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Abstract 

With low temperatures across the year in Iceland, secondary biological treatment of wastewater 

faces a challenge. Gravity-driven membrane (GDM) filtration of municipal wastewater presents 

an alternative solution for decentralized and centralized secondary treatment of wastewater in 

Iceland. This study aims to investigate the performances of three GDM reactors which were 

packed with different types of biocarriers (synthetic fibre, lava rocks and lava sand respectively). 

The GDM reactors were operated in parallel, and each reactor operation was divided into 4 

different phases in terms of water head, cleaning protocol, and temperature. Phase IV, with 2-3 

days cleaning protocol and lower reactor temperature, provided highest flux recovery for all the 

membranes as well as highest average normalized flux. Water quality analysis showed that GDM 

process could efficiently remove organic matter and nutrients from the wastewater, allowing the 

effluent of the process to meet the European Union (EU) discharge standards. Cake layer resistance 

was the dominant fouling resistance, with an average of 89.9% of overall fouling resistance, 

throughout the study. Finally, economic analysis of GDM reactors was performed based on the 

study’s results, focusing on the capital and operational cost of a treatment plant with a population 

range of 10-5000 people. The economic analysis revealed that proposed GDM with synthetic fibre 

biocarriers had the lowest total cost per person per year as well as the lowest energy consumption 

per year, and proposed GDM with lava sand biocarriers had highest total cost per person per year 

as well as highest energy consumption per year. 

Útdráttur 

Með lág hitastig allt árið í kring, annars stigs hreinsun skólps á við vand að stríða við íslenskar 

aðstæður. Þyngdaraflsdrifnar himnur (GDM) sem ætlaðar eru til að sía heimilisskólp er kynntar 

sem valkostur fyrir dreifða og miðlæga annar stigs hreinsun, fyrir skólphreinsun á Íslandi. Í þessari 

ritgerð var markmiðið að rannsaka afkastagetu þriggja mismunandi GDM líftanka (hreinsun 

lífrænnaefna,  næringarefna og himnustreymi), þar sem hver og einn líftankur hafði sitthvoran 

lífberann (gerviþræði, hraunmulninga eða sand). GDM líftankarnir voru starfræktir samhliða, þar 

sem hver og einn hafði fjóra mismunandi fasa, undir mismunandi rekstrarskilyrði sem varðaði 

vatnshæð, hreinsunarskilyrði og hitastig. Fasi IV, með 2-3 daga hreinsun og lægra hitastig í 

líftönkun var með bestu endurheimtun á streyminu fyrir allar himnurnar ásamt því að hafa hæsta 

meðaltal jafnts streymis. Gæði vatns var rannsakað og sýndi það fram á að GDM gæti skilvirkslega 

hreinsað lífræn efni og næringarefni úr skólpinu, sem leiddi til þess að afrennslið uppfylltu 

gæðastaðla Evrópusambandsins. Viðnámið í drulluköku-laginu (e. cake layer) var mest ráðandi af 

viðnáminu, þar sem hlutfallið var að meðaltali 89.9% af heildarviðnáminu í gegnum alla 

rannsóknina. Að lokum var gerð kostnaðaráætlun fyrir niðurstöður rannsóknarinnar, með áheyrsu 

á stofn- og rekstrarkostanð fyrir skólphreinsistöð ætluð fyrir 10-5000 íbúa. Kostnaðaráætlunin 

sýndi fram á að gerviþræðirnir höfðu lægsta árlegan heildarkostnað á hvern íbúa ásamt því að hafa 

lægsta árlega orkukostnaðinn. Skólphreinsunin sem notaði sand sem lífbera var með hæsta árlegan 

heildarkostnað ásamt því að hafa hæsta árlegan heildarkostnað, samanborið við alla þrjá 

valmöguleikanna. 
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1  Introduction 

The United Nations (UN) has classified “Access to safe drinking water and sanitation” as a basic 

human right (UN, 2020). UN’s 2030 Sustainable Development Goal 6 (SDG6) ensures the 

availability of safe and affordable drinking water as well as sanitization to every individual human, 

especially in the rural areas where such basic services are still lacking (UN, 2018). 

Wastewater (WW) is used water from households, industries as well as storm runoff. Typical raw 

WW contains high levels of organic matter, micropollutants, pathogens. If untreated WW is 

released into the environment, it consumes dissolved oxygen in the waterbody, so fish and other 

aquatic biota are threatened. Also discharge of pathogens/viruses, pharmaceutical waste, dissolved 

nutrients (nitrogen and phosphorus), dissolved pesticides/industrial waste as well as endocrine 

disruptors into the environment can pose major issues to humans and aquatic biota (Hey et al., 

2017; USGS, 2019). Hence, the raw WW needs undergo physical/biological/chemical treatment 

processes in order to meet the discharge standards  (Hey et al., 2017). 

1.1  Global Wastewater Treatment Status 

Wastewater Treatment (WWT) processes vary a lot throughout the world, with some countries 

opting for full removal of nutrients and organic molecules, while other countries focus primarily 

on the removal of organic molecules from their WW. According to a recent study published by 

the United Nations University and Utrecht University, WWT varies drastically between high-

income (74%), upper-middle income (43%), lower-middle income (26%) and low-income (4.3%) 

countries, with the percentage presenting the ratio of treated WW to generated WW (Jones et al., 

2021; UNU, 2019). Globally, the amount of WW is estimated to be at 359.4×109 m3 yr−1, of which 

63% (⁓225.6×109 m3 yr−1) is collected. Among the collected WW, 52% (188.1×109 m3 yr−1) is 

treated and the rest 48% of the wastewater is released into the environment without any treatment 

(Fig. 1)(UNU, 2019).  

Substantial difference in production of WW per capita is also observed by the level of economic 

development of the region. For example, it is estimated that 41% of the WW produced globally 

comes from the 16% global population in high-income regions (Jones et al., 2021). Such uneven 

production also demands higher WWT from high-income regions, which is currently at 74% of 

total production. Intentionally reusing the treated WW is quite significant in water-scarce regions, 

such as Middle East and North Africa with over 27.8% of reuse treated wastewater, shown in Fig. 

1 (UNU, 2019). 
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Figure 1: Wastewater (a) production (m3 yr-1 per capita), (b) collection ratio, (c) treatment ratio 

and (d) reuse ratio at country scale (UNU, 2019) 

1.2  Icelandic Wastewater Treatment Status 

In terms of Northern European countries, a considerable difference is noticed on how the WW is 

handled in Iceland as compared to that of the rest of Scandinavian countries (Fig. 2). Majority of 

the WW collected undergoes at least tertiary treatment in Finland, Norway and Sweden. On the 

other hand, in Iceland that is certainly not the case as the overall percentage of treated WW is 

relatively lower than other countries. Mainly primary treatment is opted in Iceland and very low 

ratio of WW undergoes secondary (biological) or even tertiary treatment for the removal of 

nutrients (EEA, 2020; Veitur, 2020a).  

 

 

Figure 2: Changes in urban wastewater treatment in northern european countries (EEA, 2020) 

According to the Icelandic regulation on wastewater systems nr. 798/1999 (Reglugerð um 

fráveitur og skólp nr. 798/1999), primary treatment requires the removal of Total Suspended 

Solids (TSS) and Biological Oxygen Demand (BOD5) at least 50% and 20%, respectively. In 

Reykjavík, wastewater is collected and undergoes only primary treatment at several locations 
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before being discharged into the sea (⁓4-5 km from the coastal area). Such a treatment only aims 

at the removal of coarse materials, sand and fat.  

Even though the effluent does not, or in some cases slightly, affects the water quality in the sea 

(Veitur, 2020a), the discharge water quality does not meet that of EU standards (EU, 2018). On 

the other hand, limited WWT opportunities are available in other larger municipalities (Akureyri, 

Egilsstadir, Selfoss) (EFLA, 2020; Umhverfisstofnun, 2013). Even under such circumstances, 

65% of the total population of the country has their WW at least undergo primary treatment, the 

majority of the which takes places in the capital region of the country (IcelandReview, 2017; 

Umhverfisstofnun, 2013). Around 25% of the population’s WW is left untreated and is discharged 

straight to the nearest waterbody, mainly in Western and Southern regions of the county. The rest 

10% of the population depends on either septic tanks or more stringent methods for their WWT 

needs (Umhverfisstofnun, 2013). 
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2  Literature Review 

2.1  Conventional Wastewater Treatment 

Technologies 

Conventional WWT technologies (Fig. 3) have come a long way since its inception. Generally, in 

primary treatment process, bar screen facilitates the removal of bigger objects and grit chamber 

helps with the settling of higher density objects still present in the stream. Afterwards, settling 

tank further helps settling of organic and inorganic particulates, which are collected through the 

bottom of the tank as waste sludge.  The primary treated WW is further treated by secondary 

treatment (biological degradation system) (Fig. 3) and optionally with tertiary treatment. WWT is 

considered as an energy intensive part of the water-wastewater cycle (Bodik et al., 2013). Hence, 

conventional WWT requires high utility, maintenance, and operation cost.  

