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Abstract: This paper presents the results of a survey on full-scale membrane biological reactors
(MBRs) wastewater treatment plants (WWTPs) in Italy. Alongside the main technical characteristics
of the Italian MBR plants, the opinions of the plant managers on the operational advantages and
disadvantages are described. As reported by the MBR technology suppliers, approximately 290 MBR
municipal or industrial WWTPs are in operation in Italy, out of which 242 were studied in this survey.
Data from more than one hundred municipal WWTPs were collected; these account for a total capacity
of about 2,000,000 population equivalent (PE), which corresponds to 3% of the total organic load
treated by the Italian WWTPs with secondary and advanced treatment. Usually, small installations
adopt the flat-sheet rather than hollow-fiber membrane configuration. The main reasons why the MBR
technology has been preferred to other options are its potential to be used for increasing the treatment
capacity of existing plants and its compactness. Moreover, the followed operational advantages have
been highlighted: easiness to comply with the discharge limits, removal of pathogens without specific
disinfection units, possibility of internal reuse of the effluent, and process automation. Membrane
fouling and plant shutdown have been recorded as the most relevant troubles, the last one indeed
occurring only occasionally or rarely.

Keywords: fouling; full-scale; industrial and municipal wastewater; national survey; MBR operation
and maintenance

1. Introduction

In membrane biological reactors (MBRs), the conventional activated sludge (CAS)
process is combined with filtration on micro- or ultra-porous membranes. Final clarifiers
are then replaced by membrane filtration units.

The main advantages of the MBR technology include [1–5]: (i) small footprint (due to
both the elimination of sedimentation units and the increase of biomass concentration
in the biological reactors); (ii) the complete separation of hydraulic retention time (HRT)
and solid retention time (SRT); (iii) lower production of surplus activated sludge (if operated
at higher SRT); (iv) the elimination of problems due to the poor sedimentation of activated
sludge usually present in CAS; (v) high effluent quality, usually suitable for its reuse
in agricultural and industrial sectors.

However, the performance and operational costs of MBR systems can be affected by
several aspects [6–8]: maximum and sustainable flows of permeates; adequate preliminary
treatments (to remove coarse and abrasive materials); membrane fouling and cleaning
strategies; aeration and energy consumption; possible need of wastewater equalization;
need of skilled personnel.

MBRs have been used for both municipal and industrial wastewater treatment [9]. To-
day, MBR technology has become an attractive solution also for medium-sized wastewater
treatment plants (WWTPs) having capacity between 10,000 and 100,000 PE, mainly due to
the significant membrane cost reduction in the last 15 years [4].
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Alongside the “conventional” MBR process, new technological solutions are being
developed. For instance, recent studies evaluated the coupling of membrane with the anaer-
obic biological reactors (AnMBRs) as an alternative solution to the conventional anaerobic
digestion processes. This solution is presumed to reduce the overall energy demand and to
facilitate the retention of microorganisms so as to operate with high biomass concentration.
The advantage of this solution is related to the reduction in sludge volume and the increase
in biogas production. However, the membrane fouling seems to be the main drawback of
this process [10]. Another interesting application is the thermophilic aerobic membrane
reactor (TAMR), which can be adopted for the treatment of high strength aqueous waste or
industrial wastewater [11,12] and the minimization of sludge production [13,14].

According to [15], the MBR technology is being currently adopted in more than
5000 WWTPs around the world. The annual growth rate of MBR global market, from 2011
to 2018, is estimated around 15%. In particular, MBR plants are spreading a lot in China [16].
Currently, according to the MBR site [17], large MBR plants in the world (with capacity
higher than 100,000 m3/day) are 63; more than 60% of these plants are present in China,
16% in USA and 11% in Europe.

The spreading of MBR technology has been favoured by the stringent environmen-
tal regulations, the reduced use of land and the ease of automation that MBRs provide;
moreover, the reduction in both membrane cost and energy consumption and the longer
membrane lifespan favoured the growth.

