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Abstract 

 

 

Evaluation of Carbon Source Selection and its Impacts on Performance of an 

Integrated Fixed Film Activated Sludge (IFAS) Solution for a Partial Denitrification-

Anammox (PdNA) Process 

 

This study compares three external carbon sources (fermentate, acetate, and 

methanol) used to drive partial denitrification-anammox (PdNA) process in a pilot-scale 

system designed to evaluate an integrated fixed film activated sludge or IFAS-PdNA 

application for use in mainstream nitrogen removal at Blue Plains Advanced Wastewater 

Treatment Plant (AWTP). The objectives of this study were to evaluate the performance 

of the pilot for each of the three carbon sources, determine operational guidelines, and 

assess cost and methanol savings over conventional biological nutrient removal process. 

A 360 L pilot system was operated for this study. This system was fed secondary 

effluent wastewater directly from the Blue Plains AWTP. The major components of the 

pilot system consisted sequentially of a nitrification zone, followed by a PdNA zone 

where anaerobic ammonia oxidizing bacteria (AnAOB or anammox) were retained as 

part of a complex microbial community on IFAS carriers, a full denitrification (FdN) 

zone for nitrate polishing, and a clarifier. During stable operation with fermentate as the 

carbon source, the pilot achieved 52.0±35.0% PdN efficiencies and 3.0±3.3 g TIN/d 

removal through the PdNA pathway. Acetate addition achieved 74.5±24.8% PdN 

efficiencies and 7.2±4.5 g TIN/d removal through the PdNA pathway, and methanol 

addition achieved 32.3±17.5% PdN efficiencies and 5.1±2.9 g TIN/d removal through the 

PdNA pathway. Average total nitrogen removal during each period was 26.0±11.1 g 

TIN/d, 32.8±7.4 g TIN/d, and 21.3±6.9 g TIN/d for fermentate, acetate and methanol, 
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respectively. Biofilm thicknesses observed were significantly higher for fermentate, when 

compared to acetate or methanol. PdN efficiencies with methanol was lower than in 

previous studies and was dependent on improving the removal capacity of anammox. 

Potential methanol cost savings over conventional BNR were highest when using 

fermentate at 45%, and significant cost savings were also achieved with methanol, at 

13%. Due to high unit costs, acetate showed a potential cost increase of 107%. Based on 

these results, fermentate was seen to be the most appropriate carbon source for driving 

PdNA at Blue Plains AWTP, with indications that it could be a viable carbon source for 

similar PdNA implementations elsewhere. Additional study is needed to evaluate process 

changes necessary to ensure less variability in fermentate quality and improve the 

consistency of the savings achieved. 
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Chapter 1. Introduction 

 

The deleterious effects of excess nutrients released into the Earth’s natural waterways 

are well understood to cause widespread harm to downstream ecosystems in the form of 

eutrophication and associated biological harm (Fowler et al. 2013). In response, relevant 

governing bodies have imposed nutrient limits in wastewater effluents of industries and 

municipalities. When considering municipal wastewater specifically, removal of nitrogen 

is a key concern, and biological nutrient removal (BNR) processes are commonplace in 

treatment plants where these limits are in place. BNR processes convert inorganic 

nitrogen (primarily found as ammonia in wastewater) to nitrogen gas that is released back 

into the atmosphere (Liou and Madsen 2008). Figure 1.1 provides an overview of the 

mechanisms involved in the process.  

 

Figure 1.1: Conventional BNR process schematic. AerAOB: aerobic ammonia oxidizing bacteria. NOB: nitrite 

oxidizing bacteria. OHO: ordinary heterotrophic organisms 
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To drive the two main processes of BNR (nitrification and denitrification), the microbes 

that perform these processes rely on large inputs in the form of energy for aeration 

(nitrification) and external carbon addition (denitrification). The direct costs of these 

inputs are significant, as well as their contributions to the overall carbon footprint of a 

wastewater treatment plant (WWTP). As populations increase and urbanize, driving more 

nitrogen into municipal wastewaters, WWTPs are already facing a need to intensify and 

economize their nitrogen removal processes to serve their communities efficiently and 

sustainably, above and beyond the capabilities of conventional BNR processes. 