 

 

Figure 3: Conventional WWT process (Queens-University, 2004) 

Activated sludge treatment is one of the most used secondary treatment for conventional WWT 

process (Fig. 3). In activated sludge process (Fig. 4), microorganisms consume the organics in the 

WW in the present of oxygen. Microorganisms form clumps which are well mixed in the reactor 

with the help of constant aeration being provided. In such a method, it is vital to control the 

concentration of the microorganisms in the system as they grow throughout the process. Hence, 

excess sludge is removed in the finals sedimentation tank while some is recycled back to the 

activated sludge tank in order to maintain the constant concentration of activated sludge in the 

tank (ILIAS3, 2018).  

 



6 

 

Figure 4: Activated Sludge Method (ILIAS3, 2018) 

The activated sludge process allows high BOD5 removal efficiency (92%) while consuming 0.6-

1.5 kWh/m3 (Dąbrowski et al., 2017; Gude, 2015). In general, biological treatment requires a 

constant feed and optimum temperature (⁓20-24 oC) with long start-up or adjustment period if the 

favorable conditions are not met. Hence, such treatment is not opted where either low temperature 

or feed volume is not stable (Hedaoo et al., 2012). 

2.2  Membrane Bioreactor 

Membrane Bioreactors (MBRs) are alternatively used as secondary treatment for conventional 

WWT process. Such a method combines the activated sludge and membrane filtration into a single 

process, with two possible configurations set-ups shown in Fig. 5 (Ben Aim et al., 2003). The 

sludge performs biodegradation of organics while membrane filtration unit, typically low-pressure 

microfiltration (MF) or ultrafiltration (UF),  performs the critical solid-liquid separation function 

(AMTA, 2016). Hence, MBRs provide lower footprint and higher effluent quality with low net-

sludge production (Fortunato et al., 2017; B. Wu et al., 2012). 

 

 

Figure 5: Configurations of MBR systems, (a) submerged MBR (SMBR) (b) side-stream MBR 

configuration (Ben Aim & Semmens, 2003) 

However, MBR processes are  prone to fouling which decreases the flux if operated under constant 

trans-membrane pressure (TMP) or vice versa (Fortunato et al., 2017).  Being coupled with 

activated sludge process, soluble microbial products, from the degradation process, and 

extracellular polymer substances are responsible for severe membrane fouling (Sano et al., 2020). 
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Hence, during long-term operation of MBRs, highly efficient fouling control strategies have been 

opted. One of such strategies is providing constant aeration. Constant aeration helps scour 

membrane surface during filtration as well as contributes to biological degradation process (Ben 

Aim & Semmens, 2003). However, such a strategy increases the utility cost of the operation as 

aeration contributes to nearly 70% of the total energy demand of the process (Krzeminski et al., 

2012). Fouling can also be controlled by pre-treatment of the feed, chemical cleaning of the 

membrane, backwashing, optimized operation conditions etc. However, chemical cleaning is 

known to produce secondary pollutants. It, alongside aeration, also potentially damages the 

integrity of the membrane and limits their lifespan, increasing the cost of the operation. (Wang et 

al., 2017; B. Wu & Fane, 2012; L. Wu et al., 2018) 

2.3  Gravity-Driven Membrane Filtration 

2.3.1  Background of Membrane Filtration 

Membrane filtration is a physical separation process characterized by the ability to separate 

molecules through size exclusion. A thin, semi-permeable barrier allows molecules smaller than 

its pore size to pass through, while molecules bigger than the pore size are rejected. The driving 

force behind the separation process is the pressure difference between both sides of the membrane, 

known as TMP (Alfalaval, 2019; Crittenden et al., 2012; Singh et al., 2016). Membranes are 

divided in to four categories based on their pore size i.e., MF, UF, nanofiltration (NF) and reverse 

osmosis (RO), with MF having the largest pore size followed by UF, NF and RO, respectively 

(Alfalaval, 2019; Singh & Hankins, 2016). With different pore sizes, each membrane filtration 

process produces different quality permeate. Hence, the technology is used widely in water 

treatment process(Alfalaval, 2019). For WWT, MF and UF are most used membrane types. 

Based on the process, MF and UF can be operated under two different modes: dead-end filtration 

or cross-flow filtration, as shown in Figure 6. During dead-end operation, the feed flow is 

perpendicular to the surface of the membrane. Since there is no cross-flow velocity across the 

surface of the membrane, the rejected molecules build-up on the membrane’s surface (Fig. 6) and 

reduce the permeate flux over time. 

 

 

Figure 6: Schematic diagram for dead-end and cross-flow filtration (Alfalaval, 2019) 
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During cross-flow operation, the feed flow is parallel to the membrane’s surface. Shear force 

generated by the flow of the feed reduces the deposition of rejected molecules preventing them 

from building up on the surface of the membrane. This allows the operation to run for longer time 

periods without the need for cleaning the membrane at higher flux (Alfalaval, 2019; Singh & 

Hankins, 2016). 

Depending on the process, there are also two different operation modes: constant flux and constant 

TMP, shown in Figure 7. When filtration process is carried at constant TMP, the overall flux 

decreases over time (Fig. 7b) because of accumulation of foulants on the surface, as well as, inside 

the membrane. On the other hand, when filtration is carried out at constant flux, TMP increases 

over time to maintain the flux over operation time (Fig. 7a). It should be noted that pumps play an 

essential role in both operation modes i.e., maintaining constant TMP/flux. For industrial 

application, processes are usually carried out at constant flux mode for maintaining the production 

of permeate at a constant rate (Alfalaval, 2019; Crittenden et al., 2012; Singh & Hankins, 2016). 

 

 

Figure 7: Graphical illustration of (a) Constant Flux mode (b) Constant TMP mode (Al-Najar, 

2017) 

2.3.2  Membrane Fouling & Resistance 

One of the limiting factors during membrane-based operation is fouling. Fouling refers to rejected 

molecules depositing on the surface of membrane, decreasing overall efficiency of the process. 

An increase in operation cost, TMP increase, shorter membrane lifespan and flux decline are some 

of the consequences of severe membrane fouling. There are several ways to characterize 

membrane fouling. In term of mechanism, fouling is classified as pore plugging, pore blocking 

and cake layer formation, shown in Fig. 8. Firstly, pore plugging is if some of the feed component 

is adsorbed inside the membrane leading to reduced pore volume. Secondly, pore blocking takes 

place when a molecule blocks the entrance to the pore, decreasing the overall number of the pores 

available for separation. Lastly, cake layer is formed when bigger-size particles deposit on the 

surface of the membrane(Crittenden et al., 2012; Hamedi et al., 2019).  

In terms of cleaning protocols, fouling can be divided into reversible, irreversible, and irremovable 

fouling, respectively. Reversible fouling also refers to cake layer fouling, which can be removed 

by cleaning the membrane using physical methods (backwashing, air sparring etc.). The fouling 

which cannot be removed using physical cleaning methods but can be removed using chemical 

cleaning methods is called irreversible fouling. Lastly, if the fouling cannot be removed using 
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either physical or chemical cleaning, it is defined as irremovable fouling (Crittenden et al., 2012; 

Hamedi et al., 2019). 

 

 

Figure 8: Fouling mechanisms: (left) pore plugging (centre) pore blocking (right) cake layer 

(Hamedi et al., 2019) 

Lastly, different fouling types are associated with different feed components, i.e., particle fouling, 

biofouling, or inorganic fouling. For membrane based WWT processes, biofouling is mostly 

predominant (Crittenden et al., 2012; Hamedi et al., 2019; Singh & Hankins, 2016). To combat 

fouling, control measures are critical whenever membrane-based process is involved. Firstly, 

optimizing the operational parameters i.e., flux, temperature, pressure, pH etc., is one of the control 

measures opted for better membrane performance. Secondly, performing optimized physical i.e., 

backwashing, flushing, air sparring etc., and chemical cleanings is also another option to alleviate 

membrane fouling (Crittenden et al., 2012; Singh & Hankins, 2016). Integrating chemical cleaning 

with physical methods i.e., introducing chemical to flushing or backwashing solution, also 

enhances the cleaning efficiency. However, the use of chemicals in the membrane cleaning 

increases the capital cost of the operation, alongside shortened membrane lifespan and creation of 

secondary pollutants (Saleh et al., 2016). Thirdly, pre-treatment of the feed to remove potential 

foulants by sedimentation i.e., by coagulation and flocculation (Crittenden et al., 2012; Singh & 

Hankins, 2016). Lastly, selection of a suitable membrane also helps alleviate fouling. Membranes 

are different from each other in material, pore sizes and other physical and chemical features. 

Hence, selecting a membrane which is compatible with feed components helps reduce cleaning 

costs over long operational periods (Crittenden et al., 2012; Singh & Hankins, 2016).  

2.3.3  GDM Potentials for Wastewater Treatment 

Membrane-based treatments, even with higher permeate quality and lower footprint, have always 

been less cost-effective than other process mainly because of cleaning and fouling control 

strategies opted for it (Wang et al., 2017). Usage of permeate and feed side pumps does increases 

the flux but also increases the TMP as well as cost of the operation (Wiesner et al., 1994). 

