
 

 
No. B 2334 
Feb 2019 

 

 

Long term trials with membrane bioreactor for 
enhanced wastewater treatment 

-pilot Henriksdal 2040 

Sofia Lovisa Andersson, Klara Westling, Sofia Andersson, Erik Lindblom 

 In cooperation with Stockholm Vatten och Avfall AB 
  



Author: Sofia Lovisa Andersson, Klara Westling, Sofia Andersson, Erik Lindblom 
Funded by: Stiftelsen IVL och Stockholm Vatten och Avfall 
Photographer: Klara Westling 
Report number B 2334  
ISBN 978-91-7883-024-4 
Edition Only available as PDF for individual printing 
 
© IVL Swedish Environmental Research Institute 2019 
IVL Swedish Environmental Research Institute Ltd.  
P.O Box 210 60, S-100 31 Stockholm, Sweden 
Phone +46-(0)10-7886500  //  Fax +46-(0)10-7886590  //  www.ivl.se 
 
This report has been reviewed and approved in accordance with IVL's audited and approved 
management system. 

 



 

 

Preface 
This report presents work performed during 2017, within the long-term pilot study trials of 
municipal wastewater treatment with Membrane Bioreactors (MBR). The study is carried out in 
cooperation between IVL Swedish Environmental Research Institute and Stockholm Vatten och 
Avfall AB (Stockholm Water and Waste Company). The trials are performed at the R&D pilot 
facility Hammarby Sjöstadsverk in Stockholm, Sweden and they are jointly financed by the IVL 
foundation and Stockholm Vatten och Avfall AB.  
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Summary 
Within the project Stockholm’s Framtida Avloppsrening (SFA, Stockholm’s future wastewater 
treatment), Henriksdal wastewater treatment plant (WWTP) in Stockholm, Sweden, is being 
extended and rebuilt for increased capacity and enhanced treatment efficiency. The new process 
configuration at the Henriksdal WWTP has been designed for a capacity of 1.6 million population 
equivalents (PE) which is about twice as much as today. The design maximum flow of the 
biological treatment is 10 m3/s which is equivalent to 850 MLD. In addition, the treatment process 
has been designed to reach low nutrient concentrations in the effluent (5 mg BOD7/L, 6 mg TN/L 
and 0.2 mg TP/L). The extension of the plant will include new primary treatment, new primary 
settlers and a new treatment step for thickening of primary and waste activated sludge. The 
reconstruction will include retrofitting of the existing conventional activated sludge (CAS) tanks 
with a new membrane bioreactor (MBR) process containing 1.6 million m2 of membrane area. 
Digestion of thick sludge will be done at thermophilic conditions instead of mesophilic digestion of 
thin sludge.  

To increase the knowledge on membrane technology for wastewater treatment in Nordic 
conditions, Stockholm Vatten och Avfall (SVOA) decided in 2013 to conduct long-term pilot scale 
studies at the R&D facility Hammarby Sjöstadsverk, located on the premises of the Henriksdal 
WWTP. In 2017 it was decided to supplement the MBR pilot with a sludge treatment line in order 
to study the future digestion process. The pilot scale studies are carried out in cooperation with 
IVL Swedish Environmental Research Institute. This report presents the results from year 2017 
(project year 4) of the pilot scale studies. 

During 2017, a large focus was put on optimising the phosphorus removal, to verify the process 
design of the future Henriksdal WWTP in order to comply with the future effluent requirement of 
TP < 0.2 mg/L. The control for dosing of the precipitation chemicals was fine-tuned and the set-
point for effluent phosphorus was lowered during the year. It was shown that the future effluent 
requirement can be accomplished, even though more chemical addition was needed compared to 
when operating at current effluent requirement. 

Optimisation of resource consumption related to the membrane operation has also been in the 
spotlight during 2017. Trials to reduce the amount of scouring air used in the membrane tanks and 
the amount of chemicals used for membrane cleaning have been performed as well as a trial to 
increase the time period between recovery cleaning events. Even though these trials were not 
finished by the end of 2017, and will continue in 2018, indications show that there are large 
potential savings in both chemical and energy use when operating the membrane tanks, without 
risking any decrease in membrane capacity. 

In order to study any possible differences in cleaning effect and membrane performance, the acid 
used for cleaning one of the membrane tanks (MT1), was changed, in early 2017, from citric to 
oxalic acid, whereas the other membrane tank (MT2) was continuously cleaned with citric acid. 
The results showed that the effect of cleaning with oxalic acid was at least as good as when 
cleaning with citric acid. Since oxalic acid is cheaper than citric acid, there is a large economic 
saving potential in switching to oxalic acid. Also, high phosphorus concentration peaks detected in 
the effluent in connection to citric acid cleaning events, was not detected in connection to oxalic 
acid cleaning events. 
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The installation of the sludge treatment line (including sludge thickening, anaerobic digestion and 
sludge dewatering) continued throughout the year and in September the process was started up 
through seeding of sludge from the Henriksdal WWTP to the anaerobic digester. By the end of 
2017, the process was still in a start-up phase and a more detailed follow-up will be carried out in 
2018. 

A two-year long study on mapping of micro pollutants through the treatment process, such as 
pharmaceutical residues, micro plastics, bacteria, PFAS and chloro-organic halogens was started 
during autumn 2017 and the results of the first sampling campaign (out of a total of four planned 
campaigns, study is ending in 2019) is presented in this report. It shows that several substances are 
reduced in the process, but some have higher concentrations in the effluent compared to the 
influent, which might indicate that some substances are re-formed in the process. Further 
conclusions will be drawn once results from the following sampling campaigns are retrieved (in 
2019). 
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Sammanfattning 
Inom projektet Stockholms framtida avloppsrening (SFA) byggs Henriksdals avloppsreningsverk 
(ARV) om och ut för att klara en fördubblad kapacitet och ökade reningskrav. Det nya 
reningsverket är designat för en kapacitet på 1,6 miljoner personekvivalenter (pe), vilket motsvarar 
ungefär dubbelt så mycket som nu. Det nya reningsverket är också designat för att klara låga 
utsläppskrav med avseende på fosfor, kväve och BOD7 (5 mg BOD7/L, 6 mg N-tot/L och 0,2 mg P-
tot/L). 
 
Uppgraderingen av Henriksdals ARV inkluderar ombyggnation av befintliga konventionella 
aktivslambassänger (CAS) till en membranbioreaktorprocess (MBR) med 1,6 miljoner m2 
membranyta. Utöver detta byggs även en ny förbehandling, ny försedimentering och ett nytt 
behandlingssteg för primär- och överskottslam och det producerade slammet kommer att rötas 
under termofila förhållanden istället för som idag under mesofila förhållanden. 
 
MBR är en relativt väl beprövad teknik inom både industriell och kommunal avloppsrening men 
införandet i Henriksdal innebär en rad utmaningar för vilka tekniska och driftsmässiga lösningar 
utvecklas och testas i ett pilotprojekt på forskningsanläggningen Hammarby Sjöstadsverk, i ett 
projekt gemensamt finansierat av IVL Svenska Miljöinstitutet och Stockholm Vatten och Avfall. 
I den här delrapporten redovisas resultat från år 2017 (projektår 4) av pilotförsöksprojektet.  

För att bekräfta nya Henriksdals ARVs processdesign, och att denna ska kunna uppnå framtida 
utsläppskrav på totalfosfor (P-tot < 0,2 mg/L), har ett stort fokus under 2017 legat på optimering av 
fosforreduktionen. För att uppnå låga utgående halter i kombination med att ej överdosera 
fällningskemikalie så har styrning av fällningskemikaliedosering kontinuerligt justerats under året. 
Försöket har visat att det går att nå framtida reningskrav på totalfosfor, dock kommer mer 
fällningskemikalie att behöva doseras jämfört med mängd doserad i Henriksdals ARV idag. 

Under året har försök med optimering av resursförbrukning i membrantankarna genomförts, 
såsom försök med minskad luftmängd och minskad förbrukning av 
membranrengöringskemikalier (både minskad mängd i samband med rengöring samt längre 
tidsintervall mellan rengöringstillfällen). Dessa försök var inte avslutade vid slutet av året men de 
indikerar att det finns en stor potential att minska både energi- och kemikalieförbrukningen i 
membrantankarna, utan att kapaciteten hos membranen försämras. 

Kopplat mot försöken med optimering av resursförbrukning i membrantankarna, byttes syra för 
membranrengöring i en av membrantankarna (MT1) ut i början av året. MT1 rengjordes efter bytet 
med oxalsyra istället för som tidigare med citronsyra. MT2 rengjordes fortsatt med citronsyra. 
Resultaten visade att rengöringseffekten från oxalsyra var minst lika god som den med citronsyra, 
och eftersom oxalsyra är betydligt billigare i inköp jämfört med citronsyra finns en stor ekonomisk 
besparingspotential i att byta ut denna kemikalie. I samband med membranrengöring med 
citronsyra har det noterats temporära höga fosfatkoncentrationer i utgående vatten, men detta 
noterades inte i samband med membranrengöring med oxalsyra. 

Under hösten 2017 kompletterades vattenbehandlingslinjen med en slambehandlingslinje i 
pilotskala (förtjockning, rötning och avvattning). I slutet av året var denna behandlingslinje 
fortfarande i uppstartsfas och en mer detaljerad uppföljning kommer att genomföras under 2018. 
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En två år lång studie finansierad av Svenskt Vatten Utveckling (SVU) för kartläggning av oönskade 
mikroföreningar i MBR-processen startade också upp i slutet av 2017. Parametrar som kommer att 
kartläggas är exempelvis läkemedel, mikroskräp och PFAS. En första provtagningskampanj (av 
totalt fyra planerade) genomfördes hösten 2017 och resultatet från denna presenteras i denna 
rapport. Resultatet visade att flertalet substanser reduceras i processen men för vissa substanser 
var utgående halter högre än inkommande, vilket kan indikera att dessa kan återskapas i 
processen. Större slutsatser kommer att kunna dras när resultatet från samtliga genomförda 
provtagningskampanjer finns tillgängligt (2019).  



 Report B 2334  Long term trials with membrane bioreactor for enhanced wastewater treatment – pilot 
Henriksdal 2040 

 

10 

Terminology 
ADM1 Anaerobic Digestion Model No. 1 
Aerobic  Aerated  
Anoxic Non-aerated  
AOX  Adsorbable organic halogensm (mg/L) 
BOD7  Biochemical Oxygen Demand, 7 days (mg/L)  
BR1 to BR6  Biological reactor 1 to 6, sampling points 
BSM2 Benchmark Simulation Model No. 2 
CFD Computational Fluid Dynamics 
COD  Chemical Oxygen Demand (mg/L)  
cTOC  collodial Total Organic Carbon (mg/L)  
DDMS Dewatered digested mixed sludge, sampling point 
DMS Digested mixed sludge, sampling point 
DO  Dissolved Oxygen (mg/L)  
DS Daily composite sample (flow proportional) 
EFF  Effluent water, sampling point 
EOX  Extractable organic halogens (mg/L) 
Fe  Iron (mg/L)  
F/M ratio  Food to Mass, incoming substrate in relation to the amount of microorganisms  

(kg BOD7/kg SS, d)  
Flux  Flow rate per unit area (L/(m2·h)). Flux is a measurement of the load on the membranes 
Fouling  Clogging of the pores in the membranes, causing reduced flow rate through the membranes 
FS  Flat sheet (membrane type)  
GS Grab sample 
Hepta  Iron(II)sulfate heptahydrate  
HF  Hollow fibre (membrane type)  
HFO Hydrous ferric oxides  
IN Influent wastewater, sampling point 
MBR  Membrane BioReactor, bio reactor with membrane separation 
MLD Million litres per day 
MT1  Membrane tank 1 (of 2), sampling point  
MT2  Membrane tank 2 (of 2), sampling point  
MC  Maintenance cleaning  
MS Mixed sludge (PS+WAS), sampling point 
NIT Nitrification zone 
NH4-N  Ammonium nitrogen (mg/L)  
NO2-N  Nitrite nitrogen (mg/L)  
NO3-N  Nitrate nitrogen (mg/L)  
Org-N  Organically bound nitrogen (mg/L)  
PA Pre-aeration tank 
PE Population equivalent (defined as 70 g BOD7 per person and day) 
Permeability  Flux per TMP (L/(m2·h·bar)). Permeability is a measure of how well a specific flux permeates 

the membranes. The permeability gradually decreases with time due to fouling 
Permeate  The treated wastewater that has passed through the membranes 
PFAS Perfluorinated Alkylated Substances 
PIX  PIX 111, iron(III)chloride solution 
PO4-P  Phosphate phosphorus (mg/L)  
Pre-DN Pre-denitrification (Anoxic) 
Post-DN  Post-denitrification (Anoxic) 
PS  Primary sludge, sampling point  
PTW  Primary treated water, water after primary settler, sampling point 
RAS Return activated sludge, sampling point 
RAS-DeOx  Zone where return activated sludge (RAS) is led for reduction of DO concentration 
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RC  Recovery cleaning  
RWD Reject water from sludge dewatering, sampling point 
RWT Reject water from sludge thickening, sampling point 
Scouring air  Constant air flow around the membranes to reduce fouling  
SED  Pre-sedimentation (Primary settler)   
SFA 2040  Stockholms Framtida Avloppsvattenrening år 2040 (name of reconstruction project)1 
SS  Suspended Solids (mg/L)  
SVOA Stockholm Vatten och Avfall 
TDS  Total Dissolved Solids (mg/L)  
TOC  Total Organic Carbon (mg/L)  
TMP  Transmembrane pressure (mbar). The pressure difference between two sides of a membrane, 

shows how much force is needed to push water through a membrane 
TN  Total nitrogen (mg/L)  
TP  Total phosphorus (mg/L)  
TMS Thickened mixed sludge, sampling point 
TS  Total Solids (%)  
TSS  Total Suspended Solids (%)  
TTF  Time To Filter (s)  
VSS  Volatile Suspended Solids (%)  
WAS Waste activated sludge, sampling point 
WS Weekly composite sample 

  

                                                           

1 www.stockholmvattenochavfall.se/en/sfa-start/ 



 Report B 2334  Long term trials with membrane bioreactor for enhanced wastewater treatment – pilot 
Henriksdal 2040 

 

12 

1 Introduction 
This report presents the results from year 2017 (project year 4), of the pilot scale trials with 
membrane biological treatment of municipal wastewater, carried out in cooperation between IVL 
Swedish Environmental Research Institute and Stockholm Vatten och Avfall AB at the R&D facility 
Hammarby Sjöstadsverk, in Stockholm, Sweden. In the trials, an activated sludge process with a 
new process configuration is combined with membrane filtration to reach a higher level of both 
purification and operational stability. Project years 2014-2016 are presented in separate reports 
(Andersson, et al., 2017 ). 

In the initial chapters (2-3), the project background and the configuration of the pilot plant are 
described. An overview of the experimental plan is presented in chapter 4, followed by a method 
description in chapter 5. Finally, all results are presented and discussed in chapter 6. 
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2 Background 
Within the project Stockholm’s Framtida Avloppsrening (SFA, Stockholm’s future wastewater 
treatment), the Henriksdal WWTP in Stockholm, Sweden, is being extended and rebuilt for 
increased capacity and enhanced treatment efficiency. The decision to extend and rebuild is based 
on several factors such as; (i) SVOAs WWTP in Bromma will be decommissioned in 2025 to give 
space to new housing areas, and the wastewater will be led to the Henriksdal WWTP in a new 14 
km long sewage tunnel, (ii) the population in the Stockholm region is increasing at a high rate, 
resulting in an increased influent load, and, (iii) the Swedish Environmental Court has decided to 
sharpen the effluent requirements on the WWTPs in the Stockholm region, which demands more 
efficient wastewater treatment processes.  