A group of alternatives to the conventional BNR process called shortcut nitrogen 

removal processes, bypass some or most of the steps involved in conventional BNR and 

offer the possibility of ammonia conversion to N2 gas without the need for some or most 

of the external inputs listed above. The three processes most studied are nitrite shunt, 

deammonification or partial nitritation-anammox (PNA), and partial denitrification-

anammox (PdNA). Nitrite shunt and PNA offer the most theoretical reduction in inputs 

required for nitrogen conversion, but as seen in Figure 1.2 they also rely on outselecting 

nitrite oxidizing bacteria (NOB) to function, which is difficult to achieve without specific 

process conditions. Both PNA and PdNA rely on anaerobic ammonia oxidizing bacteria 

(AnAOB), which convert ammonia and nitrite to nitrogen gas without the need for 

external carbon inputs. PNA has been implemented successfully in many WWTPs’ 

sidestream processes (Lackner et al. 2014), where conditions for NOB outselection are 

easier to achieve. However, at the time of this study conventional BNR remains the only 

widely used nitrogen removal process for WWTPs’ mainstream nitrogen removal needs. 
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Figure 1.2: Schematics of shortcut nitrogen removal processes. A: nitrite shunt B: PNA C: PdNA. AnAOB: 

anaerobic ammonia oxidizing bacteria 

As a method to implement shortcut nitrogen removal in mainstream without 

depending on NOB outselection, Partial Denitrification-Anammox (PdNA) has been 

shown to successfully maintain and utilize AnAOB populations while significantly 

reducing aeration, external carbon, and other conventional BNR inputs (Fofana et al. 

2022a; Forney 2021; Ladipo‐Obasa et al. 2022; Le et al. 2019). However, at the time of 

this study, only 1 full-scale implementation of a mainstream PdNA process existed 

(Fofana et al. 2022b), and much work is still needed to fully define the operational 

requirements for PdNA implementations in a variety of mainstream configurations.  

This study focuses on results obtained from a pilot reactor modeled after a PdNA 

implementation proposal developed for the conditions found at DC Water’s Blue Plains 
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Advanced Wastewater Treatment Plant (AWTP) in Washington, DC, which have wider-

reaching implications for WWTPs worldwide operating under similar conditions. The 

Blue Plains AWTP is motivated to implement a PdNA process integrated into their 

existing BNR system to reduce external carbon costs and intensify their denitrification 

capacity in the face of rising nitrogen loads and falling nitrogen effluent limits. This 

study examines the pilot system’s performance using the two external carbon sources 

(fermentate and methanol) most likely to be used for a PdNA process at Blue Plains or a 

similar WWTP in North America, as well as a third carbon source (acetate) used as a 

reference in many PdNA studies. It will compare performance under these three carbon 

sources, and present key metrics for optimal operation of a PdNA process using 

fermentate or methanol. 

This study addresses three major gaps in the literature available on this topic. 

Currently there are few studies evaluating methanol as a potential carbon source for 

PdNA, and no studies where methanol is used in an integrated system, driving both an 

upstream PdNA process and a downstream full denitrification (FdN) polishing process. 

Additionally, few studies are available that have a comparison of the performance of 

these three carbon sources, and none that combine that comparison by studying a 

similarly integrated pilot system using non-synthetic wastewater and integrated fixed-

film activated sludge (IFAS) mobile carriers for AnAOB retention. Lastly, this study adds 

data on the thickness of biofilm formed on the IFAS carriers collected from a novel 

imaging methodology to assist in evaluating the performance of the pilot system. 
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1.1 Objectives of this Study 

The overall objective of this study is to provide essential information needed 

before implementing this type of PdNA process into the full-scale wastewater process 

train at Blue Plains AWTP. To achieve this, the carbon source comparison will be used to 

suggest key operational metrics to optimize the PdNA process when using fermentate or 

methanol, as well as evaluate the cost savings and operational improvements to justify a 

full-scale implementation of this process. Specifically, the objectives of this study are to 

better understand: 

1. Impact of carbon source selection on Partial denitrification (PdN) 

selection and microbial PdN activity distribution (in suspension vs. 

attached systems). 