Gravity driven membrane (GDM) filtration system has shown a lot of potential in water treatment 

since it was first tested by Swiss Federal Institute of Aquatic Science and Technology (Eawag) 

(Peter-Varbanets et al., 2012; Peter-Varbanets et al., 2010). GDM systems are operated at low-

pressure (40-100 mbar) driven by water head without the use of permeate pumps, hence reducing 

utility cost (Fortunato et al., 2016). The water head of the GDM reactor is constantly maintained 

at certain level with the help of feed pumps (Fortunato et al., 2016; Fortunato et al., 2020) and 

level sensors/flow meters (Wang et al., 2017) or overflow valves (P. Tang et al., 2021).  The system 

shows a wide spectrum for water treatment i.e., from diluted WW treatment, surface water 

treatment, to seawater pre-treatment etc.  
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Fouling, although a concern for other type membrane operations, is of great importance in GDM 

systems. In MBR systems using MF or UF, pore blockage (caused by colloids and soluble 

organics) and cake layer (caused by large particles like sludge flocks) dominate fouling, causing 

a decrease in flux over time. In GDM system, stabilization of flux is noticed over a long operational 

period of time. According to a previous study, pore blocking dominated flux drop at early stages 

of the operation, while stabilization of flux was attributed to the formation of cake layer on the 

surface of the membrane (Akhondi et al., 2015). It should also be noted that GDM filtration is 

operated under quite low TMP, thus, the mechanism of GDM fouling can be different from that 

of regular MBR system, which usually is equipped with permeate pumps (Derlon et al., 2013; 

Derlon et al., 2012). GDM systems can be operational for long-term without the need of any 

cleaning, hence reducing the maintenance cost. Since the system requires less-energy, it is ideal 

for developing countries where centralized WWT is unavailable (Wang et al., 2017). 

2.3.4  Current Status of GDM Filtration 

The application of GDM treating various types of wastewater has been well documented in the 

literature (Akhondi et al., 2015; Fortunato et al., 2016; Fortunato et al., 2020; Lee et al., 2021; 

Peter-Varbanets et al., 2012; Peter-Varbanets et al., 2010; Wang et al., 2017).  It should be noted 

that even though very limited pilot or full-scale practical application of GDM has been reported 

so far, lab-scale research in this field is greatly progressing. 

Several articles have focused on the factors influencing permeate quality, membrane performance, 

fouling control strategies etc., for activated sludge + MF/UF or MBR processes (Fortunato et al., 

2017; B. Wu & Fane, 2012). GDM processes have been reported to have stabilized flux if operated 

for long time. Hence, all the data reported have been that have been published is from research 

carried out have from several weeks to several months of the continuous operation. Still, 

membrane fouling has been an issue influencing the flux for the GDM process. Therefore, proper 

membrane fouling control strategies are necessary to improve GDM performance. 

In terms of GDM–based wastewater treatment, the published literatures mainly focused on GDM 

treatment of grey water, lake water mixed with wastewater, or synthetic wastewater (Fortunato et 

al., 2017; Jabornig et al., 2015; Peter-Varbanets et al., 2010; Wang et al., 2017), while very few 

literature articles have addressed on GDM systems using real wastewater(Lee et al., 2021). Also, 

very few GDM studies on optimization of cleaning protocols and the effect of low temperature 

have been reported so far. 

2.3.5   GDM Performance Improving Strategies 

The application of GDM treating various types of wastewater has been well documented in the 

literature (Akhondi et al., 2015; Fortunato et al., 2016; Fortunato et al., 2020; Lee et al., 2021; 

Peter-Varbanets et al., 2012; Peter-Varbanets et al., 2010; Wang et al., 2017).  GDM processes 

have been reported to have stabilized flux if operated for long time. Hence, all the data reported 

have been that have been published is from research carried out have from several weeks to several 

months of the continuous operation. Very limited pilot or full-scale practical application of GDM 

has been reported so far. Still, membrane fouling has been an issue influencing the flux for the 

GDM process. Therefore, proper membrane fouling control strategies are necessary to improve 

GDM performance. 
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(1) Air Scouring and/or Filtration Relaxation 

Aeration plays an important part in the performance of an MBR because it helps scour membrane 

surface during filtration as well as contributes to biological degradation process (Ben Aim & 

Semmens, 2003). On the other hand, aeration increases the operational cost of the MBR. Thus, in 

GDM systems, intermittent air scouring was proposed to reduce the cost of the operation. It was 

reported that intermittent air scouring could reduce the membrane fouling and resulted in a stable 

flux in the GDM systems, as compared to continuous air scouring (Fortunato et al., 2020; Pronk 

et al., 2019). In addition, 250% increases in the flux was noticed when intermitted air scoring (5 

min ON-55 min OFF) was applied at the end of membrane relaxation period (30 min ON-30 min 

OFF), as compared to when both intermittent air scouring and membrane relaxation were applied 

individually (Fortunato et al., 2020). 

Since GDM systems are considered for decentralized wastewater treatment, it is highly likely that 

the operation is being carried out at discontinuous rate i.e., changing feed flow. According to a 

study that investigated the impact of intermitted operation and forward-flushing on flux 

stabilization, it was noted that after relaxation period, a temporary increase in flux was observed, 

followed by a decrease in flux before achieving a stabilized flux (Derlon et al., 2012). 

(2) Feed 

Composition of feed also plays an important role in determining the treatment technique. For 

GDM processes, it was noted that feed with higher organic substances is attributed to the formation 

of thicker biofilm on the surface of the membrane. Such biofilm increases the overall resistance 

of the filtration process, causing low permeate flux values (Pronk et al., 2019). Since GDM 

processes are cost effective with no aeration, high organic content of the feed can cause 

concentrated organic accumulation on the biofilm as well as limited oxygen for bacterial activity 

in the system. 

(3) Operation Conditions 

Membrane filtration process depends heavily on the operation conditions i.e., TMP, temperature, 

feed type etc. Hence, optimizing such condition can increase the overall efficiency of the process 

with reducing overall cost of the operation.  

Operating GDM systems at lower TMP (40-60 mbar) had slightly lower stabilized flux (6.6 LMH) 

as compared to operation at a TMP 200 mbar (8.6 LMH)(X. Tang et al., 2016). On the other hand, 

operating GDM process at a higher temperature (29±1 oC), alongside a lower TMP (40 mbar), 

fouling resistance was reduced by 25%, as compared to 21% reduction at 100 mbar (Akhondi et 

al., 2015).  Still more research is required into optimizing all the parameters involved in the 

process. 

(4) Internal Recirculation and Membrane Packing Density 

In a recent study, effects of recirculating the overflow effluent of the reactor, by mixing with feed, 

was studied (Lee et al., 2021). The study concluded that a higher recirculation ratio 

(overflow/permeate) allowed for 15% extra nitrogen removal as compared to reactors without 

recirculation. It was also determined that lower packing density of membrane (290 m2/m3) 

increased the overall permeate flux by 44%, as well as the quality of the treated water, as compared 

to higher packing density membrane module (1150 m2/m3). Lower packing density also helps 
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reducing the overall cost of the operation with an insignificant effect on the microbial community 

compositions of the biofilm in a GDM reactor with internal recirculation (Lee et al., 2021).  
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3  Research Goals and Organization 

3.1  Research Goals 

Iceland’s WWT is only involved in primary treatment processes. The proposal for the development 

of secondary treatment faces many challenges. Firstly, with the country being under the Artic 

circle, i.e., mean annual temperature of 6 oC (IMO, 2012), isn’t suitable for secondary treatment 

(requiring 20-24 oC) (Hedaoo et al., 2012). Secondly, with scattered population across the rural 

regions of the country, as well as certain regions are only populated during summer seasons and 

deserted over winter season because of lack of tourism, creates a challenge to employ centralized 

WWT as it is cost intensive. Lastly, the high inflow rate of WW in Iceland, 1000-2500 L/capita/day 

vs <400 L/capita/day (Sævarsson, 2018), which in turn leads to low organic concentration, limiting 

secondary WWT efficiency. 

With such unavoidable challenges, there is an urgent need to develop a cost-effective secondary 

treatment process for WW. This study aims at the development of such a process by testing 

technical feasibility of GDM filtration in treating Icelandic wastewater with the help of 

experimentations.  

The experimental research consists of three key components: 

1) Which operation conditions are most suitable for treatment of Icelandic WW? 

The study was divided into 4 different phases, each with their own operational conditions i.e., 

constant and variable water heads, different cleaning protocols, temperature inside the reactors 

etc., to identify the higher level of treated water production as well as better quality of the treated 

water.  

2) Which fouling type is dominant? 

At the end of each phase, contributions of fouling resistances were analyzed in order to determine 

the dominant fouling type. 

3) Which GDM reactor is more viable economically? 

