
Master of Science Thesis 

KTH School of Energy Technology EGI_2016-067 MSC 

Division of Applied Thermodynamic and Refrigeration 

SE-100 44  STOCKHOLM 
 

 

 

 

 

 

 

Innovative Control Strategies for the 

Partial Nitritation/Anammox 

Wastewater Treatment Process 

 

Evan H. Scott 

 
 

 

 

 

 

 

 



- 2 - 
 

 

 

 

 

 Master of Science Thesis EGI 2016:067 

 

Innovative Control Strategies for the Partial 

Nitritation/Anammox Wastewater Treatment 

Process 

   

  Evan H. Scott 

 

Approved 

2016-08-24 

Examiner 

Viktoria Martin 

Supervisor 

Viktoria Martin 

 Commissioner 

IVL 

Contact person 

Klara Westling 

Abstract 

The project undertaken in this thesis was proposed by IVL Swedish Environmental Research Institute and 

performed at their R&D facility Hammarby Sjöstadsverk as a part of the EU funded research project R3 

Water. A single stage partial nitritation/Anammox system in a moving bed biofilm reactor (MBBR) was 

controlled using oxidation reduction potential (ORP) in order to evaluate its utility as control parameter. The 

system was operated in 10 periods under a combination of several different pH levels (7, 7.5, 8), nitrogen 

loads (1, 2.5, 4 gN/m2/d), and ORP (-70, 0, 70 mV) values following a 2n full factorial design. The results 

were then interpreted using the design of experiment software MODDE in order to find the optimal 

operating conditions. Stable operation and acceptable levels of nitrogen removal (>80%) were achieved for 

three periods where the common factor was an ORP value of 70 mV. The highest nitrogen removal rate 

(83.7%) was found when the test conditions were pH 8, nitrogen load 1 gN/m2/d, and ORP 70 mV. The 

economic performance of each period was also evaluated and it was found that the optimal point, in terms of 

aeration and of the three periods with sufficient removal efficiencies, was the same as the optimal removal 

conditions except with a pH of 7. The resulting cost was 0.0046 SEK/gN removed. A secondary test was 

performed in order to directly compare the performance of ORP with dissolved oxygen (DO) as a control 

parameter. It was found that DO significantly outperformed ORP under identical test conditions, yielding a 

higher nitrogen removal rate (78.2% vs.  65.3%) as well as significantly less aeration energy.  
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Sammanfattning 

Denna rapport beskriver ett projekt som genomförts vid IVL Svenska Miljöinstitutet,  Hammarby 

Sjöstadsverk, som en del av EU-projektet R3 vatten. En enstegs- partiell nitritation / Anammox systemet i en 

rörlig bädd biofilm reaktor (MBBR) kontrollerades med hjälp av oxidation reduktionspotentialen (ORP), och 

OPR som som styrparameter utvärderades. Systemet drevs i 10 perioder vid flera olika pH-nivåer (7, 7.5, 8), 

kvävelaster (1, 2,5, 4 gN / m2 / d), och ORP-värden (-70, 0, 70 mV) enligt en fullständing 2n faktordesign. 

Resultaten tolkades därefter med hjälp av programvaran MODDE (försöksplanering) för att hitta de optimala 

driftsförhållandena. Stabil drift och acceptabla nivåer av kväverening (> 80%) uppnåddes under tre perioder 

där den gemensamma faktorn var ett ORP-värde på 70 mV. Den högsta kvävereningsfrekvensen (83,7%) 

konstaterades när testbetingelserna var pH 8, kvävebelastningen 1 gN / m2 / d och ORP 70 mV. Från en 

ekonomisk utvärdering av varje period framgick att den optimala punkten, när det gäller luftning vid tillräcklig 

borttagningseffektivitet, var densamma som de optimala betingelserna, förutom med ett pH-värde 7. Den 

resulterande kostnaden var 0,0046 SEK / gN. Ett sekundärt test utfördes för att direkt jämföra resultaten för 

ORP och  löst syre (DO) som styrparametrar. DO visade ett signifikant bättre resultat än ORP under 

identiska testbetingelser, med en högre kväverening (78,2% mot 65,3%) och ett mindre behov av luftning.  
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Acronyms and Abbreviations 

Anammox – anaerobic ammonium oxidation 

AOB – ammonium oxidizing bacteria 

BOD – biological oxygen demand 

CANON - completely autotrophic nitrogen removal over nitrite 

COD – chemical oxygen demand 

DEMON - deammonification 

FA – free ammonia 

FNA – free nitrous acid 

HRT – hydraulic retention time 

NOB – nitrite oxidizing bacteria 

MLSS – mixed liquor suspended solids 

MBBR – moving bed biofilm reactor 

p.e. – population equivalent  

RBC – rotating biological contactors 

SAA – specific Anammox activity 

SBR – sequencing batch reactor 

SHARON - stable high rate ammonia removal over nitrite 

SRT – solids retention time 

TSS – total suspended solids 

WWTP – waste water treatment plant 

VSS – volatile suspended solids 
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1 Introduction 

Urbanization is an immutable trend of human progress. In this century people are expected to flock to cities 

at unprecedented rates and thereby increasing the demand of services deemed necessary for a decent quality 

of life such as water, sanitation, housing, electricity, and heating/cooling. Cities have the potential to be 

incredibly efficient if there is proper planning in place and policies to support sustainable growth, but often 

times the services provided to the citizens, water and sanitation in particular, face challenges in keeping up 

with the growing citizen base. As a result of the large population concentration, the waste streams produced 

are relatively large and if not managed properly can have devastating impacts on the local environment.  

Wastewater treatment plants (WWTPs) are essential components within a city that allows for proper 

sanitation, water supply, and even power production in more modern facilities. Water becomes contaminated 

from daily household activities such as cooking, bathing, and bathroom use as well as from industrial 

activities. This water must be cleaned and treated before being released back into the environment. The 

contaminants of main concern in most treatment processes are solids, organic material which exert a 

biochemical oxygen demand (BOD), phosphorus compounds, and nitrogen compounds.  The typical 

configuration of the plants is a three step process consisting of mechanical separation, biological treatment 

and chemical treatment as seen in figure 1. 

 

Figure 1. Typical Configuration of a WWTP (Naturvårdsverket, 2006) 

The larger solids, such as wood, textiles, and plastic, are removed in the mechanical phase through the use of 

screens and large sedimentation tanks. Biological treatment typically consists of an aeration tank which 

provides oxygen for microorganisms to consume the remaining organic material, resulting in around a 90% 

decrease in BOD concentration. The chemical treatment phase is where chemicals are added to trigger the 

precipitation of dissolved phosphorus, where they settle in the following tank and are removed from the 

stream with a typical removal efficiency of 90% (Naturvårdsverket, 2006). 

While approximately 20% of the nitrogen in the wastewater can be removed during basic biological 

treatment, as described above, targeted removal of nitrogen is a significantly more complex process and is 

usually only reserved large plants, such as those found in bigger cities (>10,000 p.e.), and where the treated 

water is discharged into a sensitive ecosystem (Naturvårdsverket, 2006). In terms of Sweden, these key 

locations can be seen in figure 2, where the orange dots seen represent areas where there are no guidelines for 

nitrogen removal. 
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Figure 2. Nitrogen Release Standards Across Sweden (Naturvårdsverket, 2006) 

For the most part, in areas north of Greater Stockholm, the population is not large enough and nor the 

ecosystem fragile enough to warrant strict regulation, but further south the effluent of WWTPs can find its 

way into bodies of water such as the Bothnian Sea and the Baltic Proper. The Baltic in particular has been the 

subject of much scrutiny and attention due to uncontrolled industrial pollution in the past century that has led 

to significant declines in fish species.  

In Sweden and the EU, the urban waste water directive is the main piece of legislation influencing water 

treatment procedure. It was created with the goal of combating damage to the environment and its main 

stipulations are that: built-up areas must have collection systems, water in collection systems must go through 

at least secondary treatment, wastewater must follow some minimum emissions standards, and water entering 

‘sensitive areas’ must follow stricter emissions standards (Naturvårdsverket, 2006). More specifically the 

nitrogen discharge limits in Sweden for areas with sensitive marine ecosystems are: 10 mg/l for plans with 
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loads over 100,000 p.e., 15 mg/l for plants with loads between 10,000-100,000 p.e., and they must have a 

removal rate of at least 70% in all, except for a few specific cases (Naturvårdsverket, 2006). Most plants, 

discharging treated wastewater to the Baltic Sea, are expecting stricter limits in the near future, with 6 mg/l as 

the most common number discussed. 