The new process configuration at the Henriksdal WWTP has been designed for a capacity of 1.6 
million population equivalents (PE) which is about twice as much as today. The design maximum 
flow of the biological treatment is 10 m3/s which is equivalent to 850 MLD. In addition, the 
treatment process has been designed to reach low nutrient concentrations in the effluent 
(5 mg BOD7/L, 6 mg TN/L and 0.20 mg TP/L). The extension of the plant will include new primary 
treatment, new primary settlers and a new treatment step for thickening of primary and waste 
activated sludge. The reconstruction will include retrofitting of the existing conventional activated 
sludge (CAS) tanks with a new MBR-process containing 1.6 million m2 of membrane area. The first 
MBR-line, out of seven, will be taken into operation in 2020 and the retrofitting of all seven lines 
will take an additional 6-8 years. The sand filters, currently used as a final polishing step for 
phosphorus removal, will in the future be used for wet weather overflow treatment. Digestion of 
thick sludge will be done at thermophilic conditions instead of mesophilic digestion of thin sludge. 
Design data for the future Henriksdal WWTP can be found in Table 1, Table 2 and Table 3. 

The MBR technology is well-known internationally with long term experiences from both 
industrial and municipal WWT. In Italy and Germany relatively large municipal WWTPs with 
MBR-technology have been in operation for around 15 years (Brepols, 2010) (Judd, 2010). In USA, 
China, Japan, South Korea, France, Great Britain and Spain, there are several large MBR-plants 
(50,000-80,000 PE) which have been in operation for 5-10 years (Judd and Judd Limited, 2017). The 
largest MBR-plant in operation today is Seine Aval in France (commissioned in 2016), designed for 
an average inflow of 2.6 m3/s (www.thembrsite.com, 2018-01-11) which is less than half of the 
capacity of the future Henriksdal WWTP (design average 6.1 m3/s). 

Challenges for the future MBR-process at the Henriksdal WWTP include high seasonal variations 
in water temperature and inflow, affecting both the membrane performance and the nitrogen 
removal; to meet the low effluent requirements for phosphorus (0.20 mg TP/L) by means of pre- 
and simultaneous precipitation (no final polishing step), without affecting membrane performance; 
and to minimize the resource consumption.  

There are MBR-plants in the USA, eg. Broad Run and King William County in Virginia, Ruidoso in 
New Mexico and Cauley Creek and Yellow River in Georgia, that reach very low effluent nutrient 
concentration, 0.05-0.10 mg TP/L and 0-6 mg TN/L without final polishing steps (Pellegrin, et al., 
2015). Phosphorus removal at these plants is achieved by a combination of biological phosphorus 
removal (EBPR) and precipitation using a trivalent metal ion (Al3+ or Fe3+). However, none of these 
treatment plants use ferrous (Fe2+), which is planned to be utilized at the Henriksdal WWTP, or 
have as low incoming water temperatures as the Henriksdal WWTP. 

http://www.thembrsite.com/
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The SFA-project will also affect the sludge treatment. The load on the digesters is expected to 
double but the digester volume will not be expanded. Consequently, digestion has to be performed 
with high organic load and short hydraulic retention time. To manage this, the raw sludge will be 
thickened and digestion will be performed at thermophilic conditions. There are several 
uncertainties regarding the sludge handling, including: function of thickening of fine particulate 
MBR-sludge, stability of the digestion process, biogas production potential, smell, pumping of 
thick sludge, and function of dewatering of thermophilic digested sludge. 

To increase the knowledge on membrane technology for WWT in Nordic conditions, SVOA 
decided in 2013 to conduct long-term pilot scale studies at the R&D facility Hammarby 
Sjöstadsverk, located on the premises of the Henriksdal WWTP. In 2017 SVOA decided to 
supplement the MBR-pilot with a sludge treatment line in order to study the future digestion 
process. The pilot scale studies are carried out in cooperation with IVL Swedish Environmental 
Research Institute. 
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3 Description of the pilot plant 
The pilot plant has been designed to be a small copy of the future Henriksdal WWTP plant, scale  
1: 6,700. The incoming wastewater is pumped from the Henriksdal inlet with a mean flow of 
around 3.2 m3/h. Primary treatment comprise a fine screen, pre-aeration, a primary settler and fine 
sieve. The biological treatment consists of a pre- and post-denitrification followed by two parallel 
membrane tanks. The sludge treatment consists of thickening, anaerobic digestion and dewatering. 
The pilot plant process set-up is shown in Figure 1. All equipment in the pilot has been linked to a 
control system and process control is highly automated.  

 
Figure 1. Flow scheme of the pilot WWTP.  

The reactor volumes of the pilot plant and the function of each reactor are specified in Table 1 
together with a comparison to the future Henriksdal WWTP design. 
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Table 1. Reactor volumes in the wastewater treatment line in the pilot compared to the future Henriksdal 
WWTP (SFA). 

Tank Pilot (m3)  Future  
H-dal (m3)  

Scale factor  
H-dal/Pilot  

Specification  

Pre-treatment 
PA (sand 
trap)  

0.7 2 460 - Pre-aeration. Dosing point 1 Fe2+.  

SED  3.3 30 000 9 200 Primary settler. Withdrawal of primary 
sludge.  

Membrane bioreactor (MBR) 
BR1  4.8 33 500 7 000 Stirred. Pre-denitrification. 
BR2  4.8 33 500 7 000 Stirred. Pre-denitrification. 
BR3  4.8 40 000 8 300 Stirred/(aerated). Pre-

denitrification/(nitrification). FLEX.  
BR4  4.8 31 000 6 500 Aerated. Nitrification. Dosing point 2 Fe2+  
BR5ox  1.5 10 000 6 700 Aerated. Nitrification.  
BR5DeOx  3.3 15 000 4 500 Stirred. DeOx.  
BR6  4.8 24 000 5 000 Stirred. Post-denitrification. Dosing external 

carbon. Dosing point 3 Fe3+.  
MT1  1.45 9 750 6 700 Aerated. Membrane tank.  
MT2  1.45 9 750 6 700 Aerated. Membrane tank.  
RAS-DeOx  2.7 18 000 6 700 Stirred. DeOx. Addition of reject water (RWD). 

Withdrawal of WAS (before addition of RWD.  
Summary MBR 
Total MBR 34.4  224 500  6 500  BR1-6, MT1-2, RAS-DeOx 

Sludge treatment 
MS tank 0.4 1 060 2 650 Stirred. Tank for PS + WAS before thickening 

Digester 5.9* 38 000 6 500 Stirred. Anaerobic digestion volume 

DMS tank 0.2 9 000 45 000 Circulation mixing. Tank for digested mixed 
sludge before dewatering. 

*The volume is set by choosing the liquid level in the digester and can be increased or decreased. 

3.1 Process description wastewater 
treatment 

A schematic view of the wastewater treatment line is presented in Figure 2. 
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Figure 2. Process set-up for the wastewater treatment line. 

3.1.1 Incoming wastewater 
Incoming wastewater to the pilot plant is pumped from the Danviken tunnel, one of five inlet 
tunnels to Henriksdal WWTP plant. The pilot influent contains 10-20% higher concentration of 
organic matter (BOD7) than the combined average inflow to the Henriksdal WWTP and about 60% 
higher BOD7-concentration than in the inlet to the Bromma WWTP (the combined inlet from 
Henriksdal and Bromma will make up the future inlet to the Henriksdal WWTP, after 
reconstruction). The incoming flow rate to the pilot plant is proportional to the projected inflow to 
the Henriksdal WWTP year 2040. Flow variations in the inflow are proportional to the actual 
variations in inflow to the Henriksdal WWTP (controlled by signal from flow meters in the full 
scale plant).  

Since the influent to the pilot is set by the scaled down flow rate, and not a scaled down load, the 
incoming load on the pilot plant is proportionally higher than the corresponding design load for 
the Henriksdal WWTP, year 2040, see Table 2. 

In addition, the incoming wastewater to the pilot has a higher temperature than incoming 
wastewater to Henriksdal. Up until April 2017 the fine sieved inflow passed heat exchangers which 
cooled incoming wastewater to the same temperature as the inflow to Henriksdal. During 
reconstruction of the pre-treatment the heat exchangers were taken out of operation due to 
repeated clogging after installation of the new coarser fine sieve. The rest of the year the pilot was 
operated without heat exchanger on incoming wastewater, see Figure 3. 
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Figure 3. Influent temperatures to the MBR pilot (red line) and the Henriksdal WWTP (green line). 

3.1.2 Pre-treatment 
The pre-treatment steps in the pilot were reconstructed during 2017. Initially it consisted of a 2 mm 
punch-hole fine-sieve, a pre-aeration tank with Ferrous dosing and an under-dimensioned vertical 
flow primary settling tank (scale 1:12,000). This setup differs from the design of the future 
Henriksdal WWTP where 2 mm step-screens will be followed by aerated sand traps with Ferrous 
dosing, horizontal primary settlers and 2 mm punch hole drum sieves. To improve the compliance 
with the future Henriksdal design, the pre-treatment in the pilot was reconstructed during week 
23-27 (June, July). The fine-sieve was replaced by a 6 mm punch hole sieve (efficiency similar to 2 
mm step screen). The primary settler, with a surface area of 1,13 m2, was extended vertically from a 
water depth of 2.8 to 4.3 m, which increased the volume by 32% (scale 1:9,200 compared to the 
future Henriksdal design). Finally, a 0,6 mm punch hole drum sieve was installed between the 
primary settling tank and the biology, see Figure 4. The small hole size for the drum sieve was 
chosen to enable the study of clogging tendencies.  

 
Figure 4. Photo of the fine sieve installation 

The inlet to the primary settling tank was also rebuilt in order to improve the settling conditions. 
Several options were considered and the final choice, to install a wider inlet pipe, was based on 
Computational Fluid Dynamics (CFD) simulations, see Figure 5. 
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Figure 5. CFD simulation results for the old primary settling tank and the option to widen the inlet pipe. 

3.1.3 Biological treatment 
The biological treatment consists of six identical biological reactor tanks, BR1-6, see Figure 6. All 
tanks are equipped with stirrers and BR3 to BR5 are equipped with membrane disc aerators. BR5 is 
divided into two zones where the first one is aerated and the second one is stirred. The biological 
process is operated with pre-denitrification, nitrification and post-denitrification with methanol as 
external carbon source. The oxygen-rich return activated sludge (RAS) flow (4×Q) passes a specific 
RAS-DeOx zone where RAS is mixed with ammonium-rich reject water from digested sludge 
dewatering before recirculation to the pre-denitrification zone. Waste activated sludge (WAS) is 
taken out from the return sludge stream, after the membrane tanks and prior to the RAS-DeOx. 
Precipitation chemical for phosphorus removal is dosed in BR4. 

 
Figure 6. Photo of the top of biological treatment tanks BR2-4 

The biological treatment set-up is almost identical to the design of the future Henriksdal WWTP in 
scale 1:6700, with few minor exceptions. The DeOx zone in BR5 and the post-denitrification zone in 
BR6 are slightly over dimensioned. The discrepancy depends on the size of the existing tanks in the 
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pilot plant and the difficulties in creating zones within the tanks. When setting up the pilot, a 
correct volume of the aerated zones for nitrification was given priority (BR4 and BR5ox), as the size 
of this zone will be crucial for the nitrogen removal.  

Another difference between the pilot and the future Henriksdal WWTP is that the pilot lacks a 
RAS-channel. Instead the RAS flows directly from the membrane tanks into the RAS-deox from 
where it is pumped back into BR1. In the full scale plant the RAS will flow into a RAS-channel by 
gravity and then be pumped into the RAS-deox zone from where it will flow to the pre-
denitrification zone by gravity. The volume of the RAS-channel will be small (HRT ~ 2 minutes) 
which puts a lot of pressure on the RAS-pumps. This cannot be tested in the pilot since the RAS-
deox volume is much larger (HRT ~ 48 min). Table 1 shows the size of the treatment volumes in the 
pilot plant compared to the design of the future full scale system at Henriksdal. 

3.1.4 Membrane tanks  
The pilot plant only has two membrane tanks that can be put in and out of operation for 
optimal/energy efficient membrane operation, while each line in the full-scale plant will have 12 
membrane tanks. Thus, the membranes in the pilot plant cannot be operated in the exact same way 
as intended in the full-scale plant and it makes it difficult to evaluate e.g. energy consumption.  

In the pilot, hollow fiber membrane from Suez with a nominal pore size of 0.04 μm is used. The 
membrane pilot is made up of two cassettes (2.5 m x 1.0 m x 0.34 m) consisting of three membrane 
modules each, see Figure 7, immersed in two separate tanks. Each module has a membrane area of 
34.4 m2 and consists of membrane fibers fastened at the top and bottom of the cassette frame. The 
filtered water (permeate) is transported on the inside of the fibers to connections in both the 
bottom and the top of the module. The membranes are kept clean during operation by aeration 
from below. As shown in Figure 7c, the membranes are not completely tensioned between the top 
and bottom, so that the air bubbles causes the fibers to move and thus more easily remove sludge 
stuck on the membrane fibers. 
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Figure 7. The membrane during installation of the pilot. a) Membrane cassette with three membrane 
modules, b) cassette lowered into the tank, view from above, c) mounting and aeration equipment at the 
bottom of the cassette, d) permeate connections (yellow) at the top of the cassette. 

The total membrane surface area in the pilot (204 m2) corresponds to the design membrane surface 
installed in six treatment lines in the full scale plant. The reasons for this are both that it 
corresponds to two standard design pilot cassettes from the manufacturer and that the SFA design 
has accounted for that the design max flow rate to the biological treatment could be treated even if 
one of the seven treatment lines are out of operation.   

In future Henriksdal, each treatment line (a total of 7) will have 12 membrane tanks each that can 
be taken into and out of operation depending on the influent flow rate. Each membrane tank is 
equipped with 12 cassettes, consisting of 48 modules. This provides good flexibility and an 
opportunity to always have a constant flux across the membrane surface. In the pilot there are only 
two membrane tanks, which give less flexibility than will be found at Henriksdal. At design flow 
rate and normal operation, a membrane area of approximately 160 m2 would have to be in 
operation in the pilot, which corresponds to 4.7 modules. However, the pilot could only be 
operated with three or six modules in operation, as a pilot cassette contains 3 modules. To enable 
operation at a constant flux, the pilot was equipped with permeate recirculation, meaning that the 
flow through the membranes was higher than the inflow but this was compensated by having a 
partial flow of the permeate recycled to the membrane tank. 

The airflow requirement for membrane cleaning in the pilot plant is higher than the corresponding 
airflow in the Henriksdal design since both cassettes in the pilot plant have to be aerated all the 
time. In future Henriksdal, only the number of membrane tanks required for the current flow will 
be operation and only the membrane tanks in operation will be constantly aerated, which means a 
minimum air consumption. 

a) b) 

c) d) 
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The two membrane cassettes in the pilot were parallel to enable comparisons of different 
operational strategies.  

3.2 Process description sludge treatment 
During 2017 the MBR-pilot was supplemented with a sludge treatment line proportional to the 
sludge treatment of the future Henriksdal design. It was taken into operation in September but due 
to several constructional and operational mistakes, which have been corrected along the way, no 
stable operation was obtained during the year. The sludge treatment pilot is visualized in Figure 8. 
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Figure 8. Process set-up for the sludge treatment line. 

3.2.1 Thickening 
Primary sludge and waste activated sludge is intermittently pumped to the mixed sludge tank. 
Mixed sludge is then pumped to a rotating drum sieve thickener. Polymer is dosed inline in one of 
three possible dosing points, see Figure 9. Reject water from the thickener flows by gravity into a 
tank and is pumped back to the pre-aeration tank in the wastewater treatment line. Thickened 
mixed sludge is pumped to a heat exchanger for preheating before it is injected into the digesters 
heat exchanger recirculation circuit and fed into the digester.  

