending on the impact category (Fig. 4-

18 and Table 4-10). The integration of the tertiary treatment in scenario 1 affects mostly the 

impact category ODP with an increase of 30.4% compared to scenario 3. Still, it is important 
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to highlight that the final environmental profile of both scenarios presents minor difference. It 

emphasizes the advantage of the integration of tertiary treatment step for the recycling of the 

reclaimed water for non-potable applications. Similar results concerning the contribution of 

the tertiary treatment, with UV lamp, to the overall treatment have been found by Pasqualino 

et al. (2011). The latter, have demonstrated that the impact of the tertiary treatment with UV 

lamp, is insignificant and doesn’t increase the environmental impact of the whole plant. The 

FU was 1 m3 of wastewater which enters the WWTP. Meneses et al. (2010) have compared 

different tertiary treatment technologies such as ozonation, ozonation plus hydrogen peroxide 

and chlorination plus UV treatment. The chlorination plus UV disinfection presents a lower 

environmental impact than the ozonation alternatives except for photochemical oxidation.  

 

Figure  4-18: Evaluation of the contribution of the tertiary treatment into the treatment process of the 
MBBR 

Table 4-10: Characterization values of the different environmental impacts corresponding to LCA of 

scenario 1 and scenario 3 and using CML-IA baseline V3.04 (significant values commented in the 

discussion are marked in bold). 

Environmental 

Impact category 

Unit LCA Scenario 1 LCA Scenario 3 

AD MJ 2.64E+04 2.06E+04 

GWP100 kg CO2 eq 1.40E+03 1.22E+03 

ODP kg CFC-11 eq 2.13E-04 1.48E-04 

HT kg 1.4-DB eq 3.69E+02 3.32E+02 
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FAEP kg 1.4-DB eq 5.76E+02 4.31E+02 

MAE kg 1.4-DB eq 6.54E+05 5.84E+05 

TE kg 1.4-DB eq 2.67E+00 2.51E+00 

POP kg C2H4 eq 3.99E-01 3.09E-01 

AP kg SO2 eq 3.23E+00 2.83E+00 

EP kg PO4
3-

eq 1.24E+00 1.12E+00 

4.2.7.5. Comparison between scenario 2 and scenario 3 adopting only the biological 

treatment for the direct discharge of treated water  

A comparison was made between scenario 3 which describes the direct discharge of the TGW 

into the natural water stream after undergoing only the biological treatment and scenario 2 

which includes the recycling of the TGW after a tertiary treatment with UV. A decrease is 

shown on the impact categories MAE, TE, and EP with -6.1%, - 4.4% and -8.5% respectively 

for scenario 2 compared to scenario 3.  

The impact categories AD, GWP and MAE represent the highest characterization factors for 

both scenarios with 2.06.10+04 MJ, 1.22.10+03  kg CO2 eq, and 5.84.10+05 kg 1.4-DB eq for 

scenario 3 and 2.74.10+04 MJ, 1.43.10+03 kg CO2 eq, and 5.48.10+05 kg 1.4-DB eq for 

scenario 2 respectively (Table 4-11 and Fig. 4-19). The module of electricity contributes 45% 

and 39.23% respectively for scenario 3 and 2.  

 

Figure  4-19: Relative contributions to the respective impact categories of the life cycle of scenario 3 
and scenario 2 
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Table 4-11: Characterization values of the different environmental impacts corresponding to LCA of 

scenario 3 and scenario 2, and using CML-IA baseline V3.04 (significant values commented in the 

discussion are marked in bold) 

Environmental 

Impact category 

Unit LCA Scenario 3 LCA Scenario 2 

AD MJ 2.06E+04 2.74E+04 

GWP100 kg CO2 eq 1.22E+03 1.43E+03 

ODP kg CFC-11 eq 1.48E-04 2.05E-04 

HT kg 1.4-DB eq 3.32E+02 5.15E+02 

FAEP kg 1.4-DB eq 4.31E+02 5.67E+02 

MAE kg 1.4-DB eq 5.84E+05 5.48E+05 

TE kg 1.4-DB eq 2.51 2.40 

POP kg C2H4 eq 3.09E-01 4.02E-01 

AP kg SO2 eq 2.83 3.43 

EP kg PO4
3-

eq 1.12 1.03 

 

   4.2.8.Sensitivity analysis  

This section is devoted to testing the changes on the results related to the environmental 

impact of scenario 2 following the changes on some influencing parameters such as life cycle 

impact assessment method, electricity production mix, and material of pipelines implemented 

in the distribution system. 