This nitrogen gets into the water system through several avenues such as human waste, agricultural runoff, 

and industrial waste. In the context of the urban setting, and the reason for having more stringent emission 

standards for plants with higher p.e., human waste is the main source of nitrogen entering WWTPs. In fact, 

the average amount of total nitrogen produced by human excrement is 12.2 grams/day, 90% of which is from 

urine (Minnis). If this nitrogen is released untreated into the environment in such high concentrations the 

predominant effect would be eutrophication, which promotes plant growth in water resulting in excessive 

plant growth. Other environmental impacts include soil acidification and fertilization of vegetation which can 

result in weeds chocking out native plant life (Colorado State University, 2008). Each one of these outcomes 

have the potential to drastically alter local ecosystems and landscapes.  

In addition to the need find more efficient and effective nitrogen removal techniques for environmental 

reasons, the biological component of water treatment accounts for 50-80% of energy use in WWTPs 

(Jonasson, 2007). This is due to the large amount of energy needed to power the compressors used for the 

aeration of the bulk liquid. The specific energy consumption has been estimated at 16-22 kWh/(pe*year) 

(Wennerholm, 2014). From the viewpoint of environmental preservation, energy intensity, as well as process 

complexity, the biological stage in WWTPs, specifically nitrogen removal, is the area with the most potential 

for large process improvements.  

1.1 Background to Nitrogen Removal 

As mentioned previously nitrogen can be found in several forms, but enters WWTPs primarily in the form of 

organic nitrogen or ammonium then through biological treatment is converted to nitrogen gas, which is 

environmentally inert. This conversion process is typically done in three steps: Ammonification, Nitrification, 

and Denitrification. 

 𝑶𝒓𝒈𝒂𝒏𝒊𝒄 𝑵𝒊𝒕𝒓𝒐𝒈𝒆𝒏 
𝟏
→ 𝑵𝑯𝟒

+
𝟐𝒂
→ 𝑵𝑶𝟐

−
𝟐𝒃
→ 𝑵𝑶𝟑

−
𝟑
→𝑵𝟐 ( 1 ) 

1.] In domestic wastewater, around 60% of the nitrogen is found in its organic form while 40% is found 

as ammonium (Wiesmann, et al., 2006). Ammonification is the conversion of this organic fraction into 

ammonium. Naturally occurring microbes in anaerobic conditions are responsible for this process. It 

takes place in-route to the treatment facility and the extent of conversion is typically high enough to 

where no process enhancements are required. 

2.] Nitrification is where ammonium is converted to Nitrate (𝑁𝑂3
−) in a two-step process with nitrite 

(𝑁𝑂2
−) as the intermediate. This step is aerobic and requires oxygen, therefore some form of aeration is 

needed in the process.  Ammonium oxidizing bacteria (AOB) consume oxygen to create nitrite while 

nitrite oxidizing bacteria (NOB) finish this step, consuming additional oxygen and the nitrite to form 

nitrate. Typically NOB are the more resilient microbe, so in order to maintain proper balance between 

the two reactions and intermediates, the system conditions much be carefully monitored; balancing 

parameters such as pH, temperature, solids retention time (SRT), and especially dissolved oxygen (DO). 

The two simplified reactions can be seen below. 
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 𝑵𝑯𝟒
+ + 𝟏. 𝟓𝑶𝟐

𝑨𝑶𝑩
→  𝑵𝑶𝟐

− + 𝟐𝑯+ +𝑯𝟐𝑶 ( 2a ) 

 𝑵𝑶𝟐
− + 𝟎. 𝟓𝑶𝟐

𝑵𝑶𝑩
→  𝑵𝑶𝟑

− ( 2b ) 

(Barnstable County Dept of Health and Environment, 2016) 

3.] Denitrification occurs under anoxic conditions (no dissolved oxygen), and is the reduction of nitrate 

to nitrogen gas, which is the ultimate goal of the nitrogen treatment process. While no additional aeration 

is required in this step, the microorganisms responsible for the conversion of nitrate need a carbon 

source in order for the reaction to take place. This can take the form of biological oxygen demand 

(BOD), which is a measure of the amount of organic compounds in water, but often the concentrations 

remaining by this step of the process are insufficient. As a substitute, an external carbon supply is added, 

typically in the form of ethanol as seen in the following equation.   

 

 𝑵𝑶𝟑
− + 𝟎.𝟖𝟑𝟑𝑪𝑯𝟑𝑶𝑯→ 𝟎. 𝟓𝑵𝟐 + 𝟎. 𝟖𝟑𝟑𝑪𝑶𝟐 + 𝟏.𝟏𝟔𝟕𝑯𝟐𝑶+ 𝑶𝑯

− ( 3 ) 

(Barnstable County Dept of Health and Environment, 2016) 

1.2 Anammox 

Due to the high energy intensity and growing stress on the water treatment infrastructure, new more efficient 

processes are being sought after.  Anammox is a relatively new process, surfacing in the early 1990s, but as of 

2014, over 100 full scale plants were already utilizing some variation of this process (Lackner, et al., 2014). 

The Anammox process is essentially a shortcut in the traditional removal process which by-passes the 

conversion of nitrite into nitrate to be used for denitrification. Instead nitrite is directly used with ammonium 

to produce nitrogen gas. The reaction can be seen below: 

𝑁𝐻4
+ + 1.32𝑁𝑂2

− + 0.066𝐻𝐶𝑂3
− +𝐻+↔1.02𝑁2 + 0.26𝑁𝑂3

− + 0.066𝐶𝐻2𝑂0.5𝑁0.15 + 2𝐻2𝑂 ( 4 ) 

(Trela, et al., 2015) 

Since nitrite is still necessary as a feedstock, Anammox is typically combined with partial nitritation (PN). In 

this pathway, around 50% of the incoming ammonium is converted into nitrite as in the traditional process by 

AOB. The remaining 50% is then consumed in the Anammox reaction. This combination offers the potential 

to reduce oxygen use by 60% (thereby also reducing energy required for aeration by essentially the same 

magnitude) and also can significantly reduce carbon dioxide emissions as there is not external carbon source 

added into the process and it is a minor product in the overall process when compared to normal 

denitrification.  

In this scheme the balance between AOB and NOB is important in order to create enough nitrite to feed the 

Anammox reaction. The bacteria are highly temperature sensitive, but stable operation has been achieved 

above 15 °C. At higher temperatures AOB begins to outcompete NOB, which is actually the basis for certain 

process control strategies (Zhang, et al., 2008).  AOB also has a shorter doubling time than NOB, making 

SRT an important consideration when maintaining proper system balance. AOB is also known to outcompete 

NOB under oxygen limited conditions which means that generally the process is run with a DO level below 1 

mg/L (Zhang, et al., 2008). However, this point is more typically just a rule of thumb and less applicable in a 

single stage process since the balance is fluctuating more than it would in a two stage process with PN and 

Anammox in separate reactor vessels. The growth rate of NOB is eight times that of AOB at a pH of 7 

compared to 8 while AOB activity shows little variation, making a more alkaline environment favorable for 
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Anammox. At higher pH there is more NH3 in solution and less HNO2, which are the respective substrates 

for AOB and NOB (Zhang, et al., 2008). 

1.3 Partial nitritation/Anammox in the scheme of a WWTP 

In order for the PN/Anammox process to operate with a sufficient nitrogen removal efficiency, a warm 

influent stream is required and an ammonium rich stream is beneficial. For these reasons treatment of 

mainstream wastewater is not being done at full-scale, but is currently a topic of interest across many research 

groups. This process, therefore, only has a few niche applications, across several areas such as organic solid 

waste treatment, food industries, fertilizer industry, and the petrochemical industry, but in terms of water 

treatment the main use is with Digester supernatant/reject water (Paques).  An overview of several important 

parameters in two potential treatment streams can be seen in table 1. 