A major difference between the sludge treatment pilot and the future Henriksdal WWTP is that the 
primary and the waste activated sludge will be thickened separately at Henriksdal while the two 
sludge types are mixed before thickening in the pilot. This solution was chosen because of space 
and budget limitations and the fact that the main purpose with the pilot is to study high loaded 
digestion with short HRT. In addition, at Henriksdal, centrifuges and band thickeners will be used, 
not drum sieves. Choice of equipment for the pilot was done based on price and availability of 
small size machines. 



 Report B 2334  Long term trials with membrane bioreactor for enhanced wastewater treatment – pilot 
Henriksdal 2040 

 

23 

     
Figure 9. Photo of thickener and polymer dosing points. 

3.2.2 Digestion 
The digester is cylindrical with a base area of 2.54 m2 and a variable water level. During 2017 the 
volume was kept at 5.9 m3 which corresponds to full digester capacity in the future Henriksdal 
WWTP (scale 1:6,700). The sludge is kept in suspension by a stirrer and by the recirculation flow. 
The recirculation circuit consist of a pump which is operated at its minimum capacity, 
approximately 3 m3/h, and a heat exchanger controlled by a temperature meter in the digester. 
Digested sludge is pumped out of the digester, through a heat exchanger which can cool the sludge 
to a chosen temperature, and into an equalization tank (digested sludge tank).  

Thickened mixed sludge was digested at mesophilic conditions. During 2018, after a mesophilic 
reference period, the temperature will be increased and thermophilic digestion applied which will 
be the mode of operation at the future Henriksdal WWTP.  

No external organic material was fed to the digester. In the future Henriksdal design, fat from 
restaurant drains and industrial byproducts like glycerol will be co-digested with WWT-sludge. 

3.2.3 Dewatering 
Digested sludge is pumped out of the digested sludge tank into a pressurized, stirred mixing tank. 
Polymer is dosed inline just before the inlet to the mixing tank. From the mixing tank digested 
sludge is fed into a screw press. Dewatered sludge is collected in a vessel and weighted. The 
dewatering equipment is shown in Figure 10. 

Reject water from digested sludge dewatering is collected in a tank and is continuously pumped 
through a filter into the RAS-deox zone in the wastewater treatment line.  
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Figure 10. Photo of the dewatering equipment in the pilot. 

3.3 Flow rate and load 
Mean values for flow rates and loads in the pilot wastewater and sludge treatment lines during 
2017 are shown in Table 2 and Table 3 respectively, together with the design values for the future 
Henriksdal WWTP. The five weeks in June and July, week 23-27, when the pilot was not in 
operation due to reconstruction of the primary treatment are not included. The design data for the 
pilot are also given in the table for comparison.  

The average incoming flowrate in 2017 was slightly higher than the target value; 3.4 m3/ h 
compared to the targeted average flow rate 3.2 m3/h.  

The influent was limited for periods of time for different reasons; such as problems with the 
pumps providing Hammarby Sjöstadsverk with wastewater from the Henriksdal inlet, limitations 
during trials with a provisional fine sieve (during week 12 to week 23) and clogging of the heat 
exchangers which are cooling the incoming wastewater. The pilot was operated with 25% 
increased influent from week 30 to compensate loss of load when there was no reject water 
available.  
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Table 2. Operation and design data for the wastewater treatment line in the pilot plant and design data 
(year 2040) for the future Henriksdal WWTP. 

Parameter  Unit  Value Pilot Design Pilot Design 
future H-dal 

Design H-dal/ 
Value Piloti 

Flowrates 
Average influent flowrate, Qin  m3/h  3.4 3.16 20 880 6 100 
Design flowrate, Qdim m3/h  3.32 21 960 6 600 
Max flowrate  m3/h 5.5 5.44 36 000 6 500 
Min flowrate m3/h 1.8 1.8 11 600 6 400 
Nitrate recirculation flowrate  m3/h 5.1-13.1 3.8-13.3 - - 
Nitrate recirculation flowrate × Qin  2.6 1.2-4.2ii 0-4 - 
RAS flowrate  m3/h 4.1-26.7 3.6-19 - - 
RAS flowrate  × Qin  2.9 1.1-5.9ii 4 (3-5) 1.4 
Incoming load 
BOD7 influent  mg/L  269 206iii 216 0.8 
SS influent  mg/L  294 201iii 280 1.0 
TN influent  mg/L  47 44iii 37 0.8 
TP influent  mg/L  6.3 5.7iii 4.9 0.8 
Primary settler (SED) 
BOD7 reduction over SED  %  30 46 50iv 1.7 
SS-reduction over SED  %  37 60 60iv 1.6 
TN reduction over SED  %  4 10 10iv 2.5 
TP reduction over SED  %  14 40 40iv 2.9 
BOD7 PTW mg/L  190 112 108 0.6 
SS PTW mg/L  183 80 112 0.6 
TN PTW mg/L  45 40 33 0.7 
TP PTW mg/L  5.4 3.4 3.0 0.6 
SS removed over SED  kg SS/d  9.1 13.3v 89 300 9 800 
Primary sludge production  kg SS/d  13.1 17.2v 115 000 8 800 
VS-concentration PS % of TS 88% 77% 77%  
Biological treatment 
BOD7-load PTW (at average 
flowrate)  

kg BOD7/d  15.1 8.6 57 500 3 800 

Specific WAS-production vi kg SS/kg BOD7  1.01 1.02 1.02 1.0 
WAS production, average kg SS/d  15.2 8.8 58 600 3 900 
VSS-concentration WAS % of SS  74% 64% 64% 0.9  
SS in biological tanks  mg/L  7 900 8 000 8 000 1.0 
SS in membrane tanks  mg/L  9 700 10 000 10 000 1.0 
Total sludge age d  18.6 32.0 31.2 1.7 
Membrane tanks 
Installed membrane area (gross) m2 206 206 1 600 000 7 800 
Permeate recirculation m3/h 0.03-0.9 0.05-2 - - 
Net flux average (at average T) l/m2,h 19.5 17.9 20.9 1.1 
Net flux max l/m2.h 25.9 30.8 30 1.2 
Net flux min l/m2.h 16.5 8 -  
Permeate pumping max m3/h 7.0 12.4 62 250 8 900 
Permeate pumping min m3/h 0 0 0 - 
Specific air demand at Leap-Lo vii Nm3/h, m2 0.136 0.136 0.098 0.7 
Specific air demand at Leap-Hi vii Nm3/h, m2 0.252 0.252 0.196 0.8 

 i Design SFA divided by Value pilot. Value either 6 700 or 1 for complete compliance. 
ii Based on average flowrate 3.2 m3/h. 
iii Design based on data from 2015. 
iv Measured at Fe-dosage ca 10 g/m3 in FL/sand trap.  
v Calculated based on incoming load/scaled from SFA design with factor 6 700. 
vi Excluding external carbon source.   
vii Aeration of the membranes had two modes, one with lower (Leap-Lo) and one with higher air flowrate (Leap-Hi).   
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Table 3. Operation and design data for the sludge treatment line in the pilot plant and design data (year 
2040) for the future Henriksdal WWTP. 

Parameter  Unit  Value Pilot  Design 
Pilot  

Design 
SFA  

Design SFA/ 
Value Pilot 

Into thickener 
Flow mixed sludge (MS) L/h 79 70 444 000a 5 600 
TS-concentration MS % 1.5% 1,6% 1.6% 0.9 
VS-concentration MS % of TS 82 72 72 1.1 
TS-load MS kg TS/d  28.3 27.5 173 600 6 100 
Polymer consumption g/kg TS varied 5 6  
After thickener (TMS into digester) 
Flow thickened mixed sludge (TMS) L/h 14.3b 16,6 118 000 8 300 
TS-concentration TMS % 5.2% 6.7% 6.0% 0.9 
Efficiency thickener % of TSin 85% 97% 98% 0.87 
TS-load TMS kg TS/d 17.8b 27.0 172 000 9 700 
VS-load TMS kg VS/d 14.5 19.5 124 000 8 600 
Flow reject RWT L/h 32.0 b 53.4 326 000 10 200 
SS-concentration reject RWT mg/L 3 600 650 500 7.2 
Flow external organic material (EOM) L/h 0 0 11 400 - 
VS-load EOM kg VS/d 0 0 44 000 - 
Digestion 
Digester temperature °C 37 37/55 55 - 
Retention time d 19 15 12c 1.6 
Specific VS-load kg VS/m3,d 2.5 3.3 4.1c 0.6 
Digestion efficiency % of VSin 50% 50% 52%c 1.0 
VFA-concentration mg/L  - - - 
Out of digester 
Flow DMS L/h 14.3 16.6 123 000 8 600 
TS-concentration DMS % 2.8 4.4 3.9 0.7 
VS-concentration DMS % of TS 67% 56% 60% 1.1 
TS-load DMS kg TS/d 9.5 18.0 124 000 13 500 
VS-load DMS kg VS/d 6.9 9.8 74 000 10 700 
Specific biogas production Nm3/kg VSdigested 0.7 1.0 1.0 0.7 
Flow biogas Nm3/d 5.0d 9.7 81 000c 16 200 
Methane content biogas % 60% 65% 65% 0.9 
After dewatering 
Flow DDMS L/h Not in 

operation 
16.6 17 000 - 

TS-concentration DDMS % 30% 30% - 
Flow reject RWD L/h 14.2 114 000 - 
SS-concentration reject RWD mg/L 1 050 900 - 
Polymer consumption dewatering g/kg TS 10 6-10 - 

a) WAS and PS are thickened separately in the future Henriksdal process. 
b) Not equal to the production of mixed sludge due to repeated operation failures.  
c) Without addition of external organic material HRT is 13 d; VS-load 3.3 kg VS/m3,d; digestion efficiency 42%; and biogas 

production 52 000 Nm3/d. 
d) m3/d not Nm3/d. 

3.4 Chemicals 
During 2017 methanol was used as external carbon source in the post denitrification zone. The 
phosphorus was precipitated using ferrous(II)sulphate at two dosing points and ferric(III)chloride 
in one point. For membrane cleaning sodium hypochlorite was used for both MTs while one MT 
was cleaned using citric acid and the other one using oxalic acid. 
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3.4.1 External carbon source 
Methanol was used as external carbon source during most of the year. It was delivered in 25 L 
canisters and had a concentration of 1 200 g COD/L (concentration 100 % by weight). Previous 
years other external carbon sources were tested. The first and parts of the second year (until April 
2015) sodium acetate was used, and the second and third year (2015-2016) Brenntaplus was used. 

The dosing point of methanol was initially located in BR6 below surface, and controlled by using 
feedback controller from measured nitrate concentration in BR6 (setpoint 3 mg NO3-N/L).  

Week 24 the dosing point was moved to the BR5 deox-zone in order to prolong the residence time 
for the added carbon and avoid leakage into the membrane tanks. 

During large parts of 2017, no addition of carbon source was required because nitrate in BR6 was 
below the setpoint. During the periods when it was dosed, dosing only occurred during peak flow 
hours of the day. 

More about carbon source addition and treatment results can be found in section 6.2.2. 

3.4.2 Precipitation chemicals 
Phosphorus was removed in the aqueous phase by precipitation with iron(II)sulfate heptahydrate 
(termed "hepta" in the report) and PIX 111 (iron(III)chloride; termed "PIX" in the report) in three 
dosing points; hepta in aerated pre-precipitation tank, hepta in the aerated part of the biological 
treatment (BR4) and PIX at the end of post-denitrification (BR6). Further details on the control of 
precipitation chemicals are given in section 6.3.1. 

Hepta was collected in diluted form from Henriksdal treatment plant in batches of about 500 L. 
The iron content of the hepta solution varied during the experimental period between 20-63 g/L. 
For the batches used in the experiment, the iron content was determined by density measurement 
for each batch. 

PIX was delivered as solution with a concentration of 35-45% by weight as specified by the 
supplier. An iron concentration of 195.6 g Fe/L has been used for control and dose calculation. 

3.4.3 Chemicals for membrane cleaning 
The membranes have been cleaned regularly with sodium hypochlorite and either citric acid or 
oxalic acid. For more information on how the cleanings were carried out, see section 6.5.3. 
 
Sodium hypochlorite was delivered as a solution with a concentration of 10-20% by weight (150-
185 g Cl2/L), as specified by the supplier. The chlorine concentration in sodium hypochlorite 
decreases during storage. To prevent fast degradation the sodium hypochlorite has been stored in 
a closed, dark container. According to literature the rate of the degradation also decreases if the 
solution is diluted upon delivery (p.68. Svenskt Vatten. 2010). During 2017, both diluted and 
concentrated sodium hypochlorite in the storage tank has been tested, and pumping have been 
adjusted to provide the right concentration in the solution entering the membranes during 
cleanings. Dilution was done with tap water to a concentration of about 60 g Cl2/L The 
concentration of sodium hypochlorite in the storage tank varied between 20 and 130 g Cl2/ L 
during the year. More about degradation of the sodium hypochlorite can be found in section 6.5.3.  
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Citric acid solution was delivered with 51% by weight as specified by the supplier. 

Oxalic acid was delivered as powder which was dissolved in batches to a saturated solution (8% by 
weight).  

3.4.4 Polymers 
For thickening of mixed sludge an anionic polymer, Superfloc C-1592RS (Kemira) was used and for 
dewatering of digested sludge Superfloc C-1598 (Kemira) was used. Polymer was delivered in 
solution and prepared to 0.15% by weight solution in automated polymer make up units.  

3.5 Control system 
The pilot plant uses a control system consisting of a PLC (ABB AC800M) and a SCADA (UniView 
version 9.01). The control system is a standard system used at several treatment plants in Sweden. 
All equipment connected to the pilot, including the membranes, is controlled via the control 
system, with the exception of pumping of reject water that was locally controlled. Implementation 
of the control has been carried out within the project, which provides great flexibility to adapt and 
optimize control. 

4 Experimental plan year 2017 
During 2017, a large focus was put on optimising the phosphorus removal, to verify the process 
design of the future Henriksdal WWTP in order to comply with the future effluent requirement of 
TP < 0.20 mg/L. The control for dosing of the precipitation chemicals was fine-tuned and the set-
point for effluent phosphorus was lowered during the year.   

Since the process design for nitrogen and BOD removal was verified during the 2016 trials, the 
objective concerning these parameters during 2017 was to maintain stable and low effluent 
concentrations in order to comply with the future effluent requirements of TN < 6 mg/L and BOD7 

< 2 mg/L. In the beginning of the year, the external carbon source used was changed from 
Brenntaplus to methanol (MeOH) in order to further imitate the future full-scale Henriksdal 
WWTP.  

A cold water test was conducted, where the inlet wastewater temperature was cooled to 
approximately 10 °C to test the membrane performance and nitrogen removal during several 
weeks with cold temperatures.  

Optimisation of resource consumption has also been in the spotlight during 2017. Trials to reduce 
the amount of scouring air used in the membrane tanks and the amount of chemicals used for 
membrane cleaning have been performed as well as a trial to increase the time period between 
recovery cleaning events. During a period of approximately 2 months in the autumn of 2017, there 
was an error in the hypochlorite pump for membrane cleaning, trials were performed with only 
acid as membrane cleaning chemical. During the first year of operation, citric acid was used for the 
acid part of membrane cleaning. Early 2017, this chemical was changed to oxalic acid for one of the 
membrane tanks (i.e. MT1) in order to study any possible differences in cleaning effect and 
membrane performance. 
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The process was shut down during a period of four weeks in the summer (June and July) due to 
reconstruction of the primary treatment; hence no trials were performed in connection to this 
period. After reconstruction, the function and operational stability of the new pre-treatment was 
evaluated. 