In the literature, topics of scientific interest have been deeply investigated. Relevant
examples are (i) the studies to understand membrane fouling mechanisms [8]; (ii) the study
of factors that could promote the removal of trace pollutants, such as presence of slow
growing organisms, grater mass transfer efficiency due to presence of free-living bacteria
and small flocs, adsorption and retention of hydrophobic compounds [18–21]; (iii) the use of
advanced modeling for process optimization, in order to simulate greenhouse gas emissions
depending on the control strategy adopted [22]; (iv) the comparison among MBR and other
technologies based on the evaluation of their impacts and benefits on human health [23,24].

Although hundreds of papers have been published in scientific journals and a high
number of full-scale MBR plants are operated worldwide, the opinion and valuable experi-
ence of practitioners, who are involved in the day-by-day conduction of the plants, can be
rarely found in the scientific literature. This article intends to fill this gap by presenting
a survey carried out in Italy, in which the salient technical characteristics of MBR plants as
well as the judgment of the managers on the operational aspects are reported and discussed.

2. Methodology

The survey was performed in two steps. In the first one, the main MBR technology
suppliers in Italy were asked to provide the following data for each Italian MBR plant
equipped with their membranes:

• location of the plant;
• date of construction;
• type of wastewater treated;
• type of membrane (hollow-fiber, flat-sheet, hybrid);
• organic load (in terms of BOD5 and/or COD);
• average daily flowrate.

It must be noted that unfortunately not all the required data have been provided for
all of the plants.

In the second step of the survey, a questionnaire was sent to the managers of the plants
identified in the first step. The following data were requested in the questionnaire:

• effluent destination and threshold limits;
• treatment chain;
• dimensional and construction characteristics of the MBR section;
• raw wastewater and effluent properties;
• chemicals dosed in the plant;
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• reasons that led to the MBR being installed;
• operational advantages obtained thanks to the installation of the MBR;
• operational problems concerning or related to the MBR.

The questionnaires used in the survey are reported in Supplementary Materials:
Questionnaire S1 (first step of survey) and Questionnaire S2 (second step of survey).

3. Results and Discussion
3.1. MBR Plants in Italy
3.1.1. Number of MBR Plants, Capacity and Location

According to the most recent census, in Italy, in 2018, 18,140 municipal WWTPs were
in operation, and the mean influent organic load to these plants was about 68 million of pop-
ulation equivalent (PE). A total of 65.5% of the civil and industrial pollutant load is treated
by WWTPs with advanced treatment, 29.5% in secondary type WWTPs, and the remaining
5% in primary type WWTPs or Imhoff tanks [25].

In the first part of the survey reported in this paper, 242 MBR plants were identi-
fied: 124 plants treat municipal wastewater and 118 treat industrial wastewater. Further,
50 MBR plants treating industrial wastewater and equipped with flat-sheet membranes
are present in Italy, but the owner of those plants denied the MBR technology suppliers
the authorization to provide any data. It follows that, in total, about 290 MBR plants are
in operation, of which about 70% treat industrial wastewater, and the remaining treat
municipal wastewater.

Most of the MBR plants are located in Northern Italy (62%), which is the most industrial
area of the country; 21% and 17% of plants are located in the centre and in the south of Italy,
respectively. The location of the MBR plants is reported in Figure 1.
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The total capacity of 106 municipal MBR plants that provided this information is about
2,000,000 PE (see Table 1). This value accounts for mor than 3% of the total organic load
treated by the Italian WWTPs with secondary and advanced treatments. The number of
small and very small plants represents more than 70% of the total MBR plants, but the five
plants with capacity higher than 100,000 PE treat more than 50% of the total organic load
treated by all municipal MBR plants.
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Table 1. Italian MBR plants treating municipal wastewater.