 
Table 1. Composition of ammonium rich waste streams (Larsen, Udert, & Lienert, 2013) 

 Digester Supernatant Blackwater 

Ammonium [mgN/L] 790 1100 

Ammonia [mgN/L] 11 36 

Carbonate [mgC/L] 920 800 

Alkalinity [mmol/L] 77 70 

pH 7.5 7.9 

 

Centrate from sludge digesters have a high ammonium concentration, a favorable pH, typically enough 

carbonate so that no additional buffer needs to be added, and most importantly the temperature of this 

stream is usually around 25 ⁰C. All of these conditions make it a perfect candidate for treatment with 

PN/Anammox. In figure 3 a generic scheme of a WWTP can be seen where the solids and sludge from 

primary and secondary treatment are fed into a digester. The sludge is then dewatered so that the solids are 

then disposed of and the reject water is typically fed back into the inflow of the plant. In case of this figure, 

the reject water is first fed into the PN/Anammox then returned to the inflow of the plant.  
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Figure 3. General WWTP schematic 

The centrate from the sludge digester can account for 20% of the total ammonium load in the mainstream 

(Constantine, 2008). The effective treatment of this sidestream can, therefore, significantly reduce the overall 

ammonium load in the system and reduce the costs and difficulty associated with treating nitrogen in the 

plant. One study found that sidestream treatment resulted in a decrease in internal nitrogen return load from 

16.3% to 1.6% while increasing mainstream nitrogen removal efficiency by 11%. This method also yielded a 

11% saving in total aeration energy (Wett and Alex, 2003).  

1.4 Operation and control Strategies 

There are many different strategies and methods involved in the implementation of partial 

nitritation/Anammox. The first distinction would be between a one-step and two-step process. Simply put, 

the distinction is whether the nitritation and the Anammox reactions are separated into two different reactor 

vessels or performed simultaneously in one reactor. The former is typically a more simple method of 

operation and was more popular initially, but has been feigning in popularity in recent years due to the capital 

and operational cost savings associated with a one stage process. Currently around 88% of full scale 

installations are using a one stage process (Lackner, et al., 2014).  

The next distinction is between the type of reactor used. There are several different types with the most well-

known being sequencing batch reactors (SBRs), granular sludge reactors, rotating biological contactors (RBC) 

and moving bed biofilm reactors (MBBRs). SBRs are common in the water treatment field and are basins that 

move through several different cycles; fill, react, settle, decant, and idle, where after idle the cycle repeats itself 

(NEIWPCC, 2005). The wastewater enters the reactor, interacts with the biomass, which is then retained as 

needed while the treated water is removed from the vessel. Mixing, aeration, and cycle times can be 

manipulated depending on the specific process. One important parameter, more specific to this type of 

reactor, is hydraulic retention time, as there must be significant time for the biomass to grow since it is not 

retained as well within the system. Granular sludge is a unique form of biofilm where the biomass forms 

natural aggregates without the need for carrier material (Castro-Barros, 2013). The technology can be applied 

in several ways, but typical it is used similarly to a SBR except with a greater ability to retain the biomass as 

the aggregates are easier to filter from the effluent. A RBC consists of several circular disks that are mounted 
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onto a rotating shaft, where the disks are spun and sequentially moved through the wastewater. The bacteria 

are fixed onto the surface of the disks where oxygen required for reaction is adsorbed from the air when the 

disks are not submerged in the bulk fluid. The process is controlled by managing the speed of rotation as well 

as the depth of the submersion (SSWM). The last reactor type, MBBR, is operated as a continuous stirred-

tank reactor with constant inflow and outflow. The defining feature of this technology is that the biomass is 

deposited onto plastic carriers which move around inside the reactor. This method is particularly well suited 

for the consolidation of a two stage process as different bacteria types can be grown in layers on the carriers. 

In the case of partial nitritation/Anammox, the oxygen consumers (AOB in this case) are maintained on the 

outer surface of the rings where it has exposure to DO in the bulk liquid. The Anammox bacteria thrive 

underneath the AOB, where the reactants are transferred through the AOB layer at assumed anoxic 

conditions. For the PN/Anammox application, SBR is the most implemented reactor type at around 50% of 

all instillations, with granular following at about 20%, and MBBR at approximately 10%. However, in terms 

of the total amount of nitrogen treated, granular is by far in the lead (Lackner, et al., 2014).  

In regards to biological treatment of wastewater, the ultimate goal when establishing a control strategy is 

stable operation, high removal efficiency, and minimal expenditure of energy for aeration. The control of the 

system is determined by either one or a combination of several different control parameters that are 

continuously measure throughout operation. The most common of which are pH, DO, ammonium, nitrate, 

nitrite, and conductivity. pH and DO control are by far the most commonly used parameters and are often 

used in tandem (Lackner, et al., 2014). Ammonium/nitrate are also  relatively common parameters used, with 

conductivity often being used as a stand-in, as it can be linearly correlated to ammonium concentration and is 

a cheaper/more simplistic measurement. Nitrite is rarely used as it can be difficult to accurately measure and 

requires more complex control algorithms relying on mass balances within the system.  

pH is an indicator what which reaction is taking place in the reactor vessel. If nitritation is occurring, the 

resulting production of hydrogen ions will decrease the pH and if the pH is increasing it means that these 

ions are being consumed by in the Anammox reaction. For example, the case of SBR reactors, the aeration 

phase is when the AOB bacteria are active. Once the pH readings decreases to a certain set point, aeration 

will be shut off and the cycle will be moved to the next phase. The upper and lower limits are typically 

somewhere between 7 and 8, depending on the specific configuration (Lackner, et al., 2014). DO is also set as 

a range, where if it is a single reactor the target is usually between 0.5 and 1 mg/l, while if in a two-reactor 

configuration, the PN reactor will have a higher set point and the Anammox reactor will have a set point of 0 

(i.e. no aeration). Ammonium and conductivity can be used to control by calculating a certain minimal 

removal efficiency requirement or by strictly controlling the effluent concentration to below a maximum 

target. 

The coupling of the reactor choice with the number of reactors, as wells as the control strategy, results in the 

determination of the actual process. There are several patented and applied processes involving Anammox, 

but some of the more popular and investigated types are completely autotrophic nitrogen removal over nitrite 

(CANON), stable high rate ammonia removal over nitrite (SHARON)-Anammox, and deammonification 

(DEMON).  

1.4.1 Redox potential (ORP) as a control parameter 

As the name denotes, oxidation reduction potential (ORP or also Redox) is a parameter that represents the 

ability of the wastewater to undergo either oxidation or reduction. The probe operates similarly to a pH 

sensor, except instead of measuring the concentration of hydrogen ions, the propensity of the system to 

transfer electrons is measured. This is done by comparing the charge transferred between the solution and a 

reference probe and the output is transmitted in terms of millivolts (mV). Lower/negative values are 

indicative of an environment more suitable for reduction, such as the presence of ammonium. 
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Higher/positive values can indicate the presence of dissolved oxygen or oxygenated compounds such as 

nitrite and nitrate, which have the ability to oxidize other compounds.  

ORP was one of the more recently applied measurements to waste water treatment and has gained favor due 

to its ease of use, speed, and comprehensive representation of system performance which can allow the early 

identification of process disruptions before the effluent quality is affected (Gerardi, 2007). It is also typically a 

cheaper sensor and has a much more dramatic change in signal with a change in the system than other 

process control parameters, particularly DO.  

While used to control some anoxic and anaerobic systems, such as digestion and denitrification, ORP is not 

widely used as a control parameter and there are still some unknowns and potential issues in application. One 

concern is that it can represent and display too many different changes within the system that could be 

difficult to differentiate even for an experienced operator, which could make using it as a controlled 

parameter problematic. Another issue is that the response time of the measurement can be heavily influenced 

by factors such as temperature, solution concentration, and what solutions the probe was previously used in. 

Lastly, the main issue is that the measurement itself can be somewhat arbitrary. Often times the measurement 

between two identical probes, that read the same in the calibration solution, can be off from each other by a 

considerable amount (50-100 mV) (Consort, 2015). However, many of the disadvantages can be offset if it 

remains in one system and only the change in value is looked at or if the initial set point was at least based on 

another value such dissolved oxygen. 

2 Aim of the Study 
The aim of the study is to evaluate the efficacy of redox potential combined with pH for controlling the 

partial nitrition/Anammox process. The testing was centered on three key variables (pH, ORP, and nitrogen 

load). In addition to verification of the control scheme working to an acceptable level, the study also sought 

to determine the optimal set point for each of the three variables. The optimal point was assessed from a 

variety of different response variables such as nitrogen removal efficiency and cost of nitrogen removed.  

With purely the results of the main study, it is not possible to directly compare the suitability of ORP to DO 

as a control parameter due to differences in system configuration and operation between the pilot reactor and 

others referenced in literature. To allow for more valid comparison, a secondary test was performed where 

the system was operated with intermittent feeding under DO control followed by ORP control. Between the 

two tests, only the control type was changed to allow for direct performance comparison with a focus on 

airflow and nitrogen removal.  