A detailed economic analysis will be a part of the study in order to determine which GDM 

biocarrier plant is less cost and energy intensive.  
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3.2  Thesis Organization 

Firstly, the methods and materials for the experimental part are presented and the details of 

economic analysis were illustrated. Secondly, the performances of GDM reactors and membranes, 

permeate water quality, and economic analysis are given and discussed. Finally, the conclusions 

are summarized, and the potential for future researches is discussed. 
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4 Materials and Methods 

4.1  Materials 

In the study, the flat sheet MF membrane (NADIR® MV020, pore size 0.2 µm, Microdyn Nadir, 

Germany) was used. The membrane was placed into the membrane module (Fig. 9) for use. 

 

 

Figure 9: Flatsheet membrane encased in a membrane module 

Primary treated wastewater, which was used as the feed for the whole process, was collected from 

Veitur’s plant located in Klettagarðar. Feed wastewater samples were collected twice, over the 

course of study, at the effluent point of the treatment plant before being discharged into the sea 

(Fig. 10). It was then kept in the lab at room temperature (~22±1°C) before use. Overall, the 

physical properties of the wastewater (i.e., pH, DO, Turbidity etc.) remained constant over the 

collection period. Meanwhile, an increase in conductivity of the feed wastewater was noticed when 

new samples were collected. This can be explained by the fact that storm water, with an increase 

concentration of solids from the road surfaces, was a major part of the wastewater, as it rained 

heavily over the collection weekend.  

 

 

Figure 10: Collection of Wastewater at Klettagarðar 
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4.2 Laboratory Experiment 

4.2.1  Experimental Setup 

The experiments were performed in three bioreactors packed with different biocarriers.  

For reactor-1 (R1), an acrylic container (length =9.7 cm; width = 20.5 cm; effective height = 34.7 

cm; Volume = 6.90 L), shown in Fig. 11, was used as a reactor. A synthetic fibre (mass of 35.49 

g, volume of 0.45 L) was used as biocarriers in the reactor. The fibre was placed in a mesh bag, 

which was located at the top of the reactor and below the overflow valve, fully submerged in the 

wastewater.  

 

 

Figure 11: Schematic diagram for R1 

For reactor-2 (R2), an acrylic container (length =10.4 cm; width = 20.5 cm; effective height= 34.7 

cm; Volume = 7.40 L) was used as a reactor, as shown in Fig. 12. Icelandic lava rocks (≈1.060 kg) 

were used as biocarriers. The lava rocks were placed in a mesh bag, which was located at the top 

of the reactor and below the overflow valve, fully submerged in the wastewater, similar to that of 

R1. 

 



17 

 

 

Figure 12: Schematic diagram for R2 set up 

For R1 and R2, membrane modules (i.e., M1 and M2, respectively) were placed at the depth of 

22.3 cm, with respect to overflow valve, in both reactors. To provide aerobic conditions to the 

microorganisms present in the reactor for an effective removal of ammonia (NH3) from wastewater 

through nitrification process (Eq. 1-2) (Judd, 2011), continuous aeration was provided by an air 

pump, at the rate of 600 mL/min, for each reactor. An aeration diffuser was placed 16 cm below 

the overflow valve for both reactors. 

 2𝑁𝐻4
+ + 3𝑂2 →  2𝑁𝑂2

− + 4𝐻+ + 2𝐻2𝑂 + 𝑒𝑛𝑒𝑟𝑔𝑦  Eq. [1] 

 2𝑁𝑂2
− +  𝑂2 →  2𝑁𝑂3

− + 𝑒𝑛𝑒𝑟𝑔𝑦    Eq. [2] 

 

The bottom zone of the reactor was subjected to non-aeration in an attempt to create anoxic 

conditions for removal of nitrogen through denitrification process (Eq. [3]) from the wastewater 

by settled sludge and biofilm on the membrane surface (Englert, 2018).  

 2𝑁𝑂3
− + 5𝐶𝐻2𝑂 + 4𝐻+ → 2𝑁2 + 5 𝐶𝑂2 + 7𝐻2𝑂 + 𝑒𝑛𝑒𝑟𝑔𝑦    Eq. [3] 

For reactor-3 (R3), an acrylic container (diameter= 7cm; effective height= 36.7 cm; Volume= 1.4 

L) was used as a reactor, as shown in Fig. 13. Icelandic sand (≈ 1.055 kg) was used as biocarriers 

in R3.  The sand was packed at the bottom of the reactor, which not only provided an extra filtration 

layer but also acted as biocarriers. Constant aeration was provided in the reactor at 200 mL/min, 

with the aeration diffuser kept 16 cm below the overflow valve. The membrane (M3) module was 

placed outside the R3 at 33.5 cm below the overflow valve.  
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Figure 13: Schematic diagram for R3 set up 

 

4.2.2  Experimental Conditions 

The study consisted of 4 phases for all the reactors and each phase lasted for 20 days. The detailed 

operation conditions were summarized in Table 1. 

Table 1: Operation  conditions for this study 

 R1 R2 R3 

Stage I 

(day 0-20) 

Condition Operated at ~22°C and no cleaning 

Constant water head 0.25 m 0.25 m 0.34 m 

Stage II 

(day 21-40) 

Condition Operated at ~22°C and no cleaning 

Variable water head 0.19-0.25 m 0.19-0.25 m 0.23-0.34 m 

Stage III 

(day 41-60) 

 

Condition Operated at ~22°C and periodically chemical cleaning (30 min per 3-4 days) 

Variable water head 0.21-0.25 m 0.21-0.25 m 0.24-0.34 m 

Stage IV 

(day 61-80) 

 

Condition Operated at ~10°C and periodically chemical cleaning (60 min per 3-4 days) 

Variable water head 0.22-0.25 m 0.22-0.25 m 0.24-0.34 m 

 

During phase I, the feed pump was used to introduce the wastewater to the tank in order to maintain 

the effective height i.e., till the overflow valve, in each reactor. For phase II, III and IV, the feed 

wastewater was manually topped-up, once a day, in order to study real-time performance of the 
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GDM reactors, hence varied water head. Once the level reached the minimum desired level i.e., 

biocarriers were exposed to the atmosphere, reactors were then topped up with the desired amount 

of wastewater. 

During the III and IV phases, periodically membrane cleaning was performed. As mentioned 

earlier, the membranes M1 and M2 were submerged in the reactor for R1 and R2 and removing 

them would have hindered the operation on regular basis. To counter such measures, 0.5% sodium 

hypochlorite (NaClO) solution at 50 oC was injected into the air vent pipe for soaking the 

membranes, while keeping the permeate valve in a closed position. The chemical cleaning duration 

was fixed at 30 min and 60 min for phase III and IV, respectively. After chemical cleaning, the 

permeate valve was kept open, and the membrane was rinsed thoroughly by pouring clean water 

into the air vent pipe before starting the operation. 

For M3, since the membrane module was located outside the reactor, the module was removed 

and the membrane was flushed with a 0.5% sodium hypochlorite (NaClO) solution at 50 oC for 30 

min and 60 min for phase III and IV, respectively. 

4.2.3  Membrane Flux and Resistance Analysis 

Volumetric flux across the membranes, also known as membrane flux, J (L/m2h), was calculated 

using Eq. [4] (Crittenden et al., 2012). 

𝐽 =  
𝑄

𝐴
      [

𝐿

𝑚2ℎ
]   Eq. [4] 

J           =      flux                                                                                                          [L/m2h]  

Q          =      flowrate                                                                                                       [L/h]  

A          =      membrane area                                                                                             [m2] 

Flowrate, Q, was calculated by measuring the mass of water within certain filtration time. Trans-

membrane pressure, TMP, was calculated based on the water level in each reactor when the 

flowrate was measured. TMP can be calculated using Eq. [5] (Crittenden et al., 2012). 

 𝑇𝑀𝑃 =
ρww∗𝑔∗ℎ

105
     [𝑏𝑎𝑟]   Eq. [5] 

ρww        =      density of treated wastewater                                                                    [kg/L] 

g           =       gravitational force                                                                                     [m/s2] 

h           =       water level in the reactor                                                                              [m] 

105        =       conversion factor 

 

Permeability (P) of the membrane was calculated using Eq. [6] (Crittenden et al., 2012).  

 𝑃 =  
𝐽

𝑇𝑀𝑃
    [

𝐿

𝑚2ℎ 𝑏𝑎𝑟
]   Eq. [6] 

Average normalized flux is calculated using Eq. [7]. 

𝐽𝑁 =
𝛴(𝑉𝑛∗(𝑡𝑛−𝑡𝑛−1))

𝑀𝐴∗20
  [

𝐿

𝑚2ℎ
]    Eq. [7] 
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JN        =    average normalized flux                                                                                 [LMH] 

Vn        =    volumetric flowrate at time ‘n’                                                                        [L/hr] 

tn         =    time of sampling                                                                                               [day]                                               

tn-1       =     time of previous sampling                                                                               [day]  

MA       =    area of the membrane                                                                                        [m2]                                               

20        =     operational period for each phase                                                                   [day] 

The fouling resistances for throughout the study can be calculated using Eq. [8] (Crittenden et al., 

2012).  