CATEGORY (Capacity-PE)
MBR Installation Capacity

Number of Plants [%] [PE] [%]

VERY SMALL (<2000) 44 42 40,742 2
SMALL (2000–9999) 30 28 151,164 8

MEDIUM (10,000–100,000) 27 25 793,453 39
LARGE (≥100,000) 5 5 1,040,000 51

TOTAL 106 100 2,025,359 100

Unfortunately, few data about the organic load of MBRs treating industrial wastewater
were provided, so a classification based on the treated flowrate was adopted in this case.
More than half of these plants treat mostly a flowrate between 100 and 500 m3/day, whereas
28% treat more than 500 m3/day (Table 2).

Table 2. Italian MBR plants treating industrial wastewater.

CATEGORY (Flowrate-m3/Day)
MBR Installation

Number of Plants [%]

SMALL (<100) 18 17
MEDIUM (100–500) 57 55

LARGE (≥500) 29 28
TOTAL 104 100

3.1.2. Year of Construction

Figure 2 reports the number of Italian MBR plants by year of construction; the number
of plants in the period 2018–2021 are not reported because the information is partial. It can
be noted that, from 2002 to 2013, the number of plants increased up to 146 (that is the 64%
of the 227 plants that provided this information). In the period 2014–2015 the number of
MBR installations decreased, probably due to the economic crisis; since 2016, the number
of plants has increased again.
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As reported by Al-Asheh et al. [26], after 2008, the commercialization of MBR plants
had decelerated due to the economic depression worldwide. Nevertheless, because of
the necessity for a better water environment, MBR technology has a bright future to expand.
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3.1.3. Type of Membrane

Regarding the type of membrane, 59% of all MBR plants analyzed in this survey
use flat-sheet membrane, and 38% adopt hollow-fiber membranes. Recently, the hybrid
membrane technology has been introduced on the market: this type is currently adopted
by 3% of the MBR installations.

In municipal MBR plants, the flat-sheet membranes are mainly used for small and
very small installations, and the hollow-fiber membranes are usually adopted for medium
and large capacity (Figure 3a). Moreover, in the industrial applications, the flat-sheet
membranes are prevalent in small and medium MBR plants (Figure 3b).
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This aspect is mainly related to the advantages and disadvantages of hollow-fiber
membranes with respect to the flat-sheet ones. Hollow-fiber configurations, compared
to the flat-sheet, are usually designed for higher fluxes, operated at lower mixed liquor
suspended solid (MLSS) concentrations, cleaned more frequently (both mechanically—
backwash—and chemically) and must be protected by more severe pre-treatment [27].
Moreover, the prevalent use of hollow-fiber membranes for larger installations is related to
both their lower aeration energy demand and their higher specific surface with the possibil-
ity to reduce the tanks size/footprint [28,29]. As concerns this point, the average specific
surface area is reported to be 292 m2/m3 and 118 m2/m3 for commercial hollow-fiber and
flat-sheet membranes, respectively [30].

3.2. Operational Aspects and Judgement of the Plant Managers

In the second part of the survey, 42 questionnaires were filled in by managers of
21 plants treating municipal wastewater and 21 plants treating industrial wastewater.
Figure 4 shows the classification by capacity of the MBR plants analyzed (in terms of PE
for municipal WWTPs and flowrate treated for the industrial ones). It can be noted that
the total capacity of the 21 municipal MBR plants is 311,073 PE, which represents about
16% of the total capacity of Italian MBR.
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3.2.1. Characteristics of the MBR Plants Analyzed

Regarding the treatment train, all municipal MBR plants include coarse screening,
fine screening, grid and fat removal, denitrification, oxidation-nitrification, and membrane
filtration. The effluent is always discharged in water bodies; the effluent of six plants
is internally reused, as well. The treatment trains of the industrial MBR plants are very
different as well as the effluent destination (Table 3).