3 Experimental design 

Using a standard full-factorial design of experiments, with two levels for each variable, eight different periods 

were deemed necessary. In addition, two middle points were included as a reference point for the other tests, 

which brought the total number of periods to ten. Table 2 can be seen below with an overview of the 

different periods and their respective set points. The set points were chosen based on the known range of 

optimal operating conditions for Anammox as described previously in the paper. A pH of 7 was chosen as 

the detrimental point and a pH of 8 for the beneficial point. The ORP set point was chosen to fall within a 

previously studied range, with the -70 mV set point being unideal, as there is no oxygen in the system, and 70 

mV allowing more than enough oxygen to enter the system. The nitrogen loading was chosen to represent 

the typical effluent conditions of digester supernatant of WWTPs, with the range typically varying from 1 to 4 

gN/m2/d depending on the location. 
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Table 2. Summary of period conditions 

No. of test pH Nitrogen load 

(gN/m2/d) 

Redox (mV) 

I 7 1 -70 

II 8 1 -70 

III 8 1 70 

IV 7 1 70 

V 7,5 2,5 0 

VI 7 4 -70 

VII 8 4 -70 

VIII 8 4 70 

IX 7 4 70 

X 7,5 2,5 0 

 

For the test evaluating the performance of DO vs. ORP, the reactor was maintained at a nitrogen loading of 4 

gN/m2/d with the one and a half hour periods of feeding followed by no feeding in order to simulate some 

disturbances in the system. This was done in order to better gauge the control parameter’s ability to correct 

the imbalance. During the entirety of operation the pH was left uncontrolled. For the first period the system 

was run with DO control, at a set point of 2.2 (which was roughly the corresponding DO level during at 

redox 70 mV in the previous tests). In the next period the system was changed to redox control with a set 

point of 70 mV. 

4 Materials & Methods 

4.1 Pilot Plant description 

Reactor and Configuration 

The pilot plant is located at the Hammarby Sjöstadsverk facility which is owned and operated by a 

consortium led by the Royal Institute of Technology (KTH) and IVL Swedish Environmental Research 

institute.  The facility is positioned directly on top of the largest wastewater treatment facility in Stockholm 

(Henriksdal WWTP), which is run by Stockholm Vatten AB. The close proximity allows the pilot plant to 

utilize actual waste water streams from the full-scale facility below.  

There are two identical 200L Moving Bed Biofilm Reactors (MBBR) which are dedicated to Anammox 

related testing. This test made use of one of these reactors with a feed of bioreactor centrate, transported by 

truck at biweekly intervals from the Henriksdal WWTP . It was loaded into an onsite storage tank which was 

connected to the reactor feedline.  

The nitrogen loading was set by adjusting the inlet flowrate based on the desired load and inlet ammonium 

concentration, which is measured along with conductivity in the reject water stream. Inside the reactor there 
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is a dissolved oxygen sensor, oxidation reduction potential probe, ammonium and nitrate sensor, conductivity 

probe, and pH probe to measure the system outputs as well as control the system operation. The Anammox 

bacteria are fixed to Kaldnes K1 type carriers, which are circulated around the reactor vessel by means of a 

mixer. Air is diffused into the system by means of an aerator, which releases air into the bottom center of the 

vessel. The pH is controlled via use of a small metering pump which is connected to either NaOH (10%) or 

HCL (10%) depending on what the set point is. An overview of the system as well as a more detailed 

equipment list can be seen below in figure 4. 

 

Figure 4. Reactor Configuration, front view (left) and top view (right) 

 

1. BB2 Control Box (Cerlic) – Control box for ORP, DO, pH and Conductivity (display) 

2. Universal monitor DIQ/S 182 (WTW) – Control box for outlet NH4 and NO3
- 

3. Qdos 60 Universal (Watson-Marlow) – Feed pump 

4. gamma/L Diaphragm Metering Pump (ProMinent) – Dosing pump 

5. Universal monitor DIQ/S 182 (WTW) – Control box for inlet NH4 

6. Cerlic conductivity meter (0-15 mS/cm) 

7. VARiON®Plus 700 IQ with reference electrode and ammonium measuring electrode 

VARiON®Plus NH4 – Probe for measuring ammonium 

8. Reactor vessel 

9. VARiON®Plus 700 IQ with reference electrode and ammonium measuring electrode 

VARiON®Plus NH4 and VARiON®Plus NO3 – probe for measuring ammonium and nitrate 

10. pHx (Cerlic) – pH sensor 

11. ReX (Cerlic) – ORP sensor 

12. Nord 63L/4 In-line Helical Gearmotor – Mixer 

13. Aerator  
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4.2 Analytical Method 

To check and calibrate the online sensors, inlet and outlet water samples were taken at regular intervals to 

check for NH4, NO3
-, NO2

-, COD, alkalinity, Cl-, and K+. The inlet sample was taken directly from the feed 

line, while the outlet sample was taken, using a syringe, from the bulk liquid. As the reactor operates in 

principle like a continuous stirred-tank reactor, the bulk concentrations are assumed to be equal to the exit 

concentrations. Both samples were first filtered using both a Munktell micro-glass fibre paper 47 mm filter 

and a Sartorius Stedim cellulos nitrate 0.45 µm filter to remove undissolved solids. Then nitrite, nitrate, COD, 

and alkalinity were measured using HACH Lange cuvettes (LCK 341, 339, 314, 362) respectively, in a 

Photolab® 6600 UV-Vis. Chlorine (5-125 mg/l),  Potassium (5-50 mg/l), and NH4
+-N (2-150 mg/l) were 

measured with WTW Spectroquant in a DR LANGE ION 500. 

Activity tests were performed at a few different intervals in order to gauge the performance of the carriers. 

For Anammox (SAA) and denitrifiers, the tests were done following the protocol established in a paper 

investigating activity and inhibition effects of in the Anammox process through means of nitrogen gas 

production (Dapena-Mora, et al., 2007).  

4.3 MODDE 

MODDE Pro 11 is a Design of Experiment (DOE) software created by Umetrics. It is used to increase 

process productivity by making experimental design more intuitive and by making the results easier to 

interpret. In this case, the software was used mainly in the interpretation of the results from the ten tested 

periods and to show what the dominate factors were on the performance of the process. 

5 Results & Discussion 

5.1 Supporting Analytical Tests 

At various points in the experiment, the activity of the biomass was measured in order to have baseline of 

performance by which the results from the tests can be compared as well as a factor for comparison with 

other groups working with a similar process. Using the afore mentioned activity test procedure, the results of 

the specific Anammox acitivity (SAA) can be seen in table 3. The test was performed at two different 

temperatures. 30⁰C, as this is the typical reference temperature for activity tests, and 25⁰C which was the 

system operating temperature. The activity was then displayed in three different forms: the standard form for 

activity for fixed biofilm, as well as the activity in terms of mixed liquor suspended solids (MLSS) and volatile 

suspended solids (VSS). The last two forms were included in order to make the values comparable with other 

reactor configurations with biomass not fixed to carriers such as SBR. The mass for MLSS, assumed to be 

equal to the total suspended solids (TSS), was determined by removing the biomass from two rings, then 

drying at 105 ⁰C and checking the difference in mass. The VSS was then found by further drying at 550 ⁰C 

and checking the change in mass from the previous step. The values were 0.0153 g/ring and 0.01345 g/ring 

for TSS (MLSS) and VSS respectively.  
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Table 3. SAA Activity 

 Date (period) Temperature 

(°C) 

Std. Activity 

(gN/m2/d) 

Activity 

(kgN/kgMLSS/d) 

Activity 

(kgN/kgVSS/d) 

1 2016-03-03 [7] 30 4.11 0.125 0.143 

2 2016-03-16 [8] 25 3.51 0.107 0.122 

3 2016-04-26 [10] 25 4.25 0.130 0.148 

The test at the higher temperature yielded a higher activity compared to the second test performed around 

the same time, which was expected. However, the test done at the end of the experiment showed an activity 

21% higher than the previous test at the same temperature and even higher than the trial performed at 30 ⁰C. 

This could be due to the system being operated under higher nitrogen loads towards the end of the periods. 

The results also validated the choice to test a nitrogen load of 4 gN/m2/d, as this is about equal to the 

theoretical maximum load that the Anammox bacteria in this system are capable of treating.  

In a study performed with the goal of optimizing the SAA testing protocol, the findings for the specific 

Anammox activity, for carriers used in an MBBR reactor treating sludge liquor, was 6.2 g N2-N/m2/d. 

(Stefansdottir, 2014). This value translates to 3.1 gN/m2/d when adjusting to the same form as the activity 

tests reported above. The Anammox activity was comparable, even higher than in it was another experimental 

setup run under similar conditions which validates the operation in question. 