2. Impact of carbon source selection on nitrogen removal rates through 

the PdNA pathway. 

3. Impact of carbon source selection on biofilm thickness and 

morphology. 

4. Impact of carbon source on methanol savings in comparison to 

conventional BNR. 

Objectives 1 and 2 will be evaluated based on performance data gathered during 

normal pilot operation and activity testing. Objective 3 will be evaluated based on novel 

imaging analysis of biofilm grown on the IFAS carriers. Objective 4 will be evaluated as 

a case study of Blue Plains AWTP, using the results obtained from the previous 

objectives, as well as carbon source unit costs in this location. 
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Chapter 2. Literature Review 

 

 

2.1 Nitrogen Removal from Wastewater 

Nitrogen is one of the basic building blocks of life on Earth, playing an essential part 

in protein and nucleic acid formation among other roles (Liou and Madsen 2008). This 

organic nitrogen is converted from different forms of inorganic nitrogen. Inorganic 

nitrogen exists in both unreactive and reactive forms, the former primarily as a stable N2 

molecule, and the latter as a diverse set of nitrogen-containing compounds. Both the 

reactive and unreactive forms of nitrogen take part in the global nitrogen cycle, in which 

unreactive nitrogen is converted into various forms of reactive nitrogen by biological or 

other processes and vice-versa (Fowler et al. 2013). Reactive nitrogen (Nr) can have large 

and specific impacts on the global ecosystem, and anthropogenic sources of Nr are 

currently causing large disturbances in the ecosystem through climate change and 

eutrophication (Rockström et al. 2009). 

2.1.1 Nitrogen in the Aquatic Environment 

While nitrogen exists in many forms in the atmosphere and soil, in the aquatic 

environment it primarily exists as either unreactive nitrogen gas or three reactive forms: 

ammonium/ammonia (NH4
+/NH3), nitrite (NO2

-), and nitrate (NO3
-). Ammonium and 

ammonia exist as a weak acid-base pair, with ammonium dominating at lower pH and 

ammonia at higher pH. As part of the larger global nitrogen cycle, nitrogen’s cycle in and 

out of the aqueous environment consists of five major processes. The nitrogen fixation 

process converts nitrogen gas into one of the reactive nitrogen forms listed above, and is 

carried out primarily by microorganisms, with significant anthropogenic nitrogen fixation 

occurring from industrial processes as well. Nitrogen assimilation is the process by which 
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biological organisms convert these inorganic forms of nitrogen and incorporate them into 

organic tissue. Ammonification occurs through microorganisms converting the 

assimilated nitrogen found in dead tissue into NH4
+/NH3. Nitrification occurs when 

ammonia is converted by microorganisms into NO2
-, and from NO2

-
 into NO3

-. The 

denitrification process follows an opposite pathway, in which microorganisms convert 

NO3
- into NO2

-, and from NO2
- to NO, then N2O, and finally into nitrogen gas (Liou and 

Madsen 2008). 

Excess quantities of reactive nitrogen have been shown to have drastic impacts on the 

natural environment. In aquatic ecosystems, excess nitrogen is assimilated by 

microorganisms, leading to the rampant growth known as algal bloom. These blooms 

cause eutrophication, where the large amounts of microorganisms consume most of the 

dissolved oxygen in the water leading to widespread loss of life and habitat degradation. 