The installation of the sludge treatment line (including sludge thickening, anaerobic digestion and 
sludge dewatering) continued throughout the year and in September the process was started up 
through seeding of sludge from the Henriksdal WWTP to the anaerobic digester.  

A two years long study on mapping of micro pollutants through the treatment process, such as 
pharmaceutical residues, micro plastics, bacteria, PFAS and chloro-organic halogens was started 
during autumn 2017 and the results of the first sampling campaign (out of a total of four planned 
campaigns) is presented in this report. 

The experimental plan of year 2017 is presented in Table 4. 

Table 4. Experimental plan of year 2017. 

Trial Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Optimisation of P removal             
Brenntaplus used as carbon source             
Methanol used as carbon source             
Cold water test             
Optimisation of scouring air use             
Citric acid used for cleaning of both MTs             
Oxalic acid and citric acid used for cleaning 
of one MT each             
Optimisation of membrane cleaning chemical 
use              
Recovery cleaning and sampling             
Mapping of micro-pollutants             
Reconstruction of primary treatment             
Sludge treatment in operation             

 

5 Method 

5.1 Sampling and analyses  
Eurofins Environment Sweden AB (Lidköping) conducted analyses of water from five different 
sampling points: IN (influent wastewater), PTW (primary treated water), EFF (effluent water), 
activated sludge from bioreactor BR4 (SLUDGE 1) and return slugde from RAS-DeOx (SLUDGE 2). 
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Figure 11. Sampling points in water treatment line marked as black circles. 

Three different sampling types were used: daily composite samples, weekly composite samples 
and grab samples. Daily samples were taken with automatic samplers set for flow proportional 
sampling. Weekly samples were mixed from the daily samples proportionally to the mean flow 
during the respective days. Grab samples were an instantaneous sample taken from the respective 
tank. The weekly composite samples were conserved with 1 part 4M sulfuric acid to 100 parts 
sample volume, except for the samples analysed for TOC which were conserved with 2M 
hydrochloric acid in corresponding proportions. 

Table 5 lists the parameters analysed at the accredited laboratory for the respective sampling 
points and sample types. One portion of the grab sample of sludge from the RAS-DeOx which was 
sent to Eurofins, was used to measure sludge volume (SVI) and time to filter (TTF) at IVL’s 
laboratory at Hammarby Sjöstadsverk. 

Table 5. Sampling points, parameters and number of samples per week sent for external analyses. 
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Weekly composite samples              

IN 1 1 
 

1 
    

1 1 1 1 
 

PTW 1 1 
 

1 
    

1 1 1 1 
 

EFF 1 
  

1 
    

1 1 1 1 
 

Total number 6 2 2 6 3 5 5 1 3 3 3 7 1 

 

In addition to the external analyses, analyses were also performed internally at IVL’s laboratory at 
Hammarby Sjöstadsverk by means of colorimetric methods using a spectrophotometer (WTW 
photolab 6600) and standard cuvette tests. The daily composite samples were analysed according 
to Table 6. Additional analyses of daily composite samples or grab samples were also done in order 
to calibrate process instruments. The reject water from digested sludge dewatering has been 
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analysed regularly for suspended solids (SS), filtered and total COD, total nitrogen and ammonium 
nitrogen at each delivery (every two weeks). 

Table 6. Internal analyses on daily composite samples from effluent samples.  
 

Weekday 
Analysis Monday Wednesday Friday 
EFF COD  X  

EFF NH4-N  X  

EFF NO3-N X X X 
EFF TN  X  

EFF PO4-P X X X 
EFF TP  X  

 

5.2 Online measurements 
The process was controlled and/or monitored with a number of online sensors installed in the 
treatment line. Dynamic values from online measurements supplemented information from the 
analysis results, and were used for continuous follow-up and control of the process. A summary of 
the most important online measurements is shown in Table 7 and Table 8. In addition to online 
sensors, there was also an on-line analyser for PO4-P and NO3-N sampling from the effluent. 
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Table 7. Placement of on-line sensors in MBR. 

Placement Parameter  Function  
General Flowrate 

(water)  
Measure all recirculation streams  

IN  Temperature  Measure the incoming wastewater temperature. Sometimes used for 
control  

IN  Flowrate 
(water) 

Measure the influent water 

IN  SS  Monitor influent suspended solids 
PTW  NH4-N  Measure incoming ammonium  
BR1  DO  Monitor DO  
BR2  DO  Monitor DO 
BR2  NH4-N  Measure ammonium in to aerated part of biological treatment. Sometimes 

used for control 
BR3  DO  Controlling DO 
BR3  Flowrate (air) Measure air consumption  
BR4  DO  Controlling DO  
BR4  Flowrate (air) Measure air consumption 
BR4  SS  Measure suspended solids  
BR5  DO  Controlling DO 
BR5  Flowrate (air) Measure air consumption 
BR5  NO3-N  Measure nitrate, monitor function of post-denitrification 
BR6  NO3-N  Measure nitrate, control dosage of external carbon 
BR6  pH  Measure pH in the biological treatment 
MT1/MT2 Temperature  Measure temperature in membrane tank (x2)  
MT1/MT2 DO  Measure DO in membrane tank (x2)  
MT1/MT2 Pressure Level and pressure measurements for calculation of TMP (4 sensors)  
MT1/MT2 Flowrate 

(water)  
Effluent of permeate from membrane 1 and 2 (x2)  

MT1/MT2 Flowrate (air) Measure air consumption (x2)  
RAS-DeOx  SS  Measure suspended solids  
RAS-DeOx  DO  Monitoring DO 
RAS-DeOx  NH4-N  Measure ammonium concentration (after addition of reject water)  
EFF  PO4-P  Measure effluent phosphate concentration and control dosage of 

precipitation chemicals 
EFF NO3-N  Measure effluent nitrate  

 

Table 8. Placement of on-line sensors in sludge treatment line. 

Placement Parameter  Function  
PS Flowrate Measure flowrate of primary sludge  
PS TS  Measure total solids in primary sludge  
WAS  Flowrate  Measure flowrate of waste activated sludge 
MS  TS  Measure total solids in mixed sludge, used to control dosage of polymer 

to sludge entering the thickener 
TMS TS Measure total solids in thickened mixed sludge 
AD Temperature Monitor temperature in anaerobic digester, used to control heating of 

sludge 
AD Level Measure the level in the anaerobic digester, used to test variable volumes 
AD Pressure Measure the pressure of the gas 
AD pH Monitor pH in the anaerobic digester 
DMS TS Measure total solids in digested mixed sludge, used to control dosage of 

polymer to sludge entering the dewatering 
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5.3 Evaluation parameters 

5.3.1 Membrane performance 
The membranes were evaluated using a number of parameters described in this section. 

As the membranes are operated in cycles with 10 minutes of permeate withdrawal and 1 minute 
relaxation, the membrane performance parameters can be calculated as gross values (using only 
data from the 10 minutes of actual permeate withdrawal) or at net values (using average data from 
the full operation cycle, permeation and relaxation = 11 minutes). The gross values are higher than 
the net, however the net corresponds better to the average operation. All values for the parameters 
described below are given as net values in this report.  

Flux: Flowrate per membrane area, unit L/(m2·h). The flux is describing the load on the 
membranes. Flux is calculated as permeate flow divided by membrane area. 

TMP: Transmembrane pressure, unit mbar. The difference in pressure before and after the 
membranes, this can be compared to filter resistance if TMP is allowed to vary. TMP is the driving 
force for transportation through the membrane. TMP is measured using online pressure 
transmitter in the membrane tank and on the permeate pipe. 

Permeability: Flux per TMP, unit L/(m2·h·bar). Permeability is a measurement of how well a 
certain flux is withdrawn through the membranes. The permeability is gradually decreasing with 
time due to fouling.  

The permeability is affected by the temperature. Because of this, temperature compensated 
permeability (normalised to a standard temperature of 20 °C) was used for evaluation. The 
normalisation equation is shown below and was provided by the membrane supplier. 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑝𝑝𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑝𝑝𝑁𝑁𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝 �
𝐿𝐿

𝑁𝑁2 ∙ ℎ ∙ 𝑝𝑝𝑁𝑁𝑁𝑁
 𝑁𝑁𝑝𝑝 𝑝𝑝𝑁𝑁𝑁𝑁𝑝𝑝𝑁𝑁𝑁𝑁𝑁𝑁𝑝𝑝𝑡𝑡𝑁𝑁𝑁𝑁 20 °𝐶𝐶 � =  𝑃𝑃𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑝𝑝𝑁𝑁𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝 ∙ 𝜃𝜃(20−𝑇𝑇) 

where 

𝑇𝑇 = 𝑇𝑇𝑁𝑁𝑁𝑁𝑝𝑝𝑁𝑁𝑁𝑁𝑁𝑁𝑝𝑝𝑡𝑡𝑁𝑁𝑁𝑁 
𝜃𝜃 = 1.025 𝑁𝑁𝑖𝑖 𝑇𝑇 ≥ 20 °𝐶𝐶 
𝜃𝜃 = 1.033 𝑁𝑁𝑖𝑖 𝑇𝑇 < 20 °𝐶𝐶 

5.3.2 Sludge quality 
In addition to the parameters analyzed at the external and internal laboratory, and listed in Table 5 
and Table 6 above, a number of additional analyses were performed on the sludge from the RAS-
DeOx. These included sludge volume index (SVI), Time To Filter (TTF), and trash content. 

Sludge volume index (SVI) 
Sludge volume index were analysed according to APHA's standard method (2005) with dilution of 
the sludge as described in (Svenskt Vatten AB, 2010).  
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Time To Filter (TTF) 
TTF was analyzed according to instructions from the membrane supplier. 25, 50 and 100 mL (TTF-
25, TTF-50 and TTF-100 respectively) of the sludge was filtered through 1.5 micron filter (particle 
retention 1.5 μm) and the filtration time was noted. The filtrate was sent to the external laboratory 
for analysis with respect to TOC (mg/L) to evaluate the amount of colloidal TOC in permeate, that 
is, the difference between TOC in the filtrate after TTF and the TOC in the permeate. According to 
the membrane supplier, the concentration of colloidal TOC (cTOC) should be less than 10 mg/L.  

Trash content 
The method for Trash content is described in detail in last year’s report (Andersson, et al., 2017 ). In 
short the sludge is filtered through screens with different slot width and the amount of trash 
captured in the screens is measured. This analysis was carried out once every month in order to 
assure that particles larger than 2 mm, which could harm the membranes, would not accumulate in 
the treatment line. For a well-functioning process the amount of trash content in the sludge, at a 
screen size of 2 mm, should not exceed 2 mg/L (information from the membrane supplier).  



 Report B 2334  Long term trials with membrane bioreactor for enhanced wastewater treatment – pilot 
Henriksdal 2040 

 

35 

6 Results and discussion 

6.1 Primary treatment 
Trial Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Operation with old configuration              
Test period with fine sieve              
Reconstruction of primary 
treatment             
Operation with new configuration             

The primary treatment was reconstructed during 2017 in order to be more similar to the future 
process configuration at Henriksdal. The configuration before and after reconstruction is described 
in chapter 3.1.2 and summarized briefly in Figure 12 below. Expected effects of the reconstruction 
was increased SS in incoming wastewater, increased separation over the primary settler, increased 
primary sludge production and efficient separation of hair, fibers and large particles before the 
biological treatment. 

 
Figure 12. Configuration of primary treatment. 

6.1.1 Fine sieve - effect on incoming wastewater 
The 2 mm fine sieve at the pumping station was replaced with a 6 mm punch hole screen. This was 
done in order to increase the SS-concentration and the particle size into the primary settler and 
thereby obtain increased primary sludge production, which is required for the sludge pilot. Figure 
13 shows that the SS-concentration increased slightly after installing the 6 mm sieve. 

Old configuration: 
2 mm sieve at inlet. No sieve 
after primary settler. 

New configuration: 
6 mm sieve at inlet. 0.6 mm 
sieve after primary settler. 
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Figure 13. Incoming SS-concentration to the pilot line after passing through 2, 3 or 6 mm punch hole sieve 
and to Henriksdal (about half of the flow not sieved, half sieved through 3 mm step-screen). 

6.1.2 Efficiency of primary settler 
The primary settling volume, and capacity, was initially almost half of what it ought to be (based 
on design values for future Henriksdal). Therefore, the tank was reconstructed and the volume 
increased from 2,5 m3 to 3,3 m3 (design value 4.5 m3). The combined effect of larger hole size in the 
inlet sieve and a larger primary settling volume was expected to be increased removal rate and 
increased primary sludge production.  

The effect on the reduction rate over the primary settler is evaluated in Table 9 and Figure 14 
below. The reduction of SS and TOC over the primary settler increased after reconstruction while 
reduction of BOD7 remains similar. The reduction is still considerably lower than at Henriksdal 
WWTP which is mainly due to the relatively small volume and even smaller surface area of the 
pilot plant primary settler. 
Analysis of TS-concentration of primary sludge shows an increase from 1.3% to 2.0% after 
reconstruction. Thus, the calculated primary sludge production increased from 9.7 kg TS/d to 
14.4 kg TS/d after reconstruction. Primary sludge production also increased compared to 2016.  
 

Table 9. Reduction rates over the primary settler and primary sludge production 

Parameter 2017: new 
config.  

(w. 28-52) 

2017: old 
config.  

(w. 1-10) 

2016: old 
config. 

2017: 
Henriksdal 

WWTP 

Design 
future 

Henriksdal 
SS (%) 35% 15% 26% 53% 60% 
BOD7 (%) 29% 27% 29% 48% 50% 
TP (%) 7% 11% 13% 30% 40% 
TN (%) 6% 2% 0% 9% 10% 
TOC (%) 17% 8% - - - 
PS-production (kg/d) 14.4 9.7 6.0 - - 
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Figure 14. Reduction of SS over primary settler with old configuration (black box), test period for fine 
sieve (blue box) and new configuration (red box). 

6.1.3 Fine sieve – effect on trash content  
When the 2 mm fine sieve at the inlet was replaced by a 6 mm sieve, a new 0.6 mm drum screen 
was installed after the pre-settling tank, just before the inlet to the biological treatment, in order to 
protect the membranes and membrane equipment from hair, fibres and large particles. In the 
future Henriksdal process a similar drum screen will be in place but with 2 mm punch holes. The 
sieve is self-rinsing with a rotating brush and automatic flushing with cold and hot water. No 
build-up of fat or other deposits was observed. The amount of screenings was not quantified but 
according to visual observation very little material, both weight and volume wise, was separated.  

The purpose of the fine sieving is to keep the biological sludge free of disturbing material. 
Therefore, samples of waste activated sludge (WAS) was analysed for trash content. Results are 
shown in Table 10. There is a clear effect on both larger (separated by the 2 mm sieve) and smaller 
objects (separated by the 1 mm sieve) indicating that the sieves work as they should, and that 
smaller hole-sizes results in a “cleaner” sludge. How this change affects the membranes and 
membrane equipment has not yet been analysed. However, no operational problems with the 
membranes due to hair, fibres or large particles have been observed since the start-up in 2016.  

Table 10. Trash content in waste activated sludge (WAS) with various sieve-configurations. 