In addition to testing the SAA, a similar test, following the methodology of the same group, was performed 

to determine the denitrifier activity in the system. This was done with the purpose of confirming that the 

nitrogen removal is completely or at least mostly attributable to the Anammox bacteria and that the operating 

conditions of the system were effectively “washing out” the denitrifiers. On 2016-03-10, in period 8 at a 

temperature of 25°C, the denitrifier activity was found to be 0.23 gN/m2/d. The test was performed by 

providing the optimal reaction precursors for denitrification, which are not found in the system, so an activity 

this small relative to the SAA is a strong indicator that the process is running as expected, with Anammox as 

the dominate source of nitrogen removal. 

For further confirmation of the denitrifier activity being minimized, an additional check as performed. As 

aeration and denitrification are the two mechanisms in the system for COD removal, if the role of aeration is 

ignored and instead the removal of COD is attributed solely to denitrifying bacteria, the maximum activity 

can be estimated for each point sampled.  This was done using the stoichiometric ratio for nitrate and 

methanol found in equation 3 and taking the COD of methanol to be 1.5. These values are displayed in table 

4. 

Table 4. COD Values 

Date 
(period) 

2016-02-09 
(6) 

2016-02-18 
(6) 

2016-02-29 
(7) 

2016-03-29 
(9) 

2016-04-08 
(9) 

Inlet (mg/l) 320 350 295 203 274 

Outlet (mg/l) 150 238 182 169 220 

Consumption 53.1% 32.0% 38.3% 16.7% 19.7% 

Maximum Denitrifier Activity 

(gN/m2/d) 

0.36 0.21 0.21 0.06 0.11 

 

From the results of the above calculation, it is safe to say that across several periods Anammox was still the 

prime source of nitrogen removal. This is valid for at least the second half of the test periods, as only outlet 
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COD measurements were taken for the first part half. However, since the measured outlet COD values are 

comparable across all periods and since the reject water was obtained from the same source it is very likely 

that the results are more or less the same in the earlier periods.  

The more common method to evaluate the microbial balance in the system is through nitrate. Nitrate is a 

byproduct of the Anammox and nitrification reaction and is consumed in the denitrification step, but the 

quantity utilized varies and can be predicted using the stoichiometric formulas. By comparing the measured 

concentration of nitrate in the system to what is expected, if all nitrogen removal was done by Anammox, a 

general assessment of the process performance can be made.  In table 5, the average ratio of nitrate 

concentration over the stoichiometric nitrate concentration for each tested period can be seen. In this case if 

the ratio is under one, there was more nitrate in the system than there should be which is an indicator that 

there could be denitrifier activity consuming the nitrate produced in the Anammox reaction. If the ratio is 

above one, this could indicate that the system is being over aerated stimulating NOB activity leading to a 

buildup of nitrate in the system.   

Table 5. Period results for nitrate proportion 

Period NO3/NO3,theo 

1 1.12 

2 0.12 

3 1.45 

4 1.57 

5 1.06 

6 - 

7 0.60 

8 1.61 

9 0.43 

10 0.15 

 

From this assessment, the periods where the system appears to be the most balanced are one and five as the 

ratio is close to one. In periods three, four, and eight it seems that there could be too much air in the reactor 

which is likely as these were also the periods with the positive ORP set point. The rest, particularly period ten, 

are below the optimal ratio indicating that these periods could have an imbalance between Anammox and 

denitrifier activity. For period six, there was no ammonium removal so it was not possible to perform the 

same balance test. The results somewhat contradict those from the pseudo-activity calculation, but it has been 

shown that the Anammox reaction also can consume nitrate in addition to ammonium to produce nitrogen 

gas  (Winkler, et al., 2012). This can somewhat account for the ratios in the latter test falling below one and 

make them more comparable with the results calculated from COD consumption. 

 

5.2 Period Results 

Each test period was run for at least a week and a half to assure that the process reached steady state and was 

often much longer due to operational issues such as pump or sensor failure. The final time frame for each test 

can be seen in table 6. 
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Table 6. Time Frame of Testing Periods 

Test Period Start End Length (Weeks) 

I 8/25/2015 0:00 9/9/2015 9:53 2.2 

II 9/9/2015 9:56 10/27/2015 9:05 6.9 

III 10/27/2015 9:08 11/13/2015 20:57 2.5 

IV 11/13/2015 20:59 12/11/2015 10:44 3.9 

V 12/11/2015 13:58 1/23/2016 23:34 6.2 

VI 1/23/2016 23:37 2/23/2016 4:41 4.3 

VII 2/23/2016 4:33 3/7/2016 14:45 1.9 

VIII 3/7/2016 14:47 3/29/2016 9:54 3.1 

IX 3/29/2016 9:56 4/11/2016 12:02 1.9 

X 4/11/2016 12:04 4/22/2016 10:14 1.6 
 

The data was screened and the most stable sections in each period were selected in order to have only the 

data with minimal process disturbances for further analysis. This was done to give in order to compare the 

operational conditions on a more even playing field. An overview of these periods can be seen in Appendix 

A.  

Table 7 contains the average values of the set point parameters as well as DO. The pH and ORP values here 

were how the suitability of each afore mentioned section were evaluated. The average readings should be as 

close as possible to the set point with little variation which is represented by the deviation from the average 

also shown in the table. Table 8 contains averages of the raw data as well as several calculated parameters: 

Nitrogen removal efficiency, NH4 removal efficiency, free ammonia (FA), and free nitrous acid (FNA). The 

latter two parameters are strong process inhibitors and were calculated to ensure that inhibition was not an 

issue. The equations used for their calculations were (Anthonisen, et al., 1976): 
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Table 7. Average Period Operating Points 
 

 

 

 

 

 

 

 

 

 

Table 8. Average Period Values 

Period 
Nitrogen Loading 

(gN/m2/d) 
pH ORP (mV) DO (mg/L) 

1 1 7.00 ± 0.01 -69.90 ± 1.72 0.20 ± 0.03 

2 1 7.96 ± 0.09 -70.40 ± 4.62 0.26 ± 0.13 

3 1 8.04 ± 0.10 69.99 ± 2.19 1.95 ± 0.34 

4 1 7.00 ± 0.02 70.08 ± 2.91 0.35 ± 0.07 

5 2.5 7.46 ± 0.01 -0.11 ± 0.77 0.87 ± 0.06 

6 4 7.00 ± 0.01 -65.95 ± 6.87 8.94 ± 0.01 

7 4 8.00 ± 0.03 -51.07 ± 38.07 0.34 ± 0.48 

8 4 8.00 ± 0.06 70.06 ± 1.49 2.50 ± 0.24 

9 4 7.00 ± 0.02 69.91 ± 3.77  --  

10 2.5 7.50 ± 0.00 0.01 ± 5.89 0.52 ± 0.16 

Period NH4in (mg N/L) NH4out (mg N/L) NO3out (mg N/L) 

Nitrogen 

removal 

efficiency 

NH4 

removal 

efficiency 

Dose valve 

opening (%) Air flow (L/min) 

FA 

(mg/l) 

FNA 

(μg/l) 

1 463.08 ± 9.34 449.47 ± 4.61 1.70 ± 0.36 2.57% 2.94% 5.61 0.17 ± 0.01 2.56 0.383 

2 434.40 ± 15.19 324.16 ± 33.93 1.42 ± 3.81 25.05% 25.38% 0.00 0.28 ± 0.28 16.0 0.0353 

3 567.80 ± 40.10 0.57 ± 0.03 91.92 ± 12.84 83.71% 99.90% 9.20 1.19 ± 0.19 0.03 1.86 

4 411.30 ± 42.81 5.05 ± 3.55 71.28 ± 6.77 81.44% 98.77% 26.02 0.46 ± 0.19 0.03 15.8 

5 516.48 ± 3.78 252.58 ± 5.30 31.31 ± 1.00 45.03% 51.10% 0.00 0.44 ± 0.04 4.09 2.45 

6 556.67 ± 0.00 556.67 ± 0.00 5.19 ± 0.74 0.00% 0.00% 13.48 0.39 ± 0.04 3.18 1.16 

7 690.00 ± 0.00 633.33 ± 0.00 3.82 ± 1.23 7.66% 8.21% 14.71 0.56 ± 0.25 34.3 0.0857 

8 601.47 ± 15.54 15.81 ± 5.50 105.57 ± 10.66 79.82% 97.37% 14.28 7.29 ± 1.75 0.86 2.36 

9 551.72 ± 12.24 308.41 ± 11.26 11.73 ± 1.16 41.97% 44.10% 5.07 3.96 ± 6.45 1.76 2.63 

10 627.82 ± 48.41 430.52 ± 84.37 3.36 ± 1.70 30.89% 31.43% 4.54 0.61 ± 0.10 7.68 0.238 
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The controlled parameters (pH and ORP) were, on average, within the intended range, except in the case 

of the redox potential in period seven. The set point was -70mV, but only a value of -51mV was achieved. 