 𝐽 =  
∆𝑃

𝜇(𝑅𝑚+𝑅𝑐+𝑅𝑖𝑟+𝑅𝑖𝑚)
 [

𝐿

𝑚2ℎ
] Eq. [8] 

J           =      flux                                                                                                           [L/m2h]  

∆P        =      TMP                                                                                                             [bar]  

μ           =      viscosity of water at filtration temperature                                                [Pa s]  

Rm        =      membrane resistance                                                                                    [m-1]  

Rc         =      cake layer resistance                                                                                    [m-1] 

Rir         =      irreversible fouling resistance                                                                     [m-1] 

Rim        =      irremovable fouling resistance                                                                    [m-1] 

The clean membrane flux was measured by filtrating clean water before filtration of wastewater. 

The cake layer resistance was calculated by measuring the flux before and after physical cleaning, 

while irreversible fouling resistance was calculated based on the flux data recorded before and 

after chemical cleaning. The remaining resistance, irremovable fouling resistance, was calculated 

based on the difference of post chemical cleaning resistance and clean membrane resistance (B. 

Wu et al., 2017).  

Specific cake layer resistance (αc) is calculated using Eq. [9] (Crittenden et al., 2012). 

 𝑅𝑐 =  𝑚𝑐 ∗  𝛼𝑐        [𝑚−1]   Eq. [9] 

Rc        =      cake layer resistance                                                                                     [m-1]  

mc        =      deposited foulant mass per membrane area                                              [kg/m2]  

αc         =      specific resistance                                                                                      [m/kg]  

4.3 Water Quality Analysis 

4.3.1 pH, Conductivity and Dissolved Oxygen 

The pH, conductivity and dissolved oxygen of the collected samples were analyzed with the 

multiparameter HACH® HQ30d (HACH, USA). The pH level, which represents the acidity or 

basicity of the given solution, could influence the bacterial growth in a bioreactor. Most micro-

organisms perform well biodegradation in the pH range of 6.5-8.5 (EBS, 2021). Conductivity is a 

measure of a solution’s ability of pass electrical flow (µS/cm). Higher conductivity indicates the 

presence of salts which in turn affects the dissolved oxygen in the wastewater (Hamilton, 2021). 

Dissolved Oxygen (DO) is the relative measure of oxygen (O2) dissolved in the water. Since 

wastewater consists of high amounts of nutrients and organic molecules, it usually has a low DO 
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value (Nukurangi, 2020). Hence permeate should have a relatively high value of DO as compared 

to that of feed and effluent. pH, conductivity and DO were measured 7 times per phase, with each 

phase lasting 20 days. 

4.3.2  Turbidity 

Turbidity, which is a measure of clarity of the solution, is caused by suspended matter, such as 

clay, silt, finely divided organic and inorganic matter (Mandal, 2014). Hence permeate turbidity 

level, measured in ntu, should be relatively lower than those of feed and effluent. Turbidity was 

measure with similar frequency to that of pH, conductivity etc., using a turbidity meter (TIR 200, 

VWR, Germany). 

4.3.3  Biological Oxygen Demand 

Biological Oxygen Demand (BOD) is the measure of difference between DO level over the period 

of 5 days (i.e., BOD5). It can be calculated using Eq. [10] (Pollutec, 2020). 

 𝐵𝑂𝐷5 =  
𝐷0−𝐷5

𝑃
    Eq. [10] 

D0           =      dissolved oxygen level at day 0                                                                                      [mg/L]      

D5           =      dissolved oxygen level at day 5                                                                                       [mg/L]      

P           =    dilution Factor                                                                                                          

The feed sample was diluted using a ratio of 1:50 (P = 0.02), the effluent sample was diluted with 

a ratio of 1:20 (P=0.05), and no dilution was applied for the permeate sample. The BOD5 testing 

bottle, 300 mL in volume, was filled with the sample and sealed off, and then kept at 20°C for 5 

days. BOD5 readings were recorded weekly. 

4.3.4   Sampling 

Throughout the period of study, feed, effluent (from the reactor) and permeate samples were 

collected on weekly basis. These samples were stored in 15 ml tubes and were kept in a refrigerator 

at 4 oC before COD, TN and TSS analysis towards the end of study.  

4.3.5  Total Nitrogen 

Total Nitrogen (TN) is the measurement of all types of nitrogen, organic/inorganic/free/bonded, 

present in the wastewater (ChemScan, 2020). The feed and effluent samples were diluted to 1:4 

ratio, while the permeate sample was undiluted. A 1.3 mL sample (diluted feed or effluent, or 

undiluted permeate) was mixed with an equal volume of solution A (Sodium hydroxide) and 1 

tablet B (containing dipotassium peroxodisulphate, sodium tetraborate and sodium metaborate) 

and then heated at 120 oC for 30 mins using a heat plate (DRB 200, HACH, USA). After the 

mixture was cooled down to room temperature, 0.5 mL of the solution was poured into a cuvette 

container (containing 60% sulphuric acid, 33% phosphoric acid) with 0.2 mL of solution D (2-

propanol) into the cuvette.  After that, the sample cuvette was gently shaken for mixing and then 

left for 15 mins at room temperature before measurement using a spectrometer (DR 1900, HACH, 

USA).  
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4.3.6  Chemical Oxygen Demand 

Chemical oxygen demand (COD) is the measurement of oxygen required to oxidize organic 

substances (RealTech, 2017a). The feed and effluent samples were diluted with 1:4 ratio and the 

permeate sample was undiluted. 2.0 mL of the sample (diluted feed or effluent, or undiluted 

permeate) was poured into a cuvette tube (containing 90% sulphuric acid, mercury (II) sulfate and 

silver sulfate) and were mixed gently. The cuvette was then heated at 150 oC for 120 mins using a 

heat plate (DRB 200, HACH, USA). After that, the cuvette tube was cooled down to room 

temperature before measuring COD using a spectrometer (DR 1900, HACH, USA). 

4.3.7  Total Suspended Solids 

Total suspended solids (TSS) is the measurement total solids in wastewater samples that are 

retained by the filtration process (RealTech, 2017b). Feed and effluent samples, alongside foulants 

samples from physical cleaning of the membranes, were poured into small containers (≈10 mL) 

and TSS was measured using spectrometer (DR1900, HACH, USA). 

4.4  Economic Analysis 

To determine the economic feasibility of the proposed GDM systems under Icelandic scenario, the 

economic analysis was performed. Since Iceland’s population density varies under different 

communities, a broader population size from 10-5000 people was selected to perform economic 

analysis. 

Table 2 describes the detailed calculation items for economic analysis in this study. For all GDM 

systems, the assumption parameters include produced wastewater amount per person at 270 L/p/d 

(Veitur, 2020b), hydraulic retention time (HRT) at 8 hr (Nawaz et al., 2013), submerged 

membrane packing density (PD) at 360 m2/m3 (Lee et al., 2021) and the plant’s lifespan was 20 

years. It was also assumed, under best case scenario, that the membrane and pumps will perform 

at the expected level of efficiency throughout the plant’s lifespan. 

Table 2: Components for Economic Analysis (in USD) 

Components 

Parameter Denoted as Unit Equation / Value Details & Reference 

Flow rate Q m3/d 
𝑃𝑁 ∗ 270

1000
 PN= No. of people 

Membrane Area MA m2 
𝑄 ∗ 1000

𝑄𝑑 ∗ 24
 

Q = Flow rate (m3/d) 

Qd = Design flux (LMH) 

Biocarrier Required B $* 
𝑄 ∗ 𝐻𝑅𝑇

24
∗

0.929 ∗ 1000

7.4
∗ 0.3 

HRT = 8 hr 

0.929 m fibre used in 7.4 L tank 

0.3 $/m: Cost of biocarrier 
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$** 
(𝑃 ∗ 𝑊) + (𝑛 ∗ 𝐷)

127.16
 

                  P   = Price of biocarrier (1,500 ISK/ton 

for rocks; 7582.14 ISK/ton of sand) 

W = Weight of biocarrier required 

           N = no. of trips required (1 trip = 16.8 

tons) 

           D = Driving cost (30,000 ISK/trip for 

rocks; 15,000 ISK/trip for sand) 

127.16 ISK = 1 $ 

Volume of Tank VT m3 
𝑄 ∗ 𝐻𝑅𝑇

24
+ 𝑉𝑏 +

𝑀𝐴

𝑃𝐷
 

Vb = Volume of biocarrier 

PD = 360 m2/m3 

Pump Flowrate PC m3/hr 
𝑄

24
 24 hr = 1 day 

Yearly Pump 

Consumption 
PY kWh/yr 

𝑃𝑐 ∗ 𝑊𝐻 ∗ 𝐷𝑤 ∗ 𝐺

36 ∗ 0.8
∗ 24 ∗ 365 

WH = Water head (0.25m for R1 and R2; 0.335m 

for R3) 

Dw = Density of WW = 0.92 kg/L 

   G = Gravitational Force = 9.81 m/s2 

pump efficiency = 0.8 

Aeration AY kWh/yr 365*0.019 * Cpd 

         0.019 kWh/m3 of air (Maere et al., 2011) 