As concerns the type of membrane, the 67% of MBR plants investigated in the second
part of the survey, both for municipal and industrial wastewater treatment, uses hollow-
fiber membranes; in the other plants, flat-sheet membranes are adopted. A total of 80%
of the municipal MBR plants adopt sodium hypochlorite and citric acid for membrane
cleaning, whereas about 20% use sodium hypochlorite only. In few industrial MBR plants,
sulphuric and hydrochloric acids are used as well.

Table 3. Treatment train and effluent destination of the industrial MBR plants.

Industrial
MBR Plant Treatment Train * Effluent Destination

#1 Flot→ Coag/Flocc→ Nit→ Den→MF Water body
#2 FS (1.5 mm)→ Equal→ Den→ Nit→MF Water body
#3 FS (3 mm)→ Neutral→ Bio ox→MF Water body
#4 FS (1 mm)→ Equal→ Flot→ Bio ox→MF Water body
#5 FS→ Equal→ Bio ox→MF Sewer
#6 FS (1.5 mm)→ Flot→ Equal→ Bio ox→MF Water body/reuse
#7 FS→ G/F rem→ Den→ Nit→MF Water body
#8 FS (1 mm)→ Equal→ Neutr→ Bio ox→MF Sewer
#9 FS (1 mm)→ Equal→ Neutr→ Bio ox→MF Water body/reuse

#10 FS (1 mm)→ Equal→ Neutr→ Bio ox→MF Water body/reuse
#11 FS (3 mm)→ Equal→ Neutr→ Flot→ Bio ox→MF Water body/reuse
#12 FS (1 mm)→ Equal→ Bio ox→MF Soil/subsoil
#13 FS (1 mm)→ G/F rem→ Equal→ Bio ox→MF Soil/subsoil
#14 FS (1 mm)→ G/F rem→ Den→ Nit→ P rem→MF Soil/subsoil
#15 Equal→ Neutr→ Flot→ Nit→ Den→MF Water body
#16 FS (2 mm)→ Equal→ Flot→ Den→ Nit→MF Sewer
#17 Neutr→ Flot→ Bio ox→MF Water body
#18 CS→ FS→ Flot→ Bio ox→MF Water body
#19 Equal→ FS(1mm)→ Den→ Nit→MF Water body
#20 FS (2 mm)→ Sed→ Nit/Den→MF Sewer
#21 Equal→ Coag/Flocc→ Sed→ Bio ox→MF Sewer

* CS: coarse screening; FS: fine screening; Flot: flotation; G/F rem: grid and fat removal; Coag/Flocc: coagu-
lation and flocculation; Sed: sedimentation; Equal: equalization; Neutr: neutralization; Nit: nitrification; Den:
denitrification; Bio Ox: biological oxidation; P rem: phosphorous removal; MF: membrane filtration.
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3.2.2. Driving Forces of MBR Installation

Figure 5 shows the driving forces that led to the installation of the MBR systems:
the main ones are the lack of space and the possibility of increasing the treatment capacity,
both for industrial and urban WWTPs. Furthermore, the higher quality of the effluent
(in terms of low pollution), related both to operating authorizations and to the more
stringent discharge limits, is a reason repeatedly mentioned by the managers of all MBR
plants analyzed in the survey.
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As reported by Kootenaei and Aminirad [31], the MBR are used with the aim to reuse
the wastewater treated. The high robustness of MBR technology provides a fairly constant
effluent with a large reduction of the pollutants, with a highly reliable operation.

The high effluent quality highlighted by several plant managers lead to an increase
in the installation of MBRs in many regions suffering an acute lack of water (even in the south
of Europe) to solve the hydric deficit. The treated wastewater can be reused in tasks where
drinking water is not required, such as irrigation [32], cleaning or cooling water on indus-
trial site, or domestic purposes (e.g., toilet flushing) [33]. Furthermore, the higher ability of
MBR (with respect to CAS) to remove endocrine disrupting compounds (EDCs) [34] and
trace pollutants [35] is documented.