This was most likely due to either a disruption in feeding, but could also result from a drastic change in 

the inflow characteristics or issues with the actual sensor. The first and last are much more likely than a 

change in inflow composition. Around this period the DO and ORP sensor were having trouble with 

interference causing some offset in the readings.  

In period six the DO concentration was significantly higher than the other trials. The air flow was 

relatively low, which means that there was either a problem with the sensor or that, since there was little 

removal, oxygen wasn’t being consumed and instead built up in the bulk fluid. The DO reading for period 

nine was omitted due to the sensor malfunctioning throughout the entirety of the run.   

Free ammonia has been shown to cause a 50% decreases in Anammox activity at a threshold 

concentration of 38 mg/L and long term stability issues in the range of 20-25 mg/L (Jin, et al., 2012). In 

this regard there was only one period that fell into either of these ranges, period 7, however there was little 

removal taking place in the first place due to the unfavorable redox conditions. The high levels of FA can 

be attributed to the buildup of ammonium in the system as well as the higher pH.  

From the same study, it has been shown that free nitrous acid concentrations higher than 11 μg/L can 

cause a 50% decrease in Anammox activity, with concentrations above 1.5 μg/L causing long term 

stability issues (Jin, et al., 2012). There was an inverse relation with periods having higher levels of FA 

compared to FNA because nitrite is the component in balance with FNA and is only created when the 

process is functioning properly which is contrary to how ammonium builds up in the system. That being 

said there was only one period that was in the critical zone for FNA inhibition, period 4. This was due to 

the high levels of nitrite in the system and the low pH which is favorable where the equilibrium for nitrite 

and FNA is shifted towards FNA. 

Only periods 3, 4, and 8 showed acceptable levels of nitrogen removal with 83.7%, 81.44%, and 79.8% 

respectively. The only common set point among all three of these periods was an ORP value of 70 mV. 

The first two had a NL of 1 gN/m2/d while the last had a load of 4. Also periods 3 and 8 had a pH of 8, 

while period 4 had a pH of 7. This indicates that ORP is potentially the key factor in performance, with 

the other two playing a smaller role.  

Tests performed in the same reactor vessel two years ago, with a higher average inlet ammonium 

concentration (980 vs 544 mg/l) as well as a higher inlet COD level (681 vs 288 mg/L), was able to 

achieve an average nitrogen removal efficiency of 85.6% with a corresponding  average air use efficiency 

of 327 m3/kgN . The three periods that had a comparable removal efficiency (>80%) had a much lower 

air use efficiency value which was, on average, 51.3 m3/kgN. The DO levels between both tests also fell 

within a similar range (Yang, et al., 2015) 

5.3 Anammox process costs 

In addition to evaluating process efficiency across the tested periods, the cost of chemicals and electricity 

used for aeration were calculated in order to evaluate the most cost effective operating conditions.   

Chemical consumption was calculated by performing a test to check what dose frequency corresponds to 

what flowrate, which yielded a linear regression. The average frequency was converted into a flowrate and 

multiplied by the length of the period. 

The cost data used was from a quote given by Brenntag (One of the chemical suppliers IVL sources 

from). The price used was for  a 6 dunk (25L) purchase where NaOH (45%) costs 21.90 SEK/l which 

corresponds to 4.87 SEK/l for the diluted 10% concentration used. The price of HCl (10%) was 16.85 

SEK/l. Over the test period, when the pH setting was 7.5 or below, acid was dosed, while base was dosed 

if the set point was 8 
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The only electrical costing performed was for the cost of aeration, as this is the more interesting and 

dominant influence on energy use. Mixing stays constant across all tests and chemical pumping for pH is 

not a factor at large scale. Extra pumping for the increased nitrogen load is not a controlled parameter at 

full scale. 

Regarding the cost of aeration, it was assumed that the diffuser in the system was a fine bubble diffuser 

which has an energy efficiency of typically 1.6 kgO2/kWh (Constantine, 2008). The total air flow over the 

period was calculated and then converted to energy. The electricity price used was 0.538 SEK/kWh, 

which is the standard price agreement for small industry (Swedish Energy Agency, 2016). An overview of 

the basic results can be seen in table 9. 

Table 9. Process Resource Use 

Period 
NL 

(gN/m2/d) 

Acid or 
Base FR 
(ml/min) 

Total 
Chemical 

Consumption 
(L) 

Total 
Chemical 

Cost (SEK) 
Air flow 
(L/min) 

Total 
Electricity Use 

for Aeration 
(kWh) 

Total 
Electricity 
cost (SEK) 

1 1 2.1 5.9 99.9 0.2 0.2 0.1 

2 1 0.0 0.0 0.0 0.3 1.0 0.6 

3 1 3.4 34.7 168.7 1.2 5.2 2.8 

4 1 9.5 42.4 714.1 0.5 0.9 0.5 

5 2.5 0.0 0.0 0.0 0.4 0.7 0.4 

6 4 5.0 44.2 744.7 0.4 1.5 0.8 

7 4 5.4 50.5 245.9 0.6 2.2 1.2 

8 4 5.2 34.9 169.9 7.3 20.5 11.0 

9 4 1.9 7.7 129.6 4.0 6.9 3.7 

10 2.5 1.7 8.8 148.0 0.6 1.4 0.7 

 

The total amount of nitrogen removed in each period was calculated using the set load, removal efficiency, 

and length of period. Using this value as well as the figures above in table 9, the costs per mass of nitrogen 

removed in the system were calculated and displayed in table 10. 

Table 10. Economics of Resource Use 

Period 
Total N 

removed (g) 

Chemical cost per 
gN removed 

(SEK/g) 

Aeration El. Cost  
per gN removed 

(SEK/g) 
Total cost 
(SEK/gN) 

1 2.1 48.6 0.055 48.681 

2 59.4 0.0 0.009 0.009 

3 238.6 0.7 0.012 0.719 

4 100.4 7.1 0.005 7.120 

5 122.5 0.0 0.003 0.003 

6 5.0 150.1 0.159 150.282 

7 79.6 3.1 0.015 3.104 

8 590.4 0.3 0.019 0.307 

9 192.9 0.7 0.019 0.691 

10 113.0 1.3 0.006 1.316 

 

The preliminary results of the cost study indicate that the cost of dosing is significantly higher than that of 

aeration. In all cases except for two, where there was no dosing required (periods 2 and 5), the cost of 

chemicals was around three orders of magnitude higher than the electricity needed for aeration. Period 6 

was extraordinarily high because the cost values were calculated on the basis of nitrogen removed and, in 
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this case, there was no removal so for the sake of the calculations slight removal efficiency was assumed as 

detailed in the section below. 

5.4 Results interpretation through MODDE 

As a 0% removal efficiency makes several of the terms used for response variables in MODDE, either 

zero or undefined, period 6 was assigned a removal efficiency of 0.5%. This also allowed more statistically 

relevant values to be pulled from the MODDE software. The three factors (pH, Redox, and Nitrogen 

load) as well as several responses, that were perceived to be interesting (Nitrogen removal efficiency, 

specific airflow rate, chemical cost, electricity cost, total cost, and airflow rate), were put into MODDE in 

order to more effectively evaluate the results and the optimal operating conditions of the process. An 

overview of the model inputs can be seen in table 11 below. 