         4.2.8.1.ReCipe method for LCIA 

 
The ReCiPe hierarchist method (ReCiPe Midpoint (H) V1.13 / Europe Recipe H) at midpoint 

level was selected in order to compare the results obtained with the CML method. ReCipe 

method includes 18 impact categories but we focused on the following impact categories: 

Climate change, Terrestrial acidification, Freshwater acidification; Marine e utrophication; 

Human toxicity; Terrestrial ecotoxicity, Freshwater ecotoxicity, Marine ecotoxicity, and 

Fossil depletion. 
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The comparison using CML and ReCipe methods concerned the comparison of LCA results 

between scenario 1 and scenario 2, in addition to the evaluation of the environmental credit 

due to the recycling of reclaimed water.  

Table 4-12 presents the characterization values obtained with CML and Recipe methods and 

Fig.4-20 shows the graphical presentation. 

An overview of the results show that the contribution of  both scenarios on different impact 

categories using CML or ReCipe method, presented a slight difference less than 10%  for the 

impact categories Abiotic depletion/ Fossil depletion, global warming/ climate change, ozone 

layer depletion/ ozone depletion, eutrophication/ freshwater eutrophication and  terrestrial 

ecotoxicity/ terrestrial ecotoxicity respectively for CML and ReCipe method.  

For the impact categories related to the freshwater aquatic ecotoxicity and Marine aquatic 

ecotoxicity, scenario 2 contributed less than scenario 1 in both impact assessment methods. 

However, the relative contribution of scenario 2 was found higher using CML method than 

the results obtained using Recipe H method with about 40%. 

For the two remaining impact categories, human toxicity and photochemical oxidation/  

Photochemical oxidant formation, the contribution of both scenarios were totally inverted and 

scenario 1 becomes the scenario with the largest impact.   

In summary, the results of LCA showed a discordance between results calculated with CML 

and ReCiPe for the impact categories related to the ecotoxicity. This difference could be 

explained by the fact that the emission of heavy metals is different between LCIA methods 

(Pizzol et al. 2011a, b; Niero et al. 2014). 

The study conducted by (Renou et al. 2008) confirmed the discordance of the results between 

different LCIA methods concerning human toxicity impact category. Whereas, similar results 

were obtained for the impact categories climate change and resource depletion.  

Concerning the contribution of the reuse of reclaimed greywater in the impact categories, the 

results obtained with Recipe method showed also a negative contribution which indicates the 

benefit of the reuse of reclaimed water, the reduction varies between -4.03% for the impact 

category fossil depletion to -30.9% for marine ecotoxicity.  

The relative contribution of the recycling system was close with both methods for most 

impact categories except for the impact categories related to the human toxicity,  freshwater 

eco-toxicity, marine ecotoxicity and eutrophication, the reduction recorded with Recipe 

method is higher than CML method (Fig.4-21). 
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Table 4-12: Characterization values of the different environmental impacts corresponding to LCA of 

scenario 1 and scenario 2 using CML-IA baseline V3.04 and ReCiPe Midpoint (H) V1.13, the 

functional unit is the production of 1m
3
 of TGW per day for a working period of one year. 

CML-IA baseline V3.04 / EU25 ReCiPe Midpoint (H) V1.13 / Europe Recipe H 

Impact 

category 

Unit LCA of 

MBBR 

scenario1 

LCA of 

MBBR 

scenario 

2 

Impact 

category 

unit LCA of 

MBBR 

scenario1 

LCA of 

MBBR 

scenario 

2 

Abiotic 

depletion 

(fossil fuels) 

MJ 2.64E+04 2.74E+04 Fossil 

depletion 

kg oil eq  5.89E+02 6.12E+02 

Global 

warming 

(GWP100a) 

kg CO2 

eq 

1.40E+03 1.43E+03 Climate change kg CO2 eq 1.39E+03 1.42E+03 

Ozone layer 

depletion 

(ODP) 

kg CFC-

11 eq 

2.13E-04 2.05E-04 Ozone 

depletion 

kg CFC-

11 eq 

2.34E-04 2.28E-04 

Human 

toxicity 

kg 1.4-

DB eq 

3.69E+02 5.15E+02 Human toxicity kg 1.4-DB 

eq 

2.71E+02 2.27E+02 

Fresh water 

aquatic ecotox. 