In comparison with the CAS process, MBR has about a 50% higher annualized operat-
ing cost, mainly due to the need for replacing the membranes and the higher associated
energy requirement. Therefore, MBR cannot compete with the CAS process unless a very
high quality effluent is required, and for wider application of MBRs, the lower energy de-
mand of the process is required. In fact, the MBR market is driven by the increased scarcity
of water, ever stricter rules for water discharge and reuse quality legislation, decreasing
investment cost, and the wide acceptance of the technology [36].

As reported in the introduction, the MBR market is growing significantly; this growth
is led by the Asia–Pacific market. This is mainly due to the increasing demand for wastew-
ater treatment from the Chinese market [36]. Concerning the Chinese situation, it is worth
mentioning that Li et al. [37] highlighted that the primary driving forces in the last several
decades were the water resource stress and the public policy related to resources and
the environment. The future driving forces for MBR applications include declining capital
investment and decreasing operating cost.

3.2.3. Operational Advantages

As concerns the operational advantages of MBRs, the plant managers highlight the eas-
iness to comply with the discharge limits and to increase the treatment capacity of existing
plants (Figure 6). In addition, the automation of the process (especially for hollow-fiber con-
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figuration), the possibility to remove pathogens without disinfection units (again especially
for hollow-fiber configuration), the possible internal reuse of the effluent, and the reduction
of sludge production are reported. The results obtained are similar between municipal and
industrial plants, notwithstanding that the managers of the industrial ones highlight that
process automation is more significant with respect to capacity increase. This aspect is very
important, and it could represent a key factor to increase the diffusion of MBRs in industrial
plants, where the choice of treatment solution, usually, is based on the simplification of
the process operation.
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Moreover, the managers of MBRs underline that the process automation leads to high
process reliability and cost reduction. In fact, according to Ferrero et al. [38], an automatic
control system based on permeability trends without interfering with membrane fouling
and biological nutrient removal can reduce the energy consumption due to membrane
aeration up to 20%. Gabarrón et al. [39] studied modifications of the biological process
(by means of the installation of control systems for biological aeration) and of the filtration
process (reduction of the MLSS concentration or the flux and installation of control systems
for membrane air scouring) to have a significant reduction in operational costs.

3.2.4. Critical Operational Aspects

Figure 7 shows the main operation troubles related to the MBR processes. Fouling of
membranes and plant shutdown are the most relevant issues, even if, concerning the last
aspect, the plant managers reported it as an occasional or rare event. Membrane fouling is
a common problem in MBR plants, and in order to reduce its negative effects, collaboration
between the membrane manufacturer and the plant manager is a key factor. The survey
results highlight a significant difference between the membrane configurations: flat-sheet
membranes are less affected by fouling issues with respect to the hollow-fiber configuration
(Figure 8). In effect, according to [28], the advantages of the hollow-fiber configuration
lie in the ability to induce movement of the membranes by mechanisms such as bubbling,
and the feasibility of backwashing. Moreover, Hai et al. [40] showed that the hollow-fiber
membrane exhibited fouling intensity proportional to the operating flux (0.05–0.3 m/day).
Conversely, the flat-sheet membrane suffered from immediate internal pore blocking
beyond a critical flux of 0.2 m/day.
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The most important operation and maintenance routine in MBRs is the membrane
cleaning. If the membranes are not kept clean, the fouling problems can lead to plant shut-
down, as well as cost increase, performance reduction and briefer membrane lifespan [41].

According to the opinion of MBR managers and the scientific literature, fouling
preventive-control strategies are an important issue that strongly concern not only the re-
search but the industry as well [42].