Table 11. Overview of evaluated parameters in MODDE 

Run 
Order 

pH 
Redox 
(mV) 

Nitrogen 
Load 

(gN/m2/d) 

Nitrogen 
removal 

efficiency 

Air Use 
(L/min/gN) 

Chemical 
Cost 

(SEK/gN) 

El. Cost  
(SEK/gN) 

Total Cost 
(SEK/gN) 

Airflow 
(L/min) 

1 7 -70 1 2.6 242.3 48.6 0.055 48.681 0.17 

2 8 -70 1 25 40.9 0 0.009 0.009 0.28 

3 8 70 1 83.7 51.3 0.707 0.012 0.719 1.19 

4 7 70 1 81.4 20.3 7.115 0.005 7.120 0.46 

5 7.5 0 2.5 45 14.1 0 0.003 0.0032 0.44 

6 7 -70 4 0 700 150.1 0.15 150.282 0.39 

7 8 -70 4 7.7 66.2 3.088 0.015 3.104 0.56 

8 8 70 4 79.8 82.19 0.288 0.019 0.306 7.29 

9 7 70 4 42 84.9 0.672 0.019 0.6912 3.96 

10 7.5 0 2.5 30.9 28.3 1.310 0.006 1.316 0.61 

 

In order to determine the more significant factors, in regards to each of the responses, whisker plots were 

made using the MODDE software. From the initial results, pH and ORP had about an equal inverse 

effect on the cost of chemicals per gram nitrogen removed, which was more than three time the effect 

that the nitrogen load had. For specific air flow as well as electricity cost the results were about the same. 

pH and redox had an inverse effect, while nitrogen load had a positive one, and all three factors were 

around the same value. When looking at only airflow, redox and nitrogen load had the greatest effect, 

both more than double that of pH, with all three having a positive correlation. The factor/response 

interplay for the two more important responses, nitrogen removal and total cost per gram of nitrogen 

removed can be seen in figure 5.  
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Figure 5. Relative weight of process parameters on the cost of nitrogen removed (left) and the nitrogen removal 
efficiency (right) 

In terms of removal efficiency, by far the greatest factor was Redox, which had more than 3.5 times the 

effect of pH. These two factors both had a positive correlation, while nitrogen load was shown to have a 

negative correlation with removal efficiency. Ultimately, the effect of pH and nitrogen loading were 

comparable, 8.2 vs -7.1 respectively. With regards to cost per gN removed, higher pH and redox values 

lead to lower costs while a higher nitrogen load lead to higher costs. Over all pH was the most significant 

factor, more than 2.5 times the effect of redox in this case. The relative impact of redox and the nitrogen 

load were ultimately more or less the same. In most cases with the factors, the relative error is significant, 

as seen by the error bars in figure 8, however, qualitatively the results from this analysis can still be held 

valid. 

The real trends in the response variables across the various controlled set points are displayed in the 

following figures. In figure 6 the effect of pH and redox are shown in terms of the nitrogen removal 

efficiency.  
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Figure 6. The effect of pH and ORP (NL=1) on nitrogen removal efficiency 

The trend displayed above is the same across all tested nitrogen loads, however, the magnitude of the 

removal efficiency decreases as the load increases. The trend in removal efficiency is also representative of 

the trend in air use. It can be seen that the optimal point is with at a pH of 8 and a redox value of 70 mV, 

which corresponded to a maximum removal efficiency of 83.7%. As discussed previously, pH has a slight 

effect with the efficiency decreasing by 2.3% when the pH is dropped to 7 and the rest of the conditions 

are the same. The effect of ORP is significantly higher. When the redox value was -70 mV and the pH was 

8, the efficiency is 25.4%. This number then falls to 0% when the pH is 7, a significantly larger drop than 

seen with the high ORP set point.  The decrease in efficiency between a NL of 1 and 4, with the other 

conditions at the optimum setting, is only 3.9%. For the lowest performing points the difference when 

shifting the NL is only 2.6%. 

Figure 7 displays the raw air flow rate at different set points and shows the opposite trend as when the 

airflow is measured as a function of nitrogen removed from the system.  
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Figure 7. The Effect of pH and ORP on air flowrate (NL=4) 

The air flow rate is at a minimum when the redox setting is -70 mV, which is intuitive as ORP is an 

indicator of the oxidative potential of the system. It is interesting to note that the airflow is significantly 

lower, by about 30%, when the pH is decreased from 8 to 7. This is likely because the Anammox activity 

is lower, resulting in a less oxygen being consumed. 

Figures 8 & 9 show the cost of chemicals and the cost of electricity for aeration, as a function of pH and 

redox potential, across each of the tested nitrogen loads.  
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Figure 8. The effect of pH and ORP on chemical cost (SEK/gN) 

 

Figure 9. The effect of pH and ORP on electricity for aeration cost (SEK/gN) 

The trend for both costs generally follow that of nitrogen removal efficiency, with the more expensive 

operation costs coming at a lower pH and redox set point. The relative savings are much more significant 

at higher nitrogen loads for both aeration and chemical dosing. At a load of 1, the gains for both 

effectively stop after increasing the pH to 7.6 and the redox to 10 mV as opposed to significant cost 

improvements being made all the way to the maximum pH and redox set points at a load of 4. Also the 

relative savings diminish much more rapidly in the case of aeration than that of chemical cost, with most 

of the gains being made in only increasing the pH from 7 to 7.5 and the ORP from -70 to 0 mV. The 

steadier decline in cost for chemical dosing, when moving from pH 7 to 8, can be attributed to the 

significantly higher cost of acid compared to base (~3.5 times) as well as a larger dosing rate being needed 

to pH 7. The average flowrate needed to maintain pH 7 is 266% that of the flowrate needed to keep pH 8, 

as the pH of the reject water is closer to the latter. In terms of raw chemical consumption the periods with 

a pH of 7.5 used the least, 5.5 times less than pH 7 and 3.2 times less than pH 8, but due to the high cost 

of acid it is still less economically favorable than more basic conditions.  It is also important to note that 

the cost of chemicals have a much more severe impact on total cost that electricity; typical by three orders 

of magnitude. Therefore the overall cost curve, seen in figure 10, is mainly dictated by the cost of pH 

control.   
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Figure 10. The effect of pH and ORP on total cost per gN removed (NL=1) 

The total cost curve follows the same trend across all nitrogen loads, but as with removal efficiency, the 

price is adversely affected by a higher load. However, this trend only fits well within the unideal area of 

operation (pH 7 and ORP -70 mV). In other areas the values are comparable across different nitrogen 

loads. There is little difference between the cost, except when the pH passes a threshold of around 7.4. 

Costs increase significantly at this point due to the increased need of for dosing. Following this effect, the 

cost of removal is 150 SEK/gN, when the pH is 7 and the redox is -70, which is more than 200 times 

more expensive than the point where nitrogen removal efficiency is at the highest. This is due to the high 

chemical usage as well as the low nitrogen removal efficiency under oxygen deprived conditions. 

The optimal point from experimentation was found to be 0.0032 SEK/gN at a set point of pH 7.5 and 

ORP of 0 (period 5). This was due to the lack of need for chemical dosing and the system still having 

modest removal efficiency (45%). These results, however, were not reproduced in period 10, which was 

run under the same conditions. In this case, dosing was required and the total cost was brought to 1.32 

SEK/gN. Regardless of the cost, the removal efficiency is not high enough in period 5 for WWTP 

standards, so only periods 3, 4, and 8 are eligible for consideration. Of these, period 8 was the least 

expensive with a value of 0.69 SEK/gN and period 4 was the most expensive at 7.1 SEK/gN. For period 

3, the point deemed optimal by nitrogen removal efficiency as well as air use, the total cost was 0.72 

SEK/gN.  

Considering the fact that, large scale WWTP do not dose to maintain pH at a certain level, the more 

important cost to consider is aeration. The reason period 8 was the cheapest is because chemical use was 
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equal with period 4 and it had the most total amount of nitrogen removed. Considering only aeration cost 

it was the most expensive of the three. As period 4 required acid dosing, the cost of chemicals was 

inherently more expensive than the other top periods. Removing this consideration it was actually the 

most cost effective removal period with the aeration costs 40% of those in period 3.  

 In period nine, the effluent ammonium concentration was stable, but at two different values for about 

equal amounts of time. The decision was made to choice the average that more closely followed the 

analytical tests, but in order to remove doubts about the validity of the period data in terms of the whole 

experiment, the data was also assessed using the alternative value. The other outlet concentration average 

was 94.7 mg/l less which resulted in an increased nitrogen removal efficiency of 58.7%, compared to the 

previous 42.0%. The costs, per quantity of nitrogen removed also decreased slightly, but in terms of the 

major trends and interaction coefficients, there was negligible change. 

5.5 Results Validation 

As period 3 was determined to be the optimal point of performance, a duplicate of the period was 

performed. The results, as well as a comparison with the initial trial, are shown in table 12. All conditions 

set at the same point, except in the case of the concentration of the dosing solution, where 45% NaOH 

was used instead of the normal 10% solution. To account for this, the dosing flow rate in the duplicate 

period was multiplied by 4.5 and is represented in parenthesis. 