Cpd = Air flowrate 

365 days = 1 yr 

Cpd - m3air/day 
𝐿𝑢 ∗ 𝑉 ∗ 1000

𝑉𝐿
 

Lu = Lab scale usage 

            (0.864 m3 air/day for R1 and R2, 0.288 m3 

air/day for R3) 

    V = Volume of the tank (Q/HRT/24) 

VL = Volume of lab tank 

           (6.90L for R1; 7.40L for R2; 1.4L for R3) 

Price of Electricity EP $/kWh 0.16 Icelandic electricity price 

Steel tank 

Price 
TP $/m3 1334.4 (Tanks, 2021) 

Membrane Price MP $/m2 102 (MF, 2021) 

Air pump cost FB $/m3/hr 7.65 (Fletcher et al., 2007) 

Liquid pump cost FP $/m3/hr 90 (Fletcher et al., 2007) 

Sodium Hypochlorite 

(0.5%) 
Cp $/m3 2.333 (EChemi, 2021) 
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Chemical Cleaning CC   m3 /year 
𝑀𝐴 ∗ 𝐿𝑐

1000
∗ 3 ∗ 52 

           Lc = Volume per membrane area used in 

the lab (L/m2) 

      (0.0008 for R1 and R2; 0.0016 for R3) 

         3 times a week for 52 weeks in a year 

* For R1 

**For R2 and R3 

 

Afterwards, with varying the population size the capital and operational costs of the GDM system 

was calculated (Table 3). 

Table 3: Capital, Operational and overall Cost Calculation 

Parameter Denoted as Unit Equation 

Capital Cost 

Tank Cost T $ TP * VT 

Membrane Cost M $ MA * MP 

Feed pump Cost Pc $ 
𝑄

24
∗ 𝐹𝑃 

Air Pump Cost Ac $ 
𝑄

24
∗ 𝐹𝐵 

Total Capital Cost CC $ T + M + Pc + Ac + B 

Operational Cost 

Feed Pump PP $/year PY * EP 

Aeration AP $/year AY * EP 

Cleaning C $/year CC * Cp 

Total Operational Cost OC $/year PP + AP + C 

Overall Cost Calculation 
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Total Cost TC $/year 
𝐶𝐶

20
+ 𝑂𝐶 

Total Cost per person TCP $/pp/yr 
𝑇𝐶

𝑛𝑜. 𝑜𝑓 𝑝𝑒𝑜𝑝𝑙𝑒
 

Total Energy consumption TEC kWh/yr AY + PY 
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5 Results and Discussion 

5.1 Reactor Performance 

The pH, DO, turbidity and conductivity levels of the feed wastewater as well as the effluents inside 

of the reactors were monitored. Throughout the study, the pH level of the feed was in the range of 

6.75-8.75. pH level inside the reactors ranged between 6.80-8.99, which is slightly higher than 

that of feed (Fig. 14). 

 

 

Figure 14: pH level of feed wastewater and in the GDM reactors 

The DO level of the feed wastewater ranged 0-5 mg/L, while those in the reactor ranged between 

2.51-9.01 mg/L throughout the study. Elevated DO level in the effluent could be caused by the 

constant aeration provided through diffusers in all the reactors (Fig. 15). High DO level also 

indicates that enough oxygen was present for organic removal as well as nitrification process. 

 

 

Figure 15: DO level of feed wastewater and in the GDM reactors 
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Turbidity level of feed wastewater ranged between 20-80 ntu, while that of in the reactors ranged 

between 0-20 ntu (Fig. 16).  

 

 

Figure 16: Turbidity of feed wastewater and in the GDM reactors 

TSS level of the feed was always higher than that of effluents of the GDM reactors. Feed 

wastewater’s TSS level was in the range of 11-26 mg/L, while that of reactors ranged between 1-

18 mg/L, throughout the study. Low TSS (Fig. 17) and turbidity levels (Fig. 16) for effluents 

indicates the removal of solids/organics from the WW through microbial activity. 

 

 

Figure 17: TSS level of feed wastewater and effleunts of the GDM reactors 

Conductivity levels in the feed wastewater and in the reactor were quite similar throughout the 

study, with both ranging between 900-2000 μS/cm (Fig. 18). An increase in the conductivity level 

for both feed wastewater and in the reactor was noticeable after 60 days i.e., beginning of phase 

IV. As explained earlier, new wastewater samples had higher conductivity levels than the previous 

wastewater samples, hence the increase in overall conductivity. The conductivity of the effluents 

in the reactors increased slowly, as compared to that of feed wastewater, as feed was slowly 

introduced into the reactors. 
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Figure 18: Conductivity of feed and effluent of GDM reactors 

The average values of all the factors for feed and effluents of the reactors, throughout the duration 

of the study, are presented in Table 4. pH and DO values generally remained stable for all the 

components throughout the study, while turbidity and conductivity levels changed a lot depending 

on the organic content present in the feed wastewater. 

Table 4: Average values for feed wastewater and GDM reactors 

Component pH DO (mg/L)        Turbidity (ntu) 
   Conductivity 

(μS/cm) 

Feed 7.84±0.44 1.17±1.20 35.8±20.3 1231±373 

R1 8.15±0.41 7.99±1.11 8.31±6.88 1193±298 

R2 8.12±0.39 8.24±0.85 11.2±10.1 1213±310 

R3 8.10±0.40 7.62±0.56 7.01±5.49 1230±388 

 

BOD5 was used to determine organic components in feed wastewater, effluents and permeates of 

the reactors. BOD5 values for feed wastewater and effluents from the reactor are provided in Fig. 

19. Due to the presence of high organic contents, feed wastewater had a higher level of BOD5 as 

compared to that of effluents from the reactors. BOD5 removal ratio, which indicates organic 

removal from the wastewater, is provided in Fig. 20, with R1 and R3 providing highest and lowest 

BOD5 removal ratios at 68.6±10.7% and 61.5±11.8%, respectively.  
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Figure 19: BOD5 level for feed wastewater and effluent of GDM reactors 

COD levels for the feed wastewater and effluent of the reactor, alongside removal ratio (RR) are 

provided in the Fig. 21. Overall, COD removal ration was above 50% for all three reactors, with 

R1 and R3 providing the highest and lowest average COD removal ratio at 79.5±7.11% and 

71.6±10.3%, respectively, which was similar to BOD5 removal trend. 

 

 

Figure 20: BOD5 removal ratio in the GDM reactor 

 

 

Figure 21: COD level and removal ratio for feed and effluent of the reactors 
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TN values for feed wastewater and effluents of the reactors, alongside TN removal ratio are 

provided in Fig. 23. R3 (21.8±13.2%) performed better than R2 (4.61±5.54%) and R1 

(4.44±3.42%) in removing TN form the feed with the average removal ratio for the reactors. 

Average values of BOD5, COD and TN levels are presented in Table 5. 

 

Figure 22: TN level and removal ratio for feed and effleunt of the reactors 

Table 5: Average level of BOD5, COD and TN for feed, R1, R2 and R3 effluent of GDM reactors 

Level Unit Feed R1-Effluent R2-Effluent R3-Effluent 

BOD5 

mg/L 

73.2±19.7 22.1±8.13 23.7±6.47 27.2±8.82 

COD 110±17.9 22.1±6.29 27.1±2.94 30.1±6.41 

TN 25.1±1.41 23.9±1.03 23.9±0.55 19.6±2.81 

 

5.2 Membrane Performance 

The membrane performance was illustrated in terms of membrane permeate flux and permeability 

in this study. 

5.2.1  Phase I 

During phase I, the water level was maintained constantly for each reactor. The development of 

flux and permeability was presented in Fig. 23 and Fig. 24. The flux tended to stabilize after the 

2nd day of the operation. A slight increase in flux for M3 was also noticeable which was caused 

due to human error as the operation mode switched from dead-end to cross-flow for a short period 

of time, which removed the fouling layer from the membrane. The flux for M3, however, stabilized 

again over the course of the operation. 
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Figure 23: Flux for phase I 

 

 

Figure 24: Permeability for phase I 

The fouling resistance data for phase I, alongside foulant mass per membrane area (mc) is shown 

in Table 6. The cake layer fouling resistance (Rc) was the dominant fouling resistance with 96.3%, 

97.3% and 97.3% for M1, M2 and M3, respectively. The membrane resistance (Rm) ranged 

between 1.47-1.05% and irreversible fouling resistance (Rir) ranged between 1.96-1.12% of the 

total resistance for all the membranes. M1 had the highest irremovable fouling (Rim) contributing 

0.290% of the total resistance, slightly higher than that of M2 and M3 with 0.25% and 0.16%, 

respectively. Specific cake layer resistance (αc), which is the measure of difficulty of fluid 

permeation through the cake layer (Endo et al., 2001), was calculated using Eq. [9], with the help 

of information laid out in Table 6. During the phase I, αc was highest M3, followed by M1 and M2 

at 1.01 x 1014, 5.75 x 1013 and 2.90 x 1013 m/kg. The average normalized flux for M1, M2 and M3 

was calculated (using Eq. [7]) to be 2.36, 2.38 and 3.53 LMH, respectively.  
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Table 6: Fouling resistance and foulant mass per membrane area for phase 1 

Resistance 
M1 M2 M3 

Membrane Resistance (x1012) (m-1) 

Rm 0.058 0.059 0.054 

Rc 3.83 4.32 5.06 

Rir 0.078 0.049 0.079 

Rim 0.011 0.011 0.009 

Component Foulant mass per membrane area (kg/m2) 

mc 0.067 0.149 0.051 

 

5.2.2  Phase II 

As explained earlier, water level inside the reactor was variable through the next phases of the 

study. The flux and permeability data for phase II were presented in Fig. 25 and Fig. 26. 