2.1.2 Conventional Wastewater Nitrogen Removal Process 

Due to ammonification of organic material, untreated wastewater contains large 

amounts of reactive nitrogen, primarily in the form of NH4/NH3. To limit deleterious 

effects caused by the effluent of wastewater treatment plants (WWTPs), reactive nitrogen 

must be removed from the waste stream before discharging to the environment. This is 

currently done primarily through conventional biological nitrogen removal (BNR) in a 

four-step process, illustrated in Figure 1.1. 

In this process, aerobic ammonia oxidizing bacteria (AerAOB) first convert 

ammonium to nitrite, which is then oxidized into nitrate by nitrite oxidizing bacteria 

(NOB). These first two groups are autotrophs and work concurrently in an aerobic 
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environment, as the nitrification reactions require oxygen. The stoichiometric relationship 

for nitrification of ammonia to nitrate is shown in equation (2-1). 

𝑁𝐻4
+ + 2𝐻𝐶𝑂3

− + 2𝑂2 →  𝑁𝑂3
− +  2𝐶𝑂2 + 2𝐻2𝑂 

(2-1) 

As can be seen in the equation above, nitrification relies on the addition of dissolved 

oxygen (DO) and alkalinity, shown here as bicarbonate. 

The second two steps in BNR involve the conversion of NO3
- to NO2

- and then NO2
- 

to nitrogen gas and are performed by ordinary heterotrophic organisms (OHO). These last 

two steps are done concurrently in an anoxic environment and require a carbon source. 

The stoichiometric relationship for full denitrification using acetate as the heterotroph’s 

carbon source is shown in equation (2-2) 

5𝐶𝐻3𝑂𝐻 + 8 𝑁𝑂3
− → 4𝑁2 + 10𝐶𝑂2 + 6𝐻2𝑂 + 8𝑂𝐻− 

(2-2) 

The conventional BNR process requires large inputs of resources during both 

nitrification and denitrification. The nitrification process requires energy to create the 

aeration needed to supply the AOBs and NOBs with sufficient DO, as well as requiring 

significant chemical additions to provide the alkalinity for this process. For the 

nitrification process, the OHOs require the chemical addition of an external carbon 

source if the wastewater does not have sufficient endogenous carbon. Typical external 

carbon sources for BNR include methanol, ethanol, acetate, and others. As populations 

increase and nutrient removal regulations grow more stringent, BNR capacity and input 

costs also increase. Population increase in urban areas also limits the available land for 
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increasing BNR capacity at many WWTPs, causing a need for additional or alternative 

nitrogen removal processes to augment or replace conventional BNR. 

2.1.3 Shortcut Nitrogen Removal Processes 

Several shortcut nitrogen removal processes have been developed to address the 

energy, carbon, and space costs of conventional BNR. These are labeled as “shortcut” 

processes because they circumvent some or most of the steps of conventional BNR 

described above. Three specific shortcut processes of particular importance are the Nitrite 

Shunt process, the Deammonification process, and the Partial Denitrification-Anammox 

(PdNA) process, and are described below. 

2.1.3.1 Nitrite Shunt 

The simplest shortcut process is known as Nitrite Shunt. In the conventional BNR 

process shown in Figure 1.1 it is seen that conversion to nitrite happens at two different 

points in the process. By eliminating the steps between these two conversions to nitrite, 

as shown in Figure 1.2A, this process can be shortened to just two steps: one conversion 

from NH4 to NO2
- by AerAOBs, and then the conversion of NO2

- to N2 gas by OHOs. 

This would eliminate the aeration needed by the NOBs to convert NO2
- to NO3

-, as well 

as the carbon required by the OHOs to convert that NO3
-
 back to NO2

-. This would save a 

theoretical 25% of aeration energy needs and 40% of total added carbon (McCullough et 

al. 2022). 

In practice, the success of the Nitrite Shunt process depends on the ability to limit 

NOB activity, thereby minimizing or eliminating the nitrification of NO2
- to NO3

-. 

Because the microbial communities involved in nitrification are complex, AerAOBs and 
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NOBs can be assumed to always exist in tandem, so to avoid the second nitrification step, 

a process called NOB outselection is required, in which the growth of NOBs are