 
Table 12. Optimal point validation 

 
pH 

ORP 

(mV) 

Dosing 

flowrate 

(ml/min) 

Nitrogen 

removal 

efficiency 

(%) 

NH4 

removal 

efficiency 

(%) 

Air flow 

efficiency 

(m3/kgN 

removed) 

Aeration 

cost 

(SEK/gN) 

Total cost 

(SEK/gN) 

Period 3 8.04 69.99 3.38 83.7 99.90 51.3 0.0116 0.719 

Period 3 

duplicate 
8.00 70.00 

1.05 

(4.72) 
83.2 99.88 101.48 0.0230 1.02 

Percent 

difference 

-

0.531% 
0.019% 

-222% 

(28.5%) 
-0.650% -0.019% 49.4% 49.4% 29.5% 

 

The set point values during both periods were maintained within less than a one percent difference 

between the two trials. The resulting removal efficiency for total nitrogen as well as ammonium was also 

less than one percent different making the period, in these regards, highly reproducible. The raw dosing 

rate between the two periods was significantly different, but after compensating for the increased solution 

concentration the percent difference in flowrate was reasonable, at less than 30%. The main difference 

between the two periods was the air flow efficiency. Almost double the amount of air was fed into the 

system during the duplicate period to remove the same amount of nitrogen as in the first period. The 

reason for this is largely unknown, but as the only difference in experimental configuration between the 

two trials was dosing concentration, it is likely that this contributed to the increased oxygen consumption. 

One potential explanation is that the stronger basic solution neutralized the hydrogen ions produced by 

AOB faster than in the first trial, shifting the reaction equilibrium towards the oxidation of ammonium 

which is the step responsible for the vast majority of the oxygen consumption. The reaction rate of the 

Anammox bacteria likely stayed the same which is the reason for the almost equal removal efficiencies.  
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5.6 Interpretation of results 

With the assumption that each treatment zone in a WWTP uses two probes and that there are four zones, 

the total number of probes needed are eight (Åmand, et al., 2013).  The prices for DO and ORP probes 

and electrodes were determined using quotes and invoices from Cerlic. From experience it was found that 

the electrode replacement rate for DO sensors is around three times what it is for ORP sensors. Using 

this data, the upfront capital cost savings of using ORP over DO is roughly 15,000 SEK and can yield 

maintenance savings, in the form of electrode costs, of around 32,000SEK over the course of a year 

(assuming ORP electrodes require yearly replacement). While cost is one of the proposed benefits of 

Redox control, and this statement is valid, it is important to compare the capital savings with the 

operational savings in the form of aeration. As shown in the DO vs ORP trial, DO uses significantly less 

air, which when implemented in full scale would no doubt outweigh any savings in upfront cost.   

5.7 DO vs ORP control tests 

The raw results of the DO vs ORP control test can be seen in figure 11 below, with the first half being 

DO control and the second ORP with the change in periods occurring halfway through the test time.  

 

Figure 11. Overview of DO vs ORP as a control parameter 

It is visually apparent that the airflow rate is significantly higher in the ORP controlled period and also has 

significantly more variation. The same applies to the DO level. As expected in the first period there is little 

variation in DO compared to the second, and the same applies to ORP in the second half of the test. The 

pH shows little variation between the two periods, but is slightly higher in the ORP controlled segment. 

For a more detailed view of the results the average values for several parameters, as well as their percent 

variation from the mean were compiled into table 13. 

Table 13. DO vs. ORP period results 

Controlled 
parameter ORP (mV) DO (mg/L) pH 

Air flow rate 
(L/min) 

Nitrogen 
removal 

efficiency 
Air use 
(m3/kgN) 

DO 72.8 ± 31.3% 2.20 ± 5.60% 7.36 ± 1.98% 3.10 ± 19.2% 78.2% 35.7 

Redox 58.3 ± 24.2% 5.04 ± 24.2% 7.66 ± 1.48% 15.69 ± 33.3% 65.3% 216 

 

From this table the implications of the results are much more apparent. DO control resulted in an airflow 

rate less than five times that of Redox, led to about a 13% higher nitrogen removal efficiency, which 

culminated in an air use six times lower than the trial controlled with ORP. Additionally, by looking at the 
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percent variation, DO control is might tighter than redox, with a variation in DO of only 5.6% compared 

to 24.2% when ORP  was controlled. Also it appears that DO control controls ORP almost as well as 

actual ORP control, at least relative to how large the variation in DO was under the Redox period.  

Figure 12 gives a more in-depth view of how DO and ORP controlled systems regulate airflow in 

response to a disruption in the inflow, which is simulated by intermittent feeding (on/off). 

 

Figure 12. ORP and Airflow response to process disruptions 

In the case of DO control, a clearly discernable trend, where air flow increases once feeding is on and 

decreases when the feeding stops, can be seen. This is what is expected in the system as the influx of 

ammonium in the feed requires more oxygen to treat. In the case of ORP the influence on airflow is less 

clear. An initial sharp increase in airflow (double the normal change in flowrate under DO control) occurs 

at the beginning of the feeding period, but around halfway through the flowrate decreases back to the 

initial value. The air rate increases again at the end of the period and stays at the elevated rate for around 

fifteen minutes once the feeding stops. This indicates that the ORP set point is likely being consistently 

overshot. The large swings in the ORP parameter are likely the cause for the larger swings in air flow rate. 

From this trial some of the inherent issues with ORP control are also noticeable. The set point for in the 

Redox period was 70mV, but the average value was far from this, despite how high the average DO value 

was. In the DO controlled period, the ORP was significantly closer to the desirable point and was 

maintained at this level with a DO value less than half of what the other period. This demonstrates at 

times how arbitrary the ORP set point can be if there are significant system disturbances or changes in the 

process. Also, as visible by the relative fluctuation in most of the important control parameters, DO 

control allows for more process stability.  

On the other hand the large variability in the ORP value goes along with one of the proposed benefits of 

redox control. Due to the large swings in the values, system disturbances are more visible than with DO 

which can lead to quicker resolution in serious disturbances. However, this attribute lends itself better as a 

monitored parameter, not a controlled one. Another potential implication of the results is that ORP 

control is more suitable for established systems with relatively constant operating conditions so since the 

actual set point can be somewhat arbitrary in nature. In this way, the value and change in value, can be 

tuned specifically for each application. 

Although this test is a more fair comparison of DO vs ORP control than comparing purely based on a 

literature review, one limitation could be the tuning of the actual control parameters. The controller used 
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was based on Proportional Integral (PI) algorithm. At the beginning of the trial, Kp and Ki were tuned for 

both DO and ORP, but in a standard and simplistic way.  The resulting values between ORP and DO 

control were the same for integral constants and the proportional constants were only slightly different; 

less than what would be expected. For this reason the resulting air usage and stability may not be 

completely representative of what ORP control could be capable of with more finely tuned control 

parameters which could mitigate the large swing in airflow associated with the naturally large swings in the 

ORP value.  

6 Conclusions and Recommendations 

The main best results from the central study are shown below in figure 13, however the selection of the 

best case in terms cost of aeration and aeration energy was limited to the periods with a nitrogen and 

ammonium removal efficiency of at least around 80%. 

 

Figure 13. Summary of results 

The only difference between the optimal points was the pH. Since in the real operation of WWTPs there 

is no control over pH through chemical dosing, the more important takeaways for scaling up are that a 

positive ORP value and a lower nitrogen load are more favorable operating conditions. Also the efficacy 

of ORP control over partial nitritation/Anammox was proven and it was demonstrated to be capable of 

yielding sufficient nitrogen removal with comparable aeration costs. In addition to this, one of the 

proposed benefits of ORP control, lower cost, was validated. With potential savings in a full scale plant of 

around 15K SEK in upfront capital and 32K SEK yearly in operation costs.  

The results of the DO vs. ORP control comparison, were that DO proved to be a more stable, quicker, 

and less resource intensive parameter, using around a sixth of the amount of air to remove the same 

quantity of nitrogen. For this reason DO control is likely to be more cost effective at a larger scale, but it 

could vary depending on the size of the plant, the typical load, and a how many sensors they use. The 

capital savings must be weighed with the potential increase in operational costs when evaluating a switch 

to ORP. That being said, ORP is good for visualizing and alerting of process disturbances, but this 

inherent large signal swing is it’s downfall as a control parameter. It would be of use to test ORP under a 

different control configuration to minimize the effect of the large signal swings to see if it then becomes 

more comparable to DO in terms of air use. If not, it could be beneficial to integrate it into an existing 

control scheme as purely a monitoring parameter.  
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Appendix A 

Averages for each period with the length indicated in days.  

 

 