Stabilization of flux was also noticed throughout the phase except for a small-time frame when 

the air diffuser stopped working for M1 and a sharp decrease in flux was noticeable.  

 

Figure 25: Flux for phase II 

The fouling resistance data for phase II, alongside foulant mass per membrane area (mc) is shown 

in Table 7. An increase in overall Rm is noticeable because of the addition of Rim from phase I to 

the virgin membrane resistance due to reuse of the cleaned membrane. The Rc was the dominant 

fouling resistance with 87.7%, 92.7% and 96.8% for R1, R2 and R3, respectively. The Rm ranged 

between 6.33-1.49% and, Rir ranged between 5.72-1.71% of the total resistance for all the 

membranes. M1 had the highest Rim contributing 0.22% of the total resistance, slightly higher 

than that of M2 and M3 with 0.14% and 0.01%, respectively. During the phase II, αc value was 
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highest for M3, followed by M2 and M1 at 2.31 x 1014, 9.19 x 1013 and 3.38 x 1013 m/kg. The 

average normalized flux for M1, M2 and M3 was calculated to be 4.58, 4.11 and 3.49 LMH, 

respectively. 

 

Figure 26: Permeability for phase II 

Table 7: Fouling resistance and foulant mass per membrane area for phase II 

Resistance 
M1 M2 M3 

Membrane Resistance (x1012) (m-1) 

Rm 0.069 0.071 0.063 

Rc 0.966 1.69 4.08 

Rir 0.063 0.061 0.723 

Rim 0.002 0.003 0.001 

Component Foulant mass per membrane area (kg/m2) 

mc 0.029 0.018 0.018 

 

5.2.3  Phase III 

As explained earlier, during phase III cleaning frequency of 3-4 days was opted. Hence, an 

increase in the flux after each cleaning cycle was observed. Flux and permeability data for phase 

III were presented in Fig. 27 and Fig. 28, respectively. An average flux recovery of 36.5%, 17% 

and 65% was noticed for M1, M2 and M3, respectively, after each cleaning cycle throughout the 

phase. Flux stabilization was also noticed during each cleaning cycle. 

The fouling resistance data for phase III, alongside foulant mass per membrane area (mc) is shown 

in Table 8. Similar to phase II, another increase in overall Rm was noticeable because of the reuse 

of the cleaned membrane. The Rc was again the dominant fouling resistance with 85.4%, 93.1% 

and 92.1% for M1, M2 and M3, respectively. The Rm ranged between 7.49-3.62% and, Rir ranged 
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between 6.99-2.81% of the total resistance for all the membranes. M1 had the highest Rim, 

contributing 0.09% of the total resistance, slightly higher than that of M2 and M3 with 0.07% and 

0.08%, respectively. During the phase III, αc value was highest for M3, followed by M2 and M1 

at 2.83 x 1013, 9.40 x 1012 and 7.86 x 1012 m/kg. The average normalized flux for M1, M2 and M3 

was calculated to be 7.86, 3.70 and 6.61 LMH, respectively. 

 

 

Figure 27: Flux for phase III 

 

 

Figure 28: Permeability for phase III 

Table 8: Fouling resistance and foulant mass per membrane area for phase III 
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Rc 0.822 1.69 1.61 

Rir 0.067 0.051 0.075 

Rim 0.001 0.001 0.001 

Component Foulant mass per membrane area (kg/m2) 

mc 0.105 0.180 0.057 

 

5.2.4  Phase IV 

As explained earlier, temperature of the GDM reactors, during phase IV, was lowered to mimic 

Icelandic winter conditions, shown in Fig. 29. The average temperature was noted as 9.12±2.72, 

9.08±2.62 and 8.31±2.57 oC for R1, R2 and R3, respectively.  

 

 

Figure 29: Temperature profile for all GDM reactors 

Flux and permeability data for phase IV were provided in Fig. 30 and Fig. 31, respectively. With 

extending the cleaning duration from 30 to 60 mins, an overall increase in flux recovery was 

noticed after each cleaning. On average of 57.7%, 45.9% and 56.3% flux recovery was noticed for 

M1, M2 and M3, respectively. 
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Figure 30: Flux for phase IV 

 

 

Figure 31: Permeability for phase IV 

The fouling resistance data for phase III is shown in Table 9. The Rc was the dominant fouling 

resistance with 90.3%, 93.7% and 88.8% for M1, M2 and M3, respectively. The Rm ranged 

between 10.9-4.77% and, Rir ranged between 4.71-0.08% of the total resistance for all the 

membranes. M1 had the highest Rim, contributing 0.21% of the total resistance, slightly higher 

than that of M2 and M3 with 0.03% and 0.14%, respectively. During the phase IV, αc value was 

highest for M3, followed by M2 and M1 at 3.67 x 1013, 2.72 x 1013 and 1.77 x 1013 m/kg. The 

average normalized flux for M1, M2 and M3 was calculated to be 6.04, 4.94 and 6.95 LMH, 

respectively. 

Table 9: Fouling resistance and foulant mass per membrane area for phase IV 

Resistance 
Membrane Resistance (x1012) (m-1) 
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Rc 1.352 2.11 1.14 

Rir 0.071 0.066 0.001 

Rim 0.003 0.001 0.002 

Component Foulant mass per membrane area (kg/m2) 

mc 0.076 0.078 0.031 

5.3  Permeate Quality Analysis 

Quality of the permeate was of great interest throughout the study. Like other readings, permeate 

quality was also tested for a total of 7 times per phase i.e., 20 days. Quality of all three permeates 

from the reactors was compared with feed to determine the treatment efficiency of the process.  

pH for the permeates, as well as the feed, are represented in Fig. 32. As mentioned earlier, the pH 

level of the feed was in the range of 6.75-8.75 while that of the permeates of the reactors were in 

the range of 7.51-9.49. pH level of the permeates was mostly higher than that of feed, except for 

3 measurements for M3 towards the end of the study. 

 

 

Figure 32: pH level for feed and permeate of GDM reactors 

DO level for the permeates with feed are represented in Fig. 33. The permeate of the GDM reactors 

maintained a higher level of DO as compared to that of feed, staying mostly in 7-10 mg/L ranged, 

apart from deviation from the trend for some measurements of M3 towards the end of the study.  

As WW have low DO levels because of the microorganism activity, higher level of DO indicates 

the purity of permeate. 
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Figure 33: DO level for feed and permeate of GDM reactors 

Turbidity level for permeates alongside that of feed are shown in Fig. 34. As mentioned earlier, 

turbidity level indicated solid level in the water. Turbidity levels were mostly close to 0 ntu for all 

permeates, with a very slight deviation every 5th to 6th reading. Overall, turbidity levels for all the 

permeates never crossed above 0.90 ntu throughout the study. 

 

 

Figure 34: Turbidity level for feed and permeate of GDM reactors 

Conductivity levels of permeates as well as of feed were shown in Fig. 35. Overall, the 

conductivity levels of permeates were, on par with that of feed, in the range of 800-2000 μS/cm. 

Average values of all the factors for permeates are presented in Table 10. pH, DO and turbidity 

levels were considerably consistent throughout the study, as opposite to conductivity levels which 

showed considerable deviation towards the end of the study period. 
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Figure 35: Conductivity level for feed and permeate of GDM reactors 

Table 10: Average values throughout the study 

Permeate pH DO (mg/L)       Turbidity (ntu) 
      Conductivity 

(μS/cm) 

M1 8.78±0.45 8.30±0.31 0.15±0.18 1195±288 

M2 8.71±0.40 8.26±0.25 0.15±0.18 1208±301 

M3 8.59±0.35 7.62±1.05 0.13±0.15 1235±356 

 

BOD5 level for permeate were presented in Fig. 36. As compared to BOD5 level for feed 

wastewater and effluents of the reactors (Fig. 19), permeate levels were significantly lower. This 

indicated the importance of membrane in further removal of organic matter from the effluent due 

to size exclusion. 

 

 

Figure 36: BOD5 levels for permeate of GDM reactors 
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As explained earlier, higher BOD5 removal ratio indicates organic removal from the wastewater. 

In summary, above 90% removal ratio were recorded for all the permeates of the GDM reactors 

(Fig. 37), which compared to just effluent’s removal ratio (Fig. 20), is significantly higher. 

Permeates of M1 and M3 had slightly higher average removal ratio than M2 at 97.6±1.41%, 

96.2±2.61% and 95.9±2.91%, respectively. 