Sieves and hole size Date 1 mm sieve 
mg/L 

2 mm sieve 
mg/L 

3 mm fine sieve at inlet pump Dec 2013 11.6 ± 5.4 1.0 ± 0.7 
2 mm fine sieve at inlet pump Nov 2016 – Feb 2017 6.4 ± 2.4 1.1 ± 0.7 
6 mm fine sieve at inlet pump and 1.6 mm 
fine sieve before biology 

Mar 2017 → 4.1 ± 3.8 0.6 ± 0.3 

6 mm fine sieve at inlet pump and 1.6 mm 
fine sieve before biology – after 3 SRT 

May 2017 → 2.2 ± 1.6 0.5 ± 0.1 

 

6.1.4 Pre-treated wastewater 
The quality of the pre-treated wastewater (PTW) is presented in Table 11. The concentrations 
measured in the pilot were significantly higher than the corresponding concentrations measured in 
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the Henriksdal WWTP. They were also higher than the design values for the future plant. This is 
mainly due to the poor performance of the primary settler, which has an effect on the subsequent 
biological treatment. The higher BOD- and SS-load leads to higher WAS-production and shorter 
sludge retention time. The high TP-load requires greater precipitation chemical dosing, and the 
high BOD/TN-ratio in the pilot is beneficial for pre-denitrification.  

Table 11. Data on PTW from the pilot with the new configuration (w. 28-52) compared to data from 
Henriksdal 2017 and the design data for the future Henriksdal WWTP. 

Parameter Value Pilot 2017  
new configuration 

Value Henriksdal 
2017 

Design future 
Henriksdal 

Design H-dal/ 
Value Pilot 

Pre-treated wastewater (PTW) – into biological treatment 
SS (mg/L) 184 ± 37 142± 23 113 0.6 
BOD7 (mg/L) 188 ± 26 124 ± 48 108 0.6 
TN (mg/L) 41 ± 5 39 ± 7 33 0.8 
TP (mg/L) 5.0 ± 0.8 4.2 ± 0.6 3.0 0.6 
Fe (mg/L) 10 ± 2 11 ± 3 12 1.2 
BOD7/TP (mg/mg) 4.6 3.2 3.3 0.7 

 

6.2 Nitrogen removal 
Trial Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Cold water test             
Pilot reconstruction             
Reject water addition             
No reject water addition             
NH4 control of aeration in BR3             
Startup methanol dosage              
NO3 control of methanol dosage             

Nitrogen concentrations in the incoming water to the biological treatment (PTW, primary treated 
water) and in the effluent are presented inTable 12. On average the effluent total nitrogen 
concentration was 4.8 mg/L and 8 out of 47 weekly composite samples was above the target 
concentration of 6 mg N/L. The reduction of total nitrogen (measured in primary treated water) 
including reject water was 89.7%. 

Table 12. Nitrogen concentrations in primary treated water (PTW) and effluent during 2017. 

Parameter Limit Average Min Max No. of weekly samples 
TN PTW (mg/L) - 47 34 66 47 
TN EFF (mg/L) 6 4.8 2.8 11 47 

Effluent nitrogen concentrations were well below the expected discharge limit of 6 mg TN/L 
throughout most of the year, see Figure 15. On three occasions the effluent total nitrogen was 
above the limit. The first time was during the cold water test (see section 6.10) during week 6 to 
week 9, the second was during startup after the summer reconstruction period when a trial 
without external carbon was carried out (week 30-33) and finally the week of Christmas (week 51) 
due to problems with the nitrification.  



 Report B 2334  Long term trials with membrane bioreactor for enhanced wastewater treatment – pilot 
Henriksdal 2040 

 

39 

 

Figure 15. Incoming and effluent nitrogen concentrations from analysis of weekly composite samples. 
Limit for effluent total nitrogen was set to 6 mg N/L. 

In Table 13, key values for the nitrogen removal are presented for the MBR-pilot and compared to 
the SFA design. The amount of removed total nitrogen and the consumption of external carbon 
source were approximately 20% higher in the pilot compared to the design. The nitrogen removal 
rate presented in Table 13 was lower in the pilot which comes from the fact that the VSS content in 
the sludge was 71% while it was estimated to 63% in the design. The parameter that stood out the 
most was the aeration of the biology which was almost 6 times higher than the design. One reason 
for a higher value is that the basins in the pilot were about 4 times less deep than the design. Also, 
the temperature in the pilot was higher than normal temperatures at Henriksdal after the heat 
exchangers were taken out of operation from week 15. The aeration of the biology is also higher 
than previous year (2016) when it was 4 times higher than design. However, in 2017 the membrane 
tanks aeration was significantly reduced and the total aeration in biology and membranes are the 
same in 2017 as in 2016. The reduced aeration of the membranes resulted in a higher demand for 
oxygen in the biology which indicates that some nitrification occurred in the membrane tanks.  

Table 13. Comparison of parameters related to the nitrogen removal between operational data from the 
pilot and the SFA design. 

Parameter  Unit Value 
Pilot  

SFA 
design  

Value 
piloten /  
scaled SFA 
design  

Removed nitrogen (including reject water)  kg N/d  3.7  21 000  118%  
Nitrogen removal rate g N/kg VSS, d  18.4  22  84%  
Aerated sludge age (including membrane 
tanks)  

d  6.9  9,4vii  73%  

Air consumption biology (activated sludge)  Nm3/h  54viii  62 000  586%  
Specific oxygen demand (SOTR)  kg O2/d  62ix  260 000  160%  
Consumption of external carbon  kg COD/d  2.1  12 000  120%  
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6.2.1 Nitrification 
The total load of ammonium nitrogen (including reject water) compared to the reduction and 
related to total aeration (including the membrane tanks) is presented in Figure 16. During the first 
part of the year the load was quite stable but the aeration decreased as temperatures increased 
toward summer. This also coincide with turning off the cooling if incoming water in week 15. From 
startup after summer reconstructions, the load was slowly increased and the aeration followed. 
The nitrification was close to complete during most of the year, with exception of the cool test 
period (week 6-9) and in December.  

 

Figure 16. The total load and reduction of NH4-N together with total aeration of biology and membrane 
tanks. 

When comparing the aeration of the biology with aeration of the membrane tanks the need for 
aeration in the biology decreased when the aeration in the membrane tanks increased (Figure 17). 
The aeration of the biology was on average 56 m3/h and at the most 80 m3/h (as a weekly average).  
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Figure 17. Aeration need in biology and membrane tanks (MT) together with effluent NH4-N. 

On average, the aeration of the membranes accounted for 36% of the total aeration. This is a 
significant reduction compared to previous year when 54% of total aeration was used for the 
membranes. During week 47 in 2016 fouling control was implemented for the membrane aeration. 
Fouling control is part of the membrane suppliers’ strategy to optimize the air consumption for 
cleaning of the membranes, and it controls how much air to be used in the membrane tanks. With 
fouling control the air flow set point to the MT automatically switches between two air flow rates 
based on how fouled the membranes are (higher aeration when indication of fouling).   

During the previous year attempts were made to control the waste activated sludge (WAS) 
flowrate, in order to keep a total sludge age of about 25 days. However, the growth rate of the 
bacteria in the pilot was too high and to avoid too high suspended solids concentration in the MTs 
(the supplier guarantee specifies that the membranes should not be operated in sludge 
concentration above 10 000 mg SS/L for longer periods) a higher waste withdrawal was necessary.  
During this year the WAS flowrate has only been controlled in order to keep the suspended solids 
concentrations in the RAS-DeOx normally between 8 000 and 10 000 mg SS/L, and during special 
trials at higher concentrations to study fouling of the membranes. Due to long response time 
(several weeks) on lab analysis of the sludge a large variation was allowed. On average the total 
sludge age was about 17 days and the aerated sludge age (including the membrane tanks) was 6.9 
days.  

0
1
2
3
4
5
6
7
8

0.0
10.0
20.0
30.0
40.0
50.0
60.0
70.0
80.0

20
17

-0
1

20
17

-0
4

20
17

-0
7

20
17

-1
0

20
17

-1
3

20
17

-1
6

20
17

-1
9

20
17

-2
2

20
17

-2
5

20
17

-2
8

20
17

-3
1

20
17

-3
4

20
17

-3
7

20
17

-4
0

20
17

-4
3

20
17

-4
6

20
17

-4
9

20
17

-5
2 A

m
m

on
iu

m
 (m

g 
N

H
4 -N

//L
)

A
ir

fl
ow

 (m
3 /h

)
Aeration Bio (m3/h) Aeration MT (m3/h) NH4-N eff (mg/L)



 Report B 2334  Long term trials with membrane bioreactor for enhanced wastewater treatment – pilot 
Henriksdal 2040 

 

42 

 

Figure 18. Total and aerated (incl. MTs) sludge age together with WAS flowrate and online SS in the RAS 
DeOx as well as lab analysis of TSS on grab samples from the RAS-DeOx. Online data is presented as 
moving average for one month back in time.    

Since the biological treatment was designed for complete nitrification, the aerated sludge age 
excluding the MTs have also been studied. This varied between 3.7 and 7.6 days as monthly 
average. The lowest temperature measured in the treatment line was 11.6 °C (as weekly average) 
during the cold test period. According to German dimensioning standard (ATV-DVWK-A 131E, 
2000) the aerated sludge age should exceed 8.5 days at temperature 11.6 using the recommended 
safety factor of 1,8. If the safety factor is removed (lowered to 1) a value of 4.7 days is obtained to 
maintain nitrification at that temperature. Throughout most of the year, the temperatures are high 
enough to achieve nitrification although the aerated sludge age is quite low (Figure 19).  

 

Figure 19. Theoretical required sludge age to achieve nitrification, using different safety factors, compared 
to actual sludge age and effluent ammonium concentration.  

The aeration of the biology was mainly controlled using fixed DO set-points between 2 and 
3.5 mg O2/L (Figure 20).  
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Figure 20. DO concentrations in the three aerated bioreactors (BR3, BR4 and BR5ox). 

Intermittent aeration of BR3 based on feed forward from ammonium sensor in BR2 was tested 
from week 28 to week 38. When ammonium in BR2 was above 6 mg/L the aeration of BR3 was 
turned on and controlled towards a DO set-point of 2 mg/L, see example in Figure 21.  

 

Figure 21. Example of aeration of BR3 based on feed forward control from ammonium in BR2.  

No clear reduction in aeration or improved nitrification was observed with this strategy and from 
week 36 the aeration in BR4 and BR5 was not enough to maintain the DO setpoints. As the load 
also had increased it was decided during week 38 to keep BR3 aerated continuously throughout 
the rest of the year.   

6.2.2 Denitrification 
For the post denitrification external carbon source was added. This year methanol was used for the 
first time in the project. During the first weeks of the year there was no addition of external carbon 
source to the post denitrification. In week 4 dosing of methanol to BR6 started, the first week with 
constant flowrate and then dosing controlled based on nitrate in BR6 with set-point 3 mg NO3-N/L. 
Concentration of nitrate in BR6 and dosing of carbon as COD is presented in Figure 22. 
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Figure 22. Nitrate in BR6 and dosage of methanol as daily average values.  

According to literature the bacteria may need some time for acclimation when a new carbon source 
is introduced (Hallin & Pell, 1998). In the pilot Brenntaplus was used as carbon source during 2016 
and the first week of 2017. Then there were a two week long period with no external carbon dosage 
before methanol was used. Immediately as the methanol dosage started the nitrate concentration 
decreased in BR6 (Figure 23).  

 

Figure 23. Start-up of methanol dosage. 

There were problems with the methanol pump because of air in the pump resulting in much lower 
consumption than calculated. Due to this, the dosage data are quite unreliable for long periods. In 
order to reduce the problems the carbon source addition was never stopped, but went to a 
minimum dosage during nights when nitrate concentrations in BR6 were low, see example in 
Figure 24. During the night on the 18th of April, when the load was low, methanol dosage was at its 
minimum. During the following high peak methanol dosage reached its maximum.   
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Figure 24. Example of methanol dosage controlled based on NO3-N in BR6 with minimum and maximum 
dosage.  

When methanol dosage was high, DO in the MTs decreased to very low concentrations, see 
example in Figure 25 for the same period. During the 18th of April the DO in MT2 decreased from 
2.5 mg/L to 0.5 mg/L as methanol dosage increased from 10 to 100 mg COD/L.  

 

Figure 25. Example of how methanol dosage in BR6 affected the DO in MTs.  

In order to exclude other parameters, such as load having impact on the variations in DO observed 
in the MTs, the methanol dosage was set to its minimum during one peak load period. The same 
response of DO in the MTs was obtained (Figure 26). 

 

Figure 26. Over dosage of methanol caused low DO in the MTs. 

During the summer reconstruction, the dosing point for methanol was changed to the deox part of 
BR5 on order to get a longer retention time and avoid leakage of methanol into the MTs. However, 
as soon as methanol dosage stared, the DO in the MTs again decreased below 1 mg/L.  
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In August a measuring campaign was conducted to closer evaluate the post denitrification and 
membrane tanks. Grab samples were collected in the deox part of BR5, in BR6, MT and RAS-DeOx 
at four different occasions. Soluble COD, NH4-N and NO3-N were analyzed and the methanol 
dosage was registered. The results are presented in Figure 27.  

 

 

Figure 27. Soluble COD (sCOD), ammonium (NH4-N) and nitrate (NO3-N) analysed in grab samples. 

 

The methanol dosage varied between 31 and 106 g COD/m3. The highest methanol dosage gave the 
highest soluble COD concentration in the deox part of BR5 and the highest reduction of NO3-N 
from BR4 to MT. The reduction of soluble COD over reduced NO3-N from BR5 DeOx to BR6 varied 
between 0.6 and 6.3 g COD/g N. 

 When looking at online measurements of nitrate in BR5 DeOx and BR6 to evaluate COD 
consumption over nitrate reduction the results varied much more, see example for one day in 
Figure 28. The required dosage of methanol was less than 5 g COD/g N reduced during low loaded 
periods, and about 10-15 g COD/g N during high loaded periods. 

a) b) 

c) 
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Figure 28. Added COD as methanol over NO3-N reduction from BR5 DeOx to BR6 according to online 
measurements.  

No long term evaluation of the amount of nitrate reduced in the post denitrification was possible 
since the online sensor for nitrate in BR5 DeOx showed unreliable readings after the summer 
reconstruction period and was finally taken out of operation during October. 

As a yearly average the COD dosage was 30 g COD/m3 influent to the treatment line, according to 
online reading of pumping. This corresponds to a yearly average of 2.3 kg COD per day. When 
comparing to actual level measurements in the methanol containers which was carried out from 
the end of March to December, the total consumption from was 493 L methanol. This corresponds 
to an average of 1.8 kg COD/d and 23 g COD/m3 influent to the treatment line.  The external carbon 
source consumption was more than twice as high as previous year (when it was 12 g COD/m3). 
This will be further investigated in the following year (2018)  

When comparing methanol consumption (according to tank level in methanol container) before 
and after the summer reconstruction the average consumption was 38% higher after reconstruction 
and change of dosing point for methanol. One reason could be that some of the added COD is 
recycled back to the pre-denitrification with the internal recirculation from BR5 DeOx.  

6.2.3 Zone for deoxygenation of return sludge - RAS-
DeOx 

The return sludge with a high oxygen concentration from the membrane tanks passes through the 
RAS-DeOx zone before it is pumped back to the main treatment (BR1). The tank is equipped with 
an oxygen sensor and an ammonium sensor in order to monitor to what extent the oxygenated 
return sludge could be used to nitrify ammonium in the reject water.  

During the first half of the year reject water was added to the RAS-DeOx zone with a flow rate of 
approximately 25 L/h. The ammonium concentration in the reject water was on average 
430 mg NH4-N/L. During the second haft of the year no reject water was added due to problems 
starting up the sludge treatment pilot.  

Several circumstances make the evaluation of the RAS-DeOx difficult. The dimensioned volume 
for this zone is much smaller than the actual tank, which makes the surface level in the tank very 
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low during normal operation. However, the extra volume was sometimes used for flow 
equalization during disturbances.  