kg 1.4-

DB eq 

5.76E+02 5.67E+02 Freshwater 

ecotoxicity 

kg 1.4-DB 

eq 

7.52E+00 5.21E+00 

Marine aquatic 

ecotoxicity 

kg 1.4-

DB eq 

6.54E+05 5.48E+05 Marine 

ecotoxicity 

kg 1.4-DB 

eq 

6.88E+00 4.81E+00 

Terrestrial 

ecotoxicity 

kg 1.4-

DB eq 

2.67E+00 2.40E+00 Terrestrial 

ecotoxicity 

kg 1.4-DB 

eq 

4.36E-02 4.00E-02 

Photochemical 

oxidation 

kg C2H4 

eq 

3.99E-01 4.02E-01 Photochemical 

oxidant 

formation 

kg 

NMVOC 

3.45E+00 3.42E+00 

Acidification kg SO2 

eq 

3.23E+00 3.43E+00 Terrestrial 

acidification 

kg SO2 eq 3.00E+00 3.17E+00 

Eutrophication kg PO4
-3

 

eq 

1.24E+00 1.03E+00 Freshwater 

eutrophication 

kg P eq  2.56E-01 1.89E-01 

 



CHAPTER 4: Environmental assessment of a lab-scale biological membrane reactor (MBR) and a 
moving bed biofilm reactor (MBBR) 

 

  
147 

 

 

Figure 4-20: Comparative characterizations of scenario 1 and scenario 2 with a) CML and b) ReCiPe 
method 
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Figure 4-21: Contribution of the recycling in the impact categories of scenario 2 (ReCiPe Midpoint 
(H) V1.13 / Europe Recipe H) 

        4.2.8.2. Electricity mix  

 
The German electricity mix composed of 70.5 % Energy from fossil fuels and 29.5% of 

renewable energy was adopted in the current study. In the following section, the wind power 

will be tested as renewable energy in addition to the photovoltaic power. Table 4-13 

summarizes the environmental profile of scenario 2 using different sources of energy. The use 

of cleaner energy source as the wind power allows a reduction in all impact categories. 

Moreover, it has a beneficial effect especially for global warming which decreases from 

1.43.E+03 kg CO2 eq to 8.75.E+02 kg CO2 eq. The use of the photovoltaic module for the 

operation of the plant allows only a reduction in four impact categories compared to the use of 

the German electricity Mix. An important decrease is shown for the impact category GWP 

which decreases from 1.43.E+03 kg CO2 eq to 9.84E+02 kg CO2 eq. 
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Table 4-13: Environmental profile of scenario 2 using different sources of energy 

Impact categories Unit German electricity Mix Electricity  from 
wind power 

Photovoltaic 
Electricity 

AD MJ 2.74.E+04 2.19.E+04 2.32E+04 

GWP100 kg CO2 eq 1.43.E+03 8.75.E+02 9.84E+02 

ODP kg CFC-11 eq 2.05.E-04 2.02.E-04 2.17E-04 

HT kg 1.4-DB eq 5.15.E+02 5.04.E+02 6.76E+02 

FAEP kg 1.4-DB eq 5.67.E+02 5.67.E+02 7.78E+02 

MAE kg 1.4-DB eq 5.48.E+05 4.90.E+05 1.00E+06 

TE kg 1.4-DB eq 2.40.E+00 2.05.E+00 2.27E+00 

POP kg C2H4 eq 4.02.E-01 3.45.E-01 3.48E-01 

AP kg SO2 eq 3.43.E+00 2.56.E+00 2.38E+00 

EP kg PO4
3-

eq 1.03.E+00 9.41.E-01 1.33E+00 

 

        4.2.8.3. Pipelines used in the distribution system 

The distribution system which is implemented in the case of scenario 2 contributes 51.8% to 

the impact category HT due to the PVC pipes. Thus, the use of other materials such as 

Polyethylene (PET) instead of Polyvinylchloride (PVC) has been investigated.  Likewise, the 

minimum weight of the PVC for which scenario 2 would have a similar impact than scenario 

1 has been determined. The replacement of the PVC with PET in scenario 2 decreases the 

environmental impact of the plant on the impact category HT with about 57.5 % from 

5.15.E+02 kg 1.4-DB eq to 2.96.E+02 kg 1.4-DB eq. An equalization between the 

environmental impact of scenario1 (no recycling scenario) and scenario 2 (recycling scenario) 

on HT occurs for a critical weight value of PVC of 12 kg. Though, the use of PET has no 

effect on the HT and the environmental profile is similar for all pipes weight Fig. 4-22. 
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Figure 4-22: Impact of the PVC /PET pipes weight on the impact category HT for scenario 2 (CML-
IA baseline V3.04 / EU25). 
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In this study, biological treatment technologies for the removal of organic and nitrogen 

compounds from real GW were investigated. The performances of four reactors implemented 

at real and laboratory scales were studied. The treatment was carried out with moving bed 

biofilm reactor MBBR system with a multistage configuration composed of 2 stages or  10 

stages, in addition to a submerged membrane sequencing batch reactor SM-SBR and a 

biological membrane reactor MBR located at Germany, Berlin and in Tunisia, Tunis. In 

addition LCA and modeling were applied to assess the environmental impact and predict the 

biodegradation performance of the plants. The studied plants achieved an efficient treatment 

of GW to a good quality which meets the standards of reuse for toilet flushing. The full-scale 

MBBR system with a treatment capacity of 8 to 11 m³ of service water per day, showed an 

efficient removal of chemical oxygen demand (COD), dissolved organic carbon (DOC), 

biological oxygen demand (BOD5), ammonia (NH4-N) and total nitrogen (TN) with 93%, 80 

%, 99%, 89%, and 78%, respectively.  