 

 

Figure 37: BOD5 removal ratio for permeate of GDM reactors 

COD levels for the feed wastewater and permeate of the reactor, alongside removal ratio (RR) are 

provided in the Fig. 38. Overall, COD removal ratio for permeate of GDM reactors is above 70%, 

as compared to above 50% for effluents of all three reactors. Hence, a 20% overall increase in 

removal ratio was noticed due to membrane performance in removing further organic content from 

the wastewater in the reactors. M2 and M3 had the highest and the lowest average COD removal 

ratio at 81.9±2.12% and 77.8±5.98%, respectively, which was unlike BOD5 removal trend. 

 

 

Figure 38: COD level alongside removal ratio for permeate of GDM reactors 
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TN values for feed wastewater and permeate of the reactors, alongside TN removal ratio are 

provided in Fig. 39. M3 performed better than M2 and M1 in removing TN form the feed with the 

average removal ratio for the reactors at 36.7±11.3%, 23.1±8.63% and 22.1±7.94%, respectively. 

Such removal ratios were significantly higher than those of the reactors pointing at the importance 

of membrane’s performance throughout the study. Average values of BOD5, COD and TN levels 

for permeate of the GDM reactors are presented in Table 11, which are lower than that of feed 

wastewater and effluent of the GDM reactors (Table 5). 

 

 

Figure 39: TN level alongside removal ratio for permeate of GDM reactors 

Table 11: Average values of BOD5, COD and TN levels for permeate of GDM reactors 

Level Unit      M1-Permeate      M2-Permeate        M3-Permeate 

BOD5 

mg/L 

1.71±0.96 2.78±1.70 2.69±1.64 

COD 20.2±4.08 19.7±1.48 24.6±8.45 

TN 19.5±1.04 19.2±1.25 15.8±1.96 

 

5.4  Economic Analysis 

Total cost of all three proposed treatment processes, calculated based on details in Tables 2 and 3, 

is presented in Fig. 40. Proposed plants were named after the type of biocarriers opted for during 

the study i.e., synthetic fibre in R1, lava stones in R2 and lava sand in R3. Proposed plant based 

on synthetic fibre as biocarriers shows the lowest total cost per year, followed by proposed lava 

stone and then lava sand plants, respectively. Since the total cost of lava stone and sand (excavation 

+ transportation) is relatively higher in Iceland, as compared to just the transportation cost of 

synthetic fibre, an overall increase in the total cost per year for such type of plants is expected. 
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Figure 40: Total cost per year for all three proposed plants (log10) 

Total cost per person per year was also calculated and presented in Fig. 41. Proposed lava sand 

plant shows the higher cost per person per year mainly because of the high volume of sand required 

to treat the quantity of wastewater as the other two proposed plants. This also has to do with the 

fact that sand possess the highest packing ratio among the three proposed biocarriers, hence 

increasing the volume of tank required to treat the wastewater. Proposed synthetic fibre plant 

provides with the lowest cost per person per year with a flat value of 28.1 $/pp/yr for all the 

population sizes, signifying a linear increase in biocarrier requirement vs population size. A slight 

curve is noticed for lava sand and stone plants which can be explained as, in the beginning with 

lower population size, trip cost outweighs excavation cost for the biocarrier. Also, low volume of 

biocarrier is required with lower population size but the trip price is set constant throughout 

dragging the overall cost up.  

 

 

Figure 41: Total cost per person per year for all three proposed plants 
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Total energy consumption per year for all three proposed plants is presented in Fig. 42. As GDM 

are low energy intensive operation, energy consumption is relatively low. Aeration pump is 

responsible for majority of energy consumption, while feed pump only contributes to 0.08% of 

overall energy consumption for synthetic fibre and lava stone plants, and 0.04% for lava sand 

plant. Hence, aeration cost for proposed lava sand plant (99.9% of overall energy) drastically 

increases the total energy consumption per year as compared to that of the other two plants (99.9% 

of overall energy) which provide similar values for energy consumption throughout the varied 

population size. 

 

 

Figure 42: Total energy consumption per year for all three proposed plants (log10) 
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6  Summary and Conclusions 

The experimental results showed that the application of GDM-based wastewater treatment system 

is a feasible solution to the current Icelandic scenario. Since population density across the rural 

regions of the country is relatively low, as compared to that of the capital region, low cost and 

lower maintenance of such system is quite an advantage for such decentralized communities. 

BOD5 removal ratio, on average, from feed to effluent was over 65.3% for all GDM reactors. With 

additional rejection of organic molecules through membrane, removal ratio increases to 96.6%, on 

average, for all the permeate of the bioreactors. Bioreactor R1 performed best among the reactors 

with an average removal ratio of 68.6%, alongside it’s membrane M1 also performing best among 

other membranes in increasing the removal ratio to an average value of 97.6%. However, majority 

of the removal for COD underwent inside the reactors, with an average value of 75.3% for all the 

effluents, which only increased to 80.4% for the permeate of the bioreactors. In this case, similar 

to BOD5, R1 performed best with an average removal ratio of 79.5%. On the other hand, M2 barely 

outperformed M1 with an average of 81.9% to 81.6%, respectively.  

Although with lower removal ratios, an average value of 10.3% for effluents and 27.3% for 

permeates was recorded for TN. Bioreactor R3 outperformed it’s both competitors in both regards 

i.e., reactor and membrane’s performance. With an average removal ratio for effluent and permeate 

at 21.8% and 36.7%, respectively. Even though R2 has lava stones of similar weight to lava sand, 

the placement of the biocarrier here plays a more crucial role as sand was submerged while rocks 

were kept atop their respective reactors. 

Cake layer resistance (Rc) was the dominant fouling resistance with an average of 89.9% of total 

resistance throughout the study. Specific cake layer resistance (αc) was highest for phase I with an 

average value of 6.26 x 1013 m/kg. Overall, M3 provided the highest αc throughout all the phases 

with an average value of 9.92 x 1013 m/kg. Highest normalized flux for M1 was recorded during 

phase III at 7.86 LMH. Phase IV provided the highest values for M2 and M3 at 4.94 and 6.95 

LMH, respectively, with M1’s value during this phase at 6.04 LMH. Hence, opting a more frequent 

cleaning cycle (2-3 days) resulted in higher values of flux for 2 out of 3 membranes. 

Though results look promising, the study is limited by the small-scale setup and laboratory 

conditions. The presented results must be confirmed by long-term operation. Moreover, the 

cleaning protocol should be further optimized. Especially, future studies on pilot-scale setups 

should be conducted. As discussed earlier, economic analysis was calculated with the help of 

certain assumptions, as well as the same membrane and pumps were used throughout the life of 

the plant. In reality, membranes can be damaged, and pumps do lose their efficiency overtime, 

hence an increase in operational cost should be expected. One of the major assumption is regarding 

water consumption set at 270 L/p/d as provided by Veitur (Veitur, 2020b). If industrial flowrate is 

also taken into account, the value changes drastically to 1500 L/p/d (Sævarsson, 2018), which is 

5.5 times over the assumed value. Following the industrial value changes the current economic 

analysis trend drastically as flowrate is connected to most parameters used in calculations.  Finally, 

the concept of implementing GDM as a secondary WWT process should be further studied by 

conducting life cycle and an even more detailed economic assessment than the one presented in 

the study. 

 



46 

To summarize, key findings of the study are as follows: 

1. This study showed that GDM filtration of wastewater was not only effective but is also low cost 

and low energy intensive for Icelandic scenario. 

2. Reactor R1 performed best with respect to BOD5 and COD removal, while performing the 

second-best regarding TN removal. Permeate of M1 had the highest average removal for BOD5 

and COD, while second-best removal ratio for TN. 

3. Properties of permeate i.e., pH, turbidity and DO levels, for all membranes were well within the 

standards set by EU for wastewater discharge. On the other hand, conductivity levels indicate 

tertiary treatment is also required if the intent is to re-use the effluent of the system. 

4. Opting the cleaning protocol of phase IV i.e., soaking M1 and M2 while flushing M3 with 0.5% 

NaClO solution at 50 oC, gave the highest flux recovery for all three membranes, alongside highest 

normalized flux values for M2 and M3. Meanwhile, highest normalized flux for M1 was calculated 

during phase III. 

5. Cake layer resistance was found out to be the dominant fouling resistance, with an average of 

89.9% of overall fouling resistance, throughout the study.  

6. Economic analysis suggests that the synthetic fibre-based treatment plant was the least cost and 

energy intensive among the three biocarrier options available.  

To conclude, findings of this study showed that GDM filtration could be a promising solution to 

the current Icelandic wastewater treatment system. However, further studies need to be conducted, 

in detail, (1) studying different types of membrane and their configurations for GDM filtration; 

(2) up-scaling the GDM operation; (3) optimizing the cleaning protocol for long-term operation 

of the system; (4) detailed life cycle assessment and economic analysis of GDM filtration system 

for Icelandic scenario, as well as for developing countries (such as Africa, South America and 

South Asia) where no centralized wastewater treatment facilities are available.  
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