If the added ammonium from reject water was not nitrified in the RAS-DeOx the contribution 
would be around 1-2 mg NH4-N /L. The ammonium sensor in the RAS-DeOX is not reliable at 
concentrations below 1 mg NH4-N/L according to the supplier and it has been difficult to take 
representative samples to calibrate the ammonium sensor.  

What we have observed is that the oxygen concentration decreases in the RAS-DeOx most of the 
time, regardless of addition of reject water or not.  

6.2.4 Mass balance nitrogen 
A mass balance for nitrogen (total and ammonium) shows that 90% of the total nitrogen load to the 
biological treatment is removed (Figure 29), 75% into air and 15% in the sludge. All values in 
Figure 29 are calculated as daily average and scaled to a full year. From the mass balance it is 
derived that 1015 kg NH4-N is nitrified (neglecting any ammonium in the sludge withdrawal). 
Calculated from the average aeration (including the MTs) the average air consumption was 0.68 m3 
air per 1 g NH4-N. If assuming all nitrification occurred in the biological treatment, i.e. the 
membrane aeration excluded, the corresponding value was 0.47 m3/g NH4-N. The consumption of 
external carbon source was on average corresponding to 781 kg COD/year, although with large 
uncertainties. This corresponds to 0.84 g COD/g N reduced, which is much higher than previous 
year (0.33 g COD/g N). 

 

 

Figure 29. Mass balance for nitrogen during 2017.  
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6.3 Phosphorus removal 
Trial Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Precipitation chemical addition in 3 points             
Effluent phosphate analyser in use             

Phosphorus concentrations in and out from the biological treatment are presented in Table 14 and 
Figure 30. Effluent yearly average for total phosphorus was 0.14 mg/L which is just below the 
target on 0.15 mg/L and well below the limit of 0.2 mg/L. Only 3 out of 47 weekly composite 
samples had a concentration above 0.2 mg/L (Figure 30). The highest effluent phosphorus 
concentration was observed the first week after startup after the summer reconstruction period 
with 0.46 mg P/L.  

Table 14. Phosphorus concentrations in primary treated water (PTW) and effluent during 2017. 

Parameter Limit Average Min Max Nr of weekly samples 
TP PTW (mg/L) - 5.4 3.6 7.0 47 
TP EFF (mg/L) 0.2 0.14 0.04 0.46 47 

 

 

Figure 30. Influent and effluent total phosphorus analysed on weekly composite samples.  

Key parameters for the phosphorus removal, both for the pilot and for the SFA design, are 
presented inTable 15. The phosphorus load in the pilot was much higher than the phosphorus load 
which the SFA design was based on. This resulted in relatively higher phosphorus removal in the 
biology of the pilot compared to the SFA design. As also the sludge production was relatively 
higher in the pilot than in the SFA design, is was assumed that the amount of phosphorus 
assimilated in the sludge was proportionally higher in the pilot (the phosphorus content in the 
biological sludge was assumed constant). The amount of phosphorus chemically precipitated with 
iron was estimated slightly higher in the pilot than in the SFA design. However, the consumption 
of iron for precipitation of phosphorus was one of the most uncertain parameters in the SFA 
design. A yearly average dosage of 20 mg Fe/m3 treated water was assumed (sum of the three 
dosing points). In addition, the pilot was operated with an ambitious precipitation strategy 
reaching very low effluent phosphorus concentrations during some periods. 
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Table 15. Comparison of operational data from the pilot with data for the SFA design, yearly average 
values. 

Parameter  Unit Value 
pilot 

SFA 
design 

Value pilot/ 
scaled SFA 
design2 

P assimilated in sludge (calculated)3  kg P/d 0.16 600 178% 
Chemically precipitated phosphorus (calculated) kg P/d 0.27 1400 128% 
Phosphorus removed in biology kg P/d 0.43 2 000 143% 
Iron consumption (PS+BR4+BR6) kg Fe/d 1.60 10 000 107% 
Iron consumption per removed phosphorus mole Fe/mole 

P 
2.1 2.8 74% 

Iron consumption per precipitated phosphorus mole Fe/mole 
P 

3.3 3.9 85% 

Phosphorus in sludge % of SS 3.0 5.4 56% 
Iron in sludge % of SS 10.3 - - 
VSS in sludge % of SS 71.5 63 113% 

6.3.1 Precipitation 
The total amount of iron dosed is presented in Figure 31. The base dose of Fe2+ was added to the 
pre-aeration which was controlled flow proportionally to a dose of 12 mg Fe/L (except one short 
period with half the dosage when effluent phosphate was especially low). A supplementary 
dosage of Fe2+ was added to the aerated part of the biological treatment (BR4). This dose was 
during most of the year controlled using a slow (time constant 1 h) online feedback control from 
effluent phosphate with a maximum dosage of 17 mg Fe/L. As a result, the weekly average of this 
dose varied in the range 0-17 mg Fe/L. A third and final polishing dose using Fe3+ was added in 
BR6 (just prior to the membrane tanks) during shorter peaks in effluent phosphate with a 
maximum dosage of 7 mg Fe/L. The dose was using a faster online feedback control (time constant 
5 minutes), also based on the effluent phosphate concentration.  

The total iron dosage was as a yearly average 20 mg Fe/L which is the same as assumed in the SFA 
design. The weekly average total dosage of iron varied between 6 and 32 mg Fe/L.  

                                                           

2 SFA-design divided by factor 6700 
3 Assuming that P assimilated in biological sludge is 1.5% of VSS. 
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Figure 31. Iron dosage (the sum of three dosing points) as daily average and effluent phosphate analysed 
in daily composite samples. 

From Figure 31 it is clear that the total iron dosage was higher during the first half of the year. 
During this period the set-point for phosphorus feedback control was also successively decreased 
to reach even lower effluent concentration. From week 1 to week 22 the iron dosage was increased 
from 15 mg Fe/L to 30 mg Fe/L and the iron content in the sludge increased from 6.8% to 15% 
(Figure 32). In week 41 there was an over dosage of iron due to high faulty values from the 
analyser for effluent phosphate. As this was discovered the dosages of iron to BR4 and BR6 were 
stopped and only the dose to BR4 was again started with a manual fixed flowrate.     

 

Figure 32. Iron dosage and iron content in sludge.  

When comparing the period before summer reconstruction when phosphate control worked 
properly and the period after, when dosages were manually controlled to a large extent, the 
effluent phosphate was much more stable.  

At start-up after summer reconstruction, the iron content in the sludge was still high. This has 
likely contributed to the rapid decrease in effluent phosphate concentration during the first week. 
Between week 30 and 40 the effluent phosphate was very low, which caused decreased dosage of 
iron and also a consumption of the iron in the sludge.  
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6.3.2 Modelling of iron and phosphorus 
For MBR systems without tertiary treatment the biological treatment is usually the final treatment 
step, which means that the process will have to operate with much lower phosphorus 
concentrations, in this case below 0.2 mg PO4-P/l. Phosphorus is an essential nutrient for microbial 
growth and its shortage may limit biological activities, such as nitrification and denitrification 
processes. To further increase the understanding of the chemical precipitation processes a 
modelling study was initiated by SVOA. Below, a short summary of the project is given. For a 
more comprehensive description, the reader is directed to Kazadi Mbamba et al. (2019) and the technical 
report available at http://www.iea.lth.se/publications/Reports/LTH-IEA-7269.pdf.  

Model description 

The plant-wide model was adapted from the Benchmark Simulation Model No. 2 (BSM2) (Gernaey 
et al., 2014, Solon, 2017). For phosphorus it consists of an equilibrium approach describing ion 
speciation and pairing, kinetic minerals precipitation as well as adsorption and co-precipitation. 
When ferric salts are added to the mixed liquor, the salt ionizes to yield the free metallic ions, a 
portion of which may then react with orthophosphate (PO4-P) to form insoluble ferric phosphate 
precipitates (strengite). However, the majority of ferric ions will combine with hydroxide ions to 
form a variety of hydroxide complexes, termed hydrous ferric oxides (HFO) with high sorption 
capacity, which will subsequently assist in the removal of phosphorus by adsorption and co-
precipitation, see Figure 33. 

 

Figure 33. The simplified HFO model used in the project. From Solon (2017). 

The pilot-plant during the time of the study did not have a sludge treatment train but had WAS 
removed and digestate added to simulate the physical interaction between the liquid and sludge 
lines. To capture this interaction in the model, an anaerobic digester was included on the thickened 
sludge line. This allowed a full evaluation on the impacts of iron salts to be carried out in the pilot-
plant as a whole. Biochemical conversion processes in the anaerobic digester were described by the 
Anaerobic Digestion Model No. 1, ADM1 (Batstone et al., 2002), upgraded to include recent 
developments, including physico-chemical and biological iron, sulphur and phosphorus 
transformations (Flores-Alsina et al., 2016). 

Results 

Mainly routine analyses were used to calibrate the model. However, some additional sampling and 
off-line analyses were required for model calibration, including volatile suspended solids (VSS), 

http://www.iea.lth.se/publications/Reports/LTH-IEA-7269.pdf
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total dissolved solids (TDS), volatile fatty acids (VFA), alkalinity, iron (Fe), soluble calcium (Ca), 
magnesium (Mg), sodium (Na) and potassium (K). 

pH effects 

The calibrated plant-wide model was used to study the impact of pH and molar ratio of Fe/P on 
the removal efficiency of phosphorus. As shown in Figure 34, the effluent P concentration 
substantially decreased with decreasing pH at all Fe/P molar ratios. For example, for the lowest 
ratio (Fe/P=1), the effluent P dropped from 0.39 gP.m-3 at higher pH (7.4) to 0.02 at pH 6.7. 
However, the relative differences of P concentrations in the effluent between the highest and 
lowest Fe/P ratios was higher (0.63) at higher pH but became smaller (0.09) at lower pH. This 
shows that the pH and the molar ratio of iron to the phosphorus concentrations affect the 
competition between hydroxyl ions and phosphates for ferric ions at the point of addition. 

Furthermore, the results show that increasing the concentrations of iron salts may not translate in 
further removal of phosphorus when residual P concentration is already very low. This is in 
agreement with other studies, which have reported that the efficiency of dosed chemicals declines 
significantly at low phosphorus concentrations. 

 

Figure 34. The simulated impact of pH and Fe/P molar ratio on the dissolved phosphorus in the effluent. 

Dynamics of P-precipitation 

Figure 35 presents the results of simulations where a step change in the dose of FeSO4 was 
introduced. The time constants of the response of the P concentration were found to be 5.25 days 
and 5 days, when the iron dose rate was decreased and increased by 10%, respectively. The 
simulation results are promising but experimental results suggest that the dynamic response due 
to dosage increase in fact might be faster.  To model such a behaviour more work needs to be done. 
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Figure 35. Dynamic response in effluent P to step change in iron salt (FeSO4) dosage decrease (a) and 
increase (b). 

 

6.3.3 Mass balance phosphorus and iron 
Mass balance for phosphorus is presented in Figure 33. In total 98% of the incoming P is removed, 
14% is removed in the primary settler and based on the water analyses 84% of phosphorus entering 
the plant is removed in the biological treatment. On total, there is 4% of incoming P unaccounted 
for which is likely due to measurement errors, especially in the WAS. 



 Report B 2334  Long term trials with membrane bioreactor for enhanced wastewater treatment – pilot 
Henriksdal 2040 

 

55 

 

Figure 36. Mass balance of phosphorus. 

 
Mass balance for iron is presented in Figure 34. The total amount of iron added to the treatment 
(influent included) was 629 kg Fe/year. Of that, 54% was added as Fe2+ in the pre-aeration, 33% was 
added as Fe2+ in BR4 and 6% as Fe3+ in BR6.  It is clear that the majority of the iron and phosphorus 
passes through the primary sedimentation and enters the biological treatment. In total 89% of the 
added Fe is removed through sludge, 10% in primary sludge and 79% in waste activated sludge. 
10% is unaccounted for which is likely due to measurement errors especially in the calculation of 
added Fe in the dosing points. 

 

Figure 37. Mass balance of iron. 

 
When comparing the incoming P and added Fe, 3.4 mg Fe/mg P was added. If assuming that the 
10% of iron unaccounted for is due to overestimation of Fe dosage, the dose would be 3 mg Fe/mg 
P.  
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6.4  BOD reduction 
Analysis on BOD7 from daily composite samples have throughout the year shown values of 
<2 mg O2/L, except for one sample where the analysed concentration was 3 mg O2/L. Since the 
expected effluent requirement of BOD7 in year 2040 is 6 mg O2/L as an annual average, there is no 
reason to assume that the effluent requirement will not be met. No specific measures have been 
taken to achieve a higher BOD reduction. 

6.5 Membrane performance 
The membranes have been operated in cycles with 10 minutes of permeation followed by 1 minute 
of relaxation. Both feed (pumping from BR6, which was the last bioreactor prior to the membrane 
tanks) and aeration was on during the normal operation cycle. In order to manage the varying 
flowrate with only two membrane tanks, the pumping of permeate was proportional to the feed, 
which in turn was proportional to the level in BR6.  

As it is inefficient to operate the membranes at too low fluxes, the membrane tank longest in 
operation went into standby mode at low influent flowrates (normally during night). In standby 
mode the membranes were aerated intermittently 5 minutes every half hour.  

The membranes had slightly too large surface area compared to the scale of the rest of the 
treatment line. In order to maintain representative flux over the membranes a fraction of the 
permeate was recycled back to the membrane tank. At normal flowrates one third of the permeate 
was recycled. In order to also manage peaks in the flowrate, the permeate recirculation was 
reduced with increased influent flow rate. The varying permeate recirculation affected the sludge 
concentration in the membrane tanks and thus also the sludge concentration in return and waste 
sludge.  

6.5.1 Permeability 
Permeability above 200 L/(m2·h·bar) is considered good according to the supplier. As can be seen in 
Figure 35, the permeability was good throughout the year for both membranes. During the 
beginning of the year, and especially during the cold test (week 6 to 9) the permeability decreased. 
After the cold test until the shutdown for reconstruction (week 23) the influent was constant at 3.2 
m3/h. During these conditions and as temperature increased towards the summer the permeability 
increased again. After startup week 27 and during the autumn the influent was increased and a test 
with operation at higher fluxes started week 33. During that period the permeability decreased. 
After recovery cleanings performed in week 44 and 45 the permeability increased again, see details 
regarding recovery cleaning in section 6.5.3. 
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Figure 38. Permeability (temperature compensated) for membrane 1 (MT1) and 2 (MT2) during project year 
4 (2017). During week 23 to 27 the treatment line was out of operation due to reconstruction.  

For comparison the influent flow rate and temperature are presented in Figure 36.  

 

Figure 39. Temperature and influent flow rate during 2017.  

6.5.2 Flux and TMP 
Fluxes for the two membranes are presented inFigure 37. Normally the membranes were operated 
with net flux around 20 to 21 L/(m2·h). During week 11 to week 13 there were higher flux due to 
higher level in the bioreactors and problems controlling the influent using the temporary sieve (see 
section 3.1.2).  

From week 33 the flux was increased by increasing the permeate recirculation in order to evaluate 
how the membranes performed closer to their maximum design flux. Net fluxes during this period 
were between approximately 26 to 28 L/(m2·h).  
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Figure 40. Net flux. 

Throughout the period with high flux (from week 33) the TMP gradually increased as the 
membranes got more fouled, see Figure 38. The TMP dropped from 186 and 140 mbar prior to 
recovery cleaning for MT1 and MT2 respectively, to about 55 mbar after recovery cleaning.  

 

Figure 41. Net TMP. 

There was also an increase in TMP during the cold test (week 6 to 9) and then a decrease again as 
temperature increased.   