High removal efficiencies was also achieved by the MBBR pilot plant reactor with two stages 

for COD and BOD with 93% and 97% respectively (COD effluent < 25 mg/L; BOD < 5 

mg/L). The pilot plant SM-SBR and the lab-scale MBR showed also good treatment 

performances. Indeed, the SM-SBR achieved a removal efficiencies of 73.52±13% and 63.5± 

22.9% for DOC and NH4-N respectively. Whereas, the MBR can achieve a removal 

efficiency of 82.3% and 50.54% for the DOC and TN respectively.  

Moreover, a mathematical model that uses the activated sludge model (ASM3), which 

integrates biological processes, has been adopted for the steady state simulation of the MBBR 

system. An overview of the obtained results show a good match between the simulated and 

the experimental results concerning the concentration of ammonium (SNH), chemical oxygen 

demand (COD), total suspended solids (TSS) and the dissolved oxygen concentration for the 

effluent and even for an early (R1) and advanced stage of treatment (R5).  

Consequently, the best fit between simulated results based on modeling and the real data 

concludes that the model is promising and could be used as a first support for the design and 

the optimization of the operational conditions for GW treatment (eg. higher DO concentration 

for R1).  

The activated sludge model was applied also to the SM-SBR and it showed an acceptable fit 

between the experimental and the simulated concentrations of COD. An adjustment of the 

kinetic parameters was necessary to obtain the best simulated values for the NH4-N 

concentration in the effluent. The dynamic simulation of the model can be used for system 

optimization. 
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On the other hand, the environmental performance of the decentralized approach was 

investigated. The decentralized approach is characterized by the implementation of a 

separation system in a small building which leads to the on-site reuse of 1m3/d of reclaimed 

water after a biological treatment with MBBR. Three scenarios have been compared and the 

results showed that for the no recycling scenario (scenario 1), the biological treatment was 

found as the stage with the largest environmental impact with a contribution higher than 50% 

for the majority of the impact categories caused mainly by the contribution of the construction 

module which includes the material and the transport of the bioreactors. The recycling module 

included in scenario 2 leads to a decrease in five impact categories: ODP, FAEP, MAE, TE 

and EP with a reduction of 3.9%, 1.6%, 16.2%, 10.2 % and 17 % respectively, compared to 

scenario 1. Moreover, it was demonstrated that although the tertiary treatment enhances the 

environmental impact of the treatment system, the recycling of the TGW mitigates the 

environmental load. The biological treatment with MBBR integrated into a decentralized 

system is an environmental friendly solution that could be generalized in many buildings in 

order to face out the water scarcity. Moreover, the adoption of a cleaner source of energy than 

fossil fuel in addition to a lower quantity of PVC or other material such as PET for the 

construction of the pipes reduces the impact of scenario 2 and enhances the sustainability of 

the plant. 

The good performance of the biological treatment (MBBR, SM-SBR, and MBR) for the 

removal of organic and nitrogen loads from GW and their behaviour towards the 

environment, makes of them adapted solution to face the water scarcity and the sanitation 

problems in the MENA countries. Thus, the source separation is a highly sustainable solution, 

which can valorize treated water (grey water) and contributes towards solving water sanitation 

problems in Tunisia. 

In perspective, and in order to better support the decentralized approach and especially the 

reuse of grey water, we will focus our research on: 

- Model validation in dynamic mode and simulation of its answers to different operating 

conditions for deep investigation. 

- Linking LCA to the operational part in order to determine the most adequate option that 

achieves the highest performance with the maximum respect to the environment.  

- Comparison study based on simulation to investigate the possibility of the use of the SM-

SBR, as another alternative for the decentralized systems at the household level.  

- The economic aspect as an important parameter to support the implementation of the 

decentralized system 
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The awareness of local people about the reuse and the valorization of their own streams will 

be investigated in cooperation with social experts as social/cultural aspects could be a major 

challenge within this single-house reuse concept. 

Indeed, many countries in North Africa (Tunisia, Morocco) are urgently requested to find 

alternatives for freshwater supply. Some of them are characterized by typical traditions that 

involve the use of huge volume of greywater called "Hammams" and which are an interesting 

reclaimed water and heat recovery sources.  
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