Fouling phenomena depend on many factors such as operating conditions, membrane
cleaning strategies, characteristics of wastewater influent, and membrane properties. Foul-
ing is associated with four successive steps. Initially smallest pores are blocked, followed
by obscuring the inner surface of larger pores. Direct blockage and accumulation of par-
ticles on the larger pores is the next step, and finally the formation of the cake layer is
followed. However, the identification of each step is not easy [26]. Fouling issue is strongly
influenced by extra extracellular polymeric substances (EPSs), biological substances which
largely determine properties of sludge flocs, including hydrophobicity, adhesion, floccula-
tion, settling and dewatering properties. Several developments in fouling prevention and
control strategies were identified [4,42]: suitable feed pre-treatment, physical/chemical
cleaning, flux reduction, aeration increase, ultrasound or ozone application, and membrane
surface modification. Moreover, the operating conditions modification (e.g., MLSS concen-
tration, HRT, SRT, Food/Mass ratio) affects the fouling: increasing SRT leads to a decrease
in the EPS level which provides lower fouling on the membrane surface. On the other
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hand, the increase in the MLSS concentration results in the elevation of the mixed liquor’s
viscosity that may worsen fouling and also require more demand for aeration. Hence,
assessing optimum SRT is essential to control fouling phenomena [26].

Even the problem of plant shutdown can be avoided, or at least reduced, with regular
recovery and cleaning operation. This aspect has led to the need of qualified staff: the acqui-
sition of suitable skills to solve the several troubles and to obtain the knowledge of a new
process takes time, but this aspect could also represent an opportunity for the technical
growth of the plant human resources.

The weather conditions affect the variability of the treatment performance in terms of
energy and reagent consumption (e.g., the lower the water temperature, the higher the water
viscosity, the higher the energy consumption for membrane cleaning) but does not involve
a reduction in process yields. This aspect, combined with the foaming issue, which is instead
related to the biomass conditions and to the input load, underlines the great importance of
pre-treatments and equalization. Thus, the possibility to maintain a more constant quality
of influent wastewater allows us to increase the lifespan of the membranes. Moreover,
the concomitant improvement of the membrane materials has allowed a significant increase
in their useful life up to over a decade with guarantees offered by some manufacturers
even up to 10 years [43].

A future challenge will be the higher cost effectiveness of MBR, mainly due to the en-
ergy cost increasing. Constant efforts will be essential to extend the membrane lifetime
which will reduce the depreciation cost. A development of more efficient membranes, biore-
actor combination modes, sharpness in designing of membrane scouring, and biological
aeration systems are essential to higher cost effectiveness [36].

Regarding the comparison between CAS and MBR, Wang et al. [44] proposed the ap-
plication of a sustainability index that takes into account economic, technological and
managerial factors. The authors showed that the sustainability of full-scale MBR process is
lower than CAS process, in agreement with the findings of Bertanza et al. [7]. However,
MBR is extensively an alternative solution to replace CAS process when influent volume is
below 50,000 m3/day. For a comprehensive comparison, local economic conditions need to
be given top priority, and it is necessary to understand the current situation of local water
pollution, influent quality and land resources.

4. Conclusions

The survey leads to the following main conclusions:

• There are about 290 MBR plants in Italy, and they are located mainly in the most indus-
trial area of the country. The number of municipal plants that provided information is
106, and they serve about 2 million PE, corresponding to approximately 3% of the total
organic load treated by the Italian WWTPs with secondary and advanced treatments;

• Flat-sheet membranes are more spread than hollow-fiber ones, above all in small
installations. In the case of hollow-fiber membranes, high area per unit volume, cost
effective fabrication process, and capability to withstand severe operating conditions
make them attractive. Recently, hybrid membranes were utilized in few plants;

• The main drivers for the installation of the MBR system are the lack of space and
the necessity to increase the treatment capacity of existing plants, both in the case of
industrial and municipal wastewater;

• The opinion of the plant managers is substantially positive. In particular, the reliability
in the compliance with the discharge limits, the improvement of the plant capacity
and, above all, in the industrial installations and the automation of the process are
very appreciated features. However, some critical aspects remain, such as membrane
fouling and plant shutdown, on which the MBR technology producers are required to
give effective answers.
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