6.5.3 Membrane cleaning 
The membranes were cleaned with sodium hypochlorite and citric or oxalic acid. Two types of 
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scheduled at night when the influent flow rate was low. In order to assure that the influent flow 
rate was not too high for the one membrane tank in operation, the influent flow set-point was set to 
half of the current value, although never lower than 1.8 m3/h.  

The MC took about one hour and were carried out with acid about once per week (after 345 m3 of 
permeate were produced by that membrane) and with sodium hypochlorite about twice per week 
(after 173 m3 of permeate was produced).  

During MC the cleaning chemical was mixed with permeate and back pumped in pulses through 
the membranes. Normally there were nine back pulses, the first one a bit longer (2-5 minutes) 
followed by eight shorter with relaxation in-between (30 seconds followed by 4.5 minutes of 
relaxation). The chemical solution was pumped with a back flux of 20 L/(m2·h) and the target 
concentrations of the solution entering the membranes (after dilution with permeate) were 
200 mg Cl2/L for sodium hypochlorite, 2000 mg/L for citric acid and 1300 mg/L for oxalic acid.  

Previous year the MCs were carried out in accordance with the warranty conditions from the 
membrane supplier. This year two different changes were made: 

• Membrane tank 1 was cleaned with oxalic acid instead of citric acid from week 16.  
• The amount of chemicals used for maintenance cleaning were reduced by first reducing 

the length of the first back pulse from 5 to 2 minutes (week 16) and then reducing the 
number of back pulses from 9 to 7 (week 36).  

The amount of chemicals used normalized to the initial settings (back pulse duration 5 minutes + 8 
x 30 seconds) are presented in Figure 39together with the permeability. In the beginning of the year 
(week 1-7) MT1 had reduced initial back pulse during MC and thus only 67% of chemical addition 
compared to MT2. Week 16 the chemical addition during MC was reduced to 67% of the normal 
addition and week 36 it was further lowered to 55% of normal addition.  

As the purpose of MC is to maintain the permeability there were no major effect when comparing 
permeability before and after MC. The long term test of reduced chemical usage for MC had no 
apparent negative effect on permeability.  
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Figure 42. Amount of chemicals used for MC, normalized to back pulse duration of 5 minutes + 8 x 30 
seconds. From week 16 MT1 was cleaned with oxalic acid instead of citric acid.  

During week 16 the acid used for MT1 was changed from citric to oxalic in order to compare the 
two chemicals. No negative effect on permeability was observed when using oxalic acid compared 
to citric acid. However the peaks in effluent phosphorus were higher after cleaning with citric acid 
compared to oxalic acid (Figure 40).  

 

Figure 43. Example of peaks in effluent phosphate after cleaning with citric acid (MT2) but not as high 
after cleaning with oxalic acid (MT1).  

From week 27 to week 40 there were problems pumping hypo (hypochlorite), where air was 
sucked in to the pump. Calculations of consumption from the storage tank showed that only very 
little hypo was consumed during this period.    

There were also observations of degradation of the CL2 concentration in the hypo while in the 
storage tank (from where it was pumped). In order to compensate for this, the concentration was 
measured regularly and the pumping adjusted to maintain the right concentration in to the 
membranes during cleaning. 
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In theory, the degradation should be slower if the hypo is diluted, but no such effects were 
observed, see Figure 41and compare batch 1 January to March where initial concentration was 60 
g/L and batch 4 May to September where initial concentration was 115 mg/L. The slope for linear 
degradation for batch one was -0.73 g/L, d while it was -0.60 g/L, d for batch 4. Measurements of 
conductivity and concentration showed a clear relation between the two; see Figure 42, where 
conductivity increases as the concentration decreases. The increase in conductivity is caused by 
decomposition of chlorite (ClO2-) to chloride (Cl-) and chlorate (ClO3-). Since chloride is a smaller 
ion with a higher limiting ion conductivity, increase in its concentration leads to rise in 
conductivity. 

 

Figure 44. Concentration of Cl2 in the sodium hypochlorite during storage. Fillings with fresh chemical 
solution (10-20%) are presented with arrows. Batch 1 was diluted with tap water to approx. 60 g Cl2/L. 

 

 

Figure 45. Concentration of Cl2 as function of conductivity in sodium hypochlorite. 

Since the degradation of Cl2 concentration has been varying over time and there is a clear relation 
between concentration and conductivity there are plans of installing a conductivity sensor in the 
hypo storage tank.  

0
20
40
60
80

100
120
140

17
-0

1-
17

17
-0

1-
31

17
-0

2-
14

17
-0

2-
28

17
-0

3-
14

17
-0

3-
28

17
-0

4-
11

17
-0

4-
25

17
-0

5-
09

17
-0

5-
23

17
-0

6-
06

17
-0

6-
20

17
-0

7-
04

17
-0

7-
18

17
-0

8-
01

17
-0

8-
15

17
-0

8-
29

17
-0

9-
12

17
-0

9-
26

17
-1

0-
10

17
-1

0-
24

17
-1

1-
07

17
-1

1-
21

g 
C

L 2
/L

Cl2-concentration hypo

batch 1
batch 2

batch 3 batch 4
batch 5 batch 6

y_diluted = -2.1008x + 409.24
R² = 0.9429

y_non_diluted = -2.0806x + 498.1
R² = 0.9563

0

20

40

60

80

100

120

140

160 180 200 220

C
on

ce
nt

ra
tio

n 
hy

po
 (g

 C
L 2

/L
)

Conductivity (mS/cm)

Diluted hypo (batch 1)

Non diluted hypo (batch
2-6)

Linear (Diluted hypo
(batch 1))

Linear (Non diluted hypo
(batch 2-6))



 Report B 2334  Long term trials with membrane bioreactor for enhanced wastewater treatment – pilot 
Henriksdal 2040 

 

62 

The problems with air in the pump and varying concentrations make it difficult to estimate actual 
chemical consumption.   

Recovery cleaning 
During recovery cleaning (RC) the membrane tank was emptied, then filled with chemical solution 
and the membranes where left to soak overnight.  

According to the supplier the RC should be carried out twice every year with both sodium 
hypochlorite and acid, however in the pilot this was only carried out one time during 2017, in 
October and November. The previous RCs were carried out in Nov/Dec 2016 and since then about 
14 200 m3 permeate was produced per MT, which corresponds to 138 m3 per m2 membrane area. 

The focus during this recovery cleaning was to evaluate any differences between oxalic acid 
compared to citric acid. To do this, the cleanings with acids were carried out first, followed by 
cleaning with sodium hypochlorite one week after. The schedule for cleanings can be seen in Table 
17 together with the amount of chemicals used. With oxalic acid the pH was significantly lower 
(pH 2.1) compared to using citric acid (pH 2.8). About five times larger volume of concentrated 
acid was needed for the oxalic compared to citric, which for storage reasons is something the full 
scale plant will need to consider.       

Table 16. Results from RC. 

Date Membran
e tank 

Chemical Amount Measurements 
in tank at the 
start of soak 

Soaking 
time 

Measurements 
in tank at end 
of soaking 

2017-10-31 to 
2017-11-01 

MT1 Oxalic acid 
(8%) 

21.8 L  pH 2.06  
COD 390 mg/L 

21 h pH 2.15 
COD 710 mg/L 

2017-11-01 to 
2017-11-02 

MT2 Citric acid 
(51%) 

4,4 L  pH 2.84 
COD 1500 mg/L 

21 h pH 2.89 
COD 1900 
mg/L 

2017-11-07 to 
2017-11-08 

MT1 Sodium 
hypochlorite 
(109 g/L) 

11,5 L pH 9.5 
Cl2 625 mg/L 

20,5 h pH 7.8 
Cl2 255 mg/L 

2017-11-08 to 
2017-11-09 

MT2 Sodium 
hypochlorite 
(99 g/L) 

12,5 L pH 9.8 
Cl2 685 mg/L 

20,5 h pH 7.9 
Cl2 180 mg/L 

When comparing the effect on permeability there is no great difference between oxalic and citric 
acid and the effect was small for both cleanings with acid (Figure 43). The large improvement in 
permeability came after cleaning with sodium hypochlorite.   
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Figure 46. Permeability before and after recovery cleaning.  

Analysis of the first permeate after RC is presented inTable 17. When comparing the two acids the 
permeate after cleaning with citric acid contained higher concentrations of all analysed parameters. 
Especially the phosphate concentration after citric acid cleaning was high, while the phosphate 
concentration after cleaning with oxalic acid was approximately the same as after the cleaning with 
hypo.  

Table 17. Analysis of first permeate after RC. (n.a., not analysed). 

Permeate analysis 
after RC 

Chloride 
(mg/L) 

COD-Cr 
(mg/L) 

PO4-P 
(mg/L) 

Fe 
(mg/L) 

Mn 
(mg/L) 

RC oxalic acid MT1 n.a. 69 0.46 12 0.31 
RC citric acid MT2  n.a. 470 12 55 0.74 
RC NaOCl MT1  450 130 0.39 0.34 0.032 
RC NaOCl MT2  460 120 0.38 0.29 0.025 

As high concentrations of phosphate have been observed in the effluent before, after cleaning with 
citric acid, a separate measuring campaign for phosphate was conducted. A sampler was used to 
take hourly samples (70 mL every 6 minutes) during 24 hours after recovery cleaning with the 
acids. Phosphate concentrations was higher the first four hours after recovery cleaning with citric 
acid compared to after cleaning with oxalic acid and after about 5 hours for both cleanings, the 
phosphate concentration in the effluent was normal again (Figure 44).  
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Figure 47. Effluent phosphate after recovery cleaning with oxalic and citric acid.  

6.6 Sludge production and sludge properties 
The sludge production in the treatment process (primary sludge and WAS) is an important 
parameter for the MBR treatment process as well as input data for the sludge pilot. Table 18 shows 
some of the sludge data relevant for the MBR-process; sludge production, sludge age (SRT), and 
Sludge Volume Index (SVI), where data from the pilot is compared to design data for the pilot, 
data from the Henriksdal WWTP (annular average 2017) and design data for the future Henriksdal 
WWTP according to SFA.  

The primary settlers in the Henriksdal WWTP are much more efficient than the one in the pilot. 
Therefore, the production of primary sludge in the pilot corresponds to about half of the total 
sludge production whereas it makes up 66-75% of the total sludge production in the full-scale 
plant. The total sludge production in the pilot is significantly higher than the design data. This is 
due to higher incoming load compared to design (see section 3). The WAS-production in the pilot 
is almost twice as high as designed, which corresponds to the high BOD-load on the biology (due 
to high incoming load and poor reduction over primary settlers). The high WAS-production causes 
a short SRT (see section 3).  

The difference in sludge production and composition between the pilot and full-scale plant will 
affect results from thickening, digestion and dewatering of mixed sludge. 
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Table 18. Sludge data from the pilot year 2017 compared to design data for the pilot, data from the 
Henriksdal WWTP 2017 and design data for the future Henriksdal WWTP (SFA-design).   

Parameter Pilot data 
2017 

Pilot design 
data* 

Henriksdal WWTP 
data 2017 

SFA-design 
2040 

WAS production (kg SS/d) 17,1 8,8 23 000 59 000 
Part of total sludge production (%) 49 34 25 34 
VSS in WAS (% of SS) 72 63 70 63 
Fe in WAS (% of SS) 10,3 - 9,3 - 
PS-production (kg TS/d) 18,1 17,2 68 000 117 000 
Part of total sludge production (%) 51 66 75 66 
VS in PS (% of TS) 88 80 80 80 
Total sludge production (kg TS/d) 35,2 26,3 91 000 176 000 
Total sludge age, SRTtot (d) 17 28 13 28 
Aerated sludge age, SRTox (d)** 6,9*** 7 5,5 7 
SVI jan-jun (mL/g) 228 - 157 - 
SVI jul-dec (mL/g) 132 - 121 - 

*pilot design data is the scaled down SFA-design data (1:6700) 
**yearly average, the aerated volume is adjusted based on water temperature using the flex-zones. 
***including membrane tanks, without membrane tanks SRTox = 5,1 d 

Similar to the results from 2016, the SVI-value in the pilot was higher than in the full-scale plant 
with conventional activated sludge (CAS) process. This is expected since the membranes retain all 
sludge, also the floating and foaming sludge, in the process. In a CAS-process, sludge that does not 
settle will be washed out from the secondary clarifiers and a natural selection of sludge with good 
settling properties is achieved (at least in theory).  

In order to monitor sludge properties relevant to membrane filtration, analysis of time to filter 
(TTF) and colloidal TOC in filtered sample (cTOC) was done weekly, as suggested by Suez, the 
membrane manufacturer. Data on sludge properties, membrane performance (transmembrane 
pressure, TMP) and temperature can be seen in Figure 45.  

Figure 48. Sludge properties, TMP and temperature in the pilot.
A weak correlation between the conventional (SVI) and “new” methods (TTF and cTOC) of 
analysing sludge properties could be seen whereas a fairly strong correlation was found between 
cTOC and TTF as well as between cTOC and temperature in the membrane tanks (seeFigure 46). 
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The membrane performance (here represented by TMP) was not affected by the sludge property 
parameters (SVI, TTF, cTOC). The results were similar to the ones from 2016. This is most likely 
due to the ambitious membrane cleaning scheme which maintains a constantly low TMP and high 
permeability at all times. 

It is not clear which parameter is the most relevant to monitor in order to predict fouling or 
clogging. While some researchers more or less discard all mentioned methods (Kreminzky, 2013; 
de la Torre García, 2013), others prove that methods based on filtration are reliable in industrial 
applications (Alkmim et al. 2015), and yet others suggest that SVI could be the most relevant 
parameter due to the hydrophobic properties of filamentous organisms causing resistance during 
membrane filtration (Zsirai et al. 2012). The results presented here do not bring any clarity to the 
matter.  

   

   
Figure 49. Correlation between SVI and TTF (upper left) or cTOC (upper right) and cTOC and TTF (lower 
left) or temperature (lower right). 

Zhang and colleagues (2015) showed that addition of ferrous, but not ferric, had a positive effect on 
the filterability of MBR-sludge. Results from 2016 showed that high iron content in the sludge gave 
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shorter filtration times during TTF-analysis. This year, no such linear correlation was found, 
however, a weak logarithmic correlation could be seen (Figure 47). It is not clarified why the 
results differ from 2016 to 2017 but during 2017 more FeCl3 was dosed compared to the year before 
(approximatly 7% of the iron used was FeCl3 2017, corresponding number for 2016 was <1%), 
which might have an effect. 

 
Figure 50. Iron content in sludge as a function of TTF. 

According to Suez, cTOC values above 10 mg/l indicates risk for fouling. Results from the pilot 
showed that cTOC was below 10 mg/l 71% of the time. At times when cTOC was above 16 mg/l no 
elevated TMP was seen (Figure 45). Again, this could be due to efficient membrane cleaning. 

In Table 19 the TSS concentration in waste activated sludge (WAS) as well as the content of iron, 
phosphorus and VSS is listed for the four years the pilot plant has been in operation. The design 
value for TSS in WAS is 10 000 mg/l. The values are quite similar from year to year, a part from the 
iron dosage which decreased over the first three years due to process optimization and 
development of precipitation strategies. The increase in 2017 is due to a lower production goal for 
phosphorus in the effluent, 0.15 mg TP/l compared to 0.20 mg TP/l previous years. 

Table 19. WAS composition (annual average) in the pilot over the 4 years of operation.  

Year TSS  
(mg/L) 

Fe in sludge  
(% of TSS) 

P in sludge 
(% of TSS) 

VSS  
(% of SS) 

Fe/P in sludge  
(mole/mole) 

2017 9 632 10.3 3.0 71 1.9 
n 50 47 47 47 47 
2016 8126 8.3 3.4 74 1.3 
n 31 31 31 31 31 
2015 9910 10.1 3.3 71 1.7 
n 44 44 42 44 42 
2014 9263 11.9 3.1 69 2.3 
n  38 38 27 38 27 

  

6.7 Sludge treatment 
The sludge pilot, comprising thickening of mixed sludge (PS and WAS), digestion and dewatering 
of digested sludge, was taken into operation in September 2017. Before start-up it was inoculated 
with sludge from one of the full scale mesophilic digesters at the Henriksdal WWTP. Therefore, the 
digestion process started up immediately. The first months of operation focused on getting all the 

R² = 0.4325

0%

5%

10%

15%

20%

0 50 100 150 200 250

Fe
 (%

 o
f S

S)

TTF-100 (s)

Fe in sludge = f(TTF)



 Report B 2334  Long term trials with membrane bioreactor for enhanced wastewater treatment – pilot 
Henriksdal 2040 

 

68 

equipment to work, fixing things that didn’t work and adjusting the settings in the SCADA-
system. Thus few useful results were generated. From Figure 48 it can be seen that the pump 
providing the thickener with mixed sludge was stopped frequently. This was mainly due to 
downstream problems like clogging of pipes or instrument failure. While in operation the goal of 
>6% TS was not reached. This was as expected since no optimization of the thickener was done at 
this point. 

 
Figure 51. Flow and TS-concentration into and out of the thickener. 

Digestion 
The unintentional intermittent operation of the thickener led to uneven loading of the digester and 
varying retention times. Results from mesophilic digestion are shown in Figure 49. Most values are 
below design values as stated in Table 3. Figure 50 shows a moderate logarithmic correlation 
between the specific biogas production and the organic loading rate (OLR). These results are in 
accordance with long term experiences from the Henriksdal and Bromma WWTP.   

 
Figure 52. Data from mesophilic digestion of thickened mixed sludge. Weekly averages. 
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Figure 53. Biogas production as a function of the specific organic loading rate (OLR). 

Viscosity 
One of the concerns for the future sludge treatment process at the Henriksdal WWTP is pumping 
thick raw sludge (6-7% TS) as well as digested sludge (4-5% TS) long distances. In order to 
calculate the operational pressure required for pumping sludge data on sludge viscosity is 
required. Sludge from WWTP is non-Newtonian liquid, thus the viscosity is dynamic (it changes 
with flowrate). The dynamic viscosity in PS, WAS, BS was measured using a Brookfield LVT 
viscometer at different temperatures and with different TS-concentrations. The work was done as 
part of a BSc-thesis project. Results are presented in Figure 51 and in Hallgren (2017). The results 
were not compared to reference values and are not validated. However, they provide information 
on the difference between types of sludge, temperatures and TS-concentration.  

 
Figure 54. Viscosity of sludge at different temperature and TS-concentrations. MS = mixed sludge, WAS = 
waste activates sludge, PS = primary sludge. The number in the legend indicates TS-concentration of the 
sample. 
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6.8 Resource consumption 
Resource consumption in the pilot as yearly average is presented in Table 20. A comparison with 
the SFA design was made however pilot values contain great uncertainties due to difficulties in 
measuring the consumption due to problems with pumps and air in the pipes, difficulties in 
manually reading levels and degradation of some chemicals, to mention a few.  

External carbon source consumption was much greater compared to previous year (0.7 kg COD/d 
and 0.33 g COD/g N) although effluent nitrate was approximately the same (3 mg NO3-N/L). 
Previous year Brenntaplus was used as external carbon source but this year methanol was used 
which could be one explanation to increased consumption. Another identified major contribution 
to increased consumption this year was a poorly selected dosing point during the second haft of 
the year which resulted in an increase of consumption with about 40% compared to the first part of 
the year. The nitrate setpoint in the post dentrification also greatly affect the carbon source 
consumption. In addition, air entered the methanol pump resulting in an overestimation of added 
carbon.  

The iron consumption was in line with the SFA-design and the effluent phosphate concentration 
was in line with target concentration. Compared to previous year the iron consumption was higher 
but effluent phosphorus was also much lower.    

Despite the efforts made in reducing the amount of chemicals for MC the amounts used are not 
that much lower compared to the SFA design. One explanation is that the influent to the pilot (on 
which the interval for MC was based) was 10% higher than the design. For the citric acid, as only 
one out of two membranes was cleaned with citric acid, the consumption was just under the design 
value (47% of design for two membrane tanks).   

Table 20. Chemical consumption during 2017.  

Resource Unit 
Value 
pilot 

SFA 
design 

Value pilot/scaled 
SFA design 

External carbon source 
(methanol) 

kg COD/d 2.14 12 000 119% 
gCOD/gN* 0.84 - - 

Iron (FV+BR4+BR6) kg Fe/d 1.60 10 000 107% 
mole Fe/mole P 2.1 2.8 74% 

Citric Acid (51%) L/d 0.097** 1 400 47% 
Sodium hypochlorite (12%) L/d 0.17*** 1 200 93% 
Oxalic acid (8%) L/d 0.47** - - 
Aeration biology m3/d 1342 - - 
Aeration MT m3/d 718 - - 

* NO3-N removed in total, from inlet to effluent.  
** Number of MCs with each acid from implementation of oxalic acid cleaning on April 19th multiplied time 
settings and number of backpulses using design flowrate of chemical. Measured consumption for one RC 
preformed with each acid. 
*** No measurements were available. Estimated number of cleanings based on total volume treated water and 
cleaning every 173 m3. Time settings and number of backpulses was multiplied with design flowrate of 
chemical. 
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6.9 Mapping of micro pollutants 
In two weeks during the autumn of 2017, a specific trial on mapping of micro pollutants in the 
process was conducted. The trial was a part of a master thesis connected to the MBR pilot project. 
Selected micro pollutants included in the study were: 

• Pharmaceuticals (24) 
• Antibiotics (15) 
• Hormones (3) 
• Micro plastics (50-300 μm) 
• PFAS (14) 
• Chloro-organic halogens (AOX and EOX) 

All micro pollutants listed above are commonly found in influent and effluent wastewater to and 
from wastewater treatment plants. The aim of this mapping was to study the distribution of the 
different micro pollutants throughout the wastewater treatment process. Concentrations of chloro-
organic halogens are usually very low in the influent wastewater but since the membranes in the 
process continuously are being cleaned with sodium hypochlorite, the distribution of these 
parameters are also of big interest, since hypochlorite previously has shown to be a source for 
different chlorinated compounds  (Defang, et al., 2013). 

Samples were taken from six different sampling points; namely IN, PTW, EFF, PS, WAS and 
DDMS. Water samples (IN, PTW and EFF) were taken as composite weekly samples and sludge 
samples (PS, WAS and DDMS) were taken as grab samples five times per week (Mon-Fri) and 
mixed to a weekly sample of grab samples. For analysis of micro plastics, samples were taken as 
grab samples from sampling points PTW and EFF, even though they were water samples. An error 
from the external laboratory conducting the analysis of AOX and EOX resulted in that the samples 
taken during the original two week sampling period (week 42 and 43 2017) had to be rejected, and 
these samples were instead re-taken during two of the following weeks (week 48 and 49 2017). All 
parameters were analysed by IVL Swedish Environmental Research Institute AB except from AOX 
and EOX, which were analysed by Eurofins Environment AB. 

Figure 55. Process scheme with sampling points (IN, PTW, EFF, PS, WAS, DDMS). 

Table 21 shows from which sampling point samples were taken for each analysed parameter. The 
decision to not include all sampling points for all parameters was taken in internal discussions 
between the project group and the laboratories conducting the analysis. 
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Table 21. Sampling points for each analysed parameter. 

 Water samples Sludge samples 
Parameter/Sample IN PTW EFF PS WAS DDMS 
Pharmaceuticals X X X X X X 
Antibiotics X X X X X X 
Hormones X 

 
X 

 
 X 

Micro plastics 
 

X X 
 

  
PFAS X 

 
X 

 
 X 

AOX/EOX X X X X X X 

 

For more details on the carried out methods for sampling and analysis of micro-organisms, see 
(Murad, 2018). 

6.9.1 Results 
In this report, only a fraction of the results is presented. More detailed results are presented in 
Master Thesis report (Murad, 2018).  

In total, 24 different pharmaceuticals, 15 different antibiotics, 3 different hormones, 14 different 
PFAS compounds, micro plastics in two size fractions (50-300 μm and >300 μm) and 2 different 
groups of chloro-organic halogens were analysed, from all six sampling points in the process (IN, 
PTW, EFF, PS, WAS and DDMS).  

Figure 53 shows the reduction of pharmaceutical substances between the influent and effluent. As 
can be seen in the figure, a majority of the substances are reduced in the process, but there are also 
substances with a negative reduction, resulting in higher effluent concentrations compared to 
influent concentrations. 
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Figure 56. Reduction of pharmaceutical substances from influent to effluent. 

Only 9 of the 15 selected antibiotics were detected in the wastewater. 5 of them showed a positive 
reduction throughout the process and 4 of them were not detected (or detected with a very low 
concentration) in the influent but only in the effluent, therefore showing a negative reduction, see 
Figure 54. 

 

Figure 57. Five antibiotics showed a positive reduction between influent and effluent. 

7 of the 14 studied PFAS were detected in the wastewater. 4 of them showed a positive reduction 
throughout the process but the three with the highest concentrations in the influent (PFHxA, PFOA 
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and PFHpA) all showed a negative reduction, resulting in an almost 50% increase in the total PFAS 
concentration in the effluent compared to the influent, see Figure 55. 

 

Figure 58. Influent and effluent wastewater concentrations of PFAS. 

For hormones, a high reduction was detected between the influent and effluent wastewater, also 
resulting in higher concentrations detected in the sludge. For micro plastics, the concentrations 
detected in the effluent wastewater were very low, this is since the physical wall of the membranes 
are stopping most of the particles from passing through to the effluent water stream. Most of the 
samples had undetected concentrations of chloro-organic compounds, indicating an error when 
selecting the detection limit, and making it difficult to draw any conclusions regarding the actual 
concentration of these compounds in the wastewater. 

6.9.2 Discussion 
Within this study, only two sets of weekly composite samples have been analysed and evaluated. 
Further studies are needed to be able to draw any bigger general conclusions.  

Compared to previous studied carried out at conventional activated sludge (CAS) treatment 
plants, a higher reduction of the substances studied is generally observed. This indicates that a 
future possible addition of an extra treatment step for removal of prioritised micro-organisms can 
be operated in an efficient way. However, a result of this is also instead higher concentrations of 
these substances present in the produced sludge. Future MBR plants need to be aware of this 
higher presence of unwanted micro-organisms in the sludge. 

Accurate analysis of concentrations of micro-organisms in complex matrices such as influent 
wastewater is a challenge. Specifically for influent wastewater, other substances present in the 
wastewater can overshadow the micro-organism to be analysed. The substance studied can also be 
conjugated to other ions or particles in the influent wastewater and later released throughout the 
process, making it detectable only later in the treatment process. This can, in some cases, result in a 
lower analysed concentration of the micro-organism studied compared to the actual true 
concentration. This can result in analysis results of substances with higher effluent concentrations 
compared to influent concentrations (i.e. negative reduction), even though that the actual 
concentration in the influent is higher compared to in the effluent. The pharmaceutical substances 

0
1
2
3
4
5
6
7
8
9

PFHxA PFOA PFHpA PFOS PFNA PFDS PFDA

ng
/L

IN UT



 Report B 2334  Long term trials with membrane bioreactor for enhanced wastewater treatment – pilot 
Henriksdal 2040 

 

75 

showing a negative reduction in this study have also shown negative reduction in previous studies 
carried out at CAS plants. 

6.9.3 Further trials 
This sampling campaign was the first out of several planned within the project. Additional 
sampling and analysis campaigns will be carried out during 2018 and 2019. The results of the full 
study will be presented in the yearly report of 2019. 

The full study has been made available thanks to co-financing from Svenskt Vatten Utveckling 
(SVU project 17-118). 

6.10 Cold water tests 
According to the warranty, the membranes should manage a couple of weeks of operation at 
temperature 10 degrees C without loss of permeability. In order to confirm this, a cold temperature 
test was carried out.  

The influent water to the treatment line was cooled in a heat exchanger with target temperature 10 
degrees C. After one week, the target temperature was lowered to 8 degrees C. The cooling test 
was carried out from Tuesday week 6 2017 (7th of February) to Thursday week 9 (2nd of March). 
Extra grab samples were taken and analyzed for nitrogen fractions.  

6.10.1 Temperature 
The incoming wastewater was cooled to between 8 and 10 degrees C which resulted in between 
11.5 and 13 degrees C in the membrane tanks (see Figure 56). Due to limitations in the supply of 
cool water to the heat exchanger, the temperature varied, with higher temperature during the flow 
peaks of the day.  
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Figure 59. Temperature in the incoming wastewater (Temp IN) and in membrane tank 1 (MT1) during the 
period for the cold water test.  

6.10.2 Nitrogen removal  
During the cold water test, the nitrogen removal was distinctly reduced due to less nitrification. 
The ammonium concentration entering the aerated part of the biological treatment showed 
increased peaks during the period with cool temperatures (Figure 57). 

 

Figure 60. Ammonium in BR2, i.e. entering the aerated part of the biological treatment. The cold water test 
period is marked with a blue arrow.  

During one day (21st of February) a test with lower oxygen concentrations in the aerated part of 
the biological treatment was carried out. When the DO was lowered, the effluent ammonium 
concentration immediately increased (Figure 58). Due to this the DO was restored to original 
concentrations after one day.  
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Figure 61. Effluent ammonium and nitrate concentrations in daily composite samples.  

Due to low nitrifying activity and increased oxygen transfer at low temperature, the need for 
aeration was lower during the cold test compared to a period with higher temperature. 

 

Figure 62. Total aeration in the biological treatment during the cold water test period. 

Grab samples analyzed for ammonium in the treatment line showed that some nitrification 
occurred in the aerated zones, but it was far from complete nitrification, even after passing through 
the aerated membrane tanks. The reduction of ammonium between BR2 (entering the aeration) and 
BR5 (after aeration) varied in the range 2-7 mg/L and reduction in the membrane tanks was 1-3 
mg/L, giving a total reduction of 3-10 mg/L. Although some reduction was observed, the 
ammonium concentrations were elevated in the process and in the effluent (see Figure 60). This 
indicates that it might be difficult to compile with a regulation of a maximum of 6 mg TN/L in the 
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effluent, during longer periods with cold influent wastewater. The limiting concentration of 6 mg/L 
has, however, to be met for the yearly average concentration only. This means that during the cold 
period the nitrogen concentration in the effluent can be higher, as long as the higher discharge 
during this period is compensated by a lower discharge during warm period. The elevated 
ammonium concentration during the cold water test is caused by a too short aerobic sludge age for 
the given temperature. The aerobic sludge age in the pilot was lower than the design one due to 
poor performance of the pre-sedimentation tank. With a better performance of pre-sedimentation 
in the full scale plant the aerobic sludge age can be maintained higher and less profound increase 
in ammonium increase will be observed during cold period. 

 

Figure 63. Elevated concentration of ammonium in the treatment line (BR2) and in the effluent during the 
cold water test (week 6-9).  

6.10.3 Membrane performance 
The membrane permeability, both with and without temperature compensation is shown below. 
When compensating for the temperature, there’s no clear effect of the low temperature on the 
membrane permeability. If looking at the non-temperature compensated permeability, there’s a 
small decrease in permeability during the cold water test period. However, as the temperature 
increases again the compensated permeability also increases. There was no long lasting effect on 
the permeability after the cold water test period.  

Figure 64. Permeability in membrane tank 1 during the cold water test period. 
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Figure 65. Permeability in membrane tank 2 during the cold water test period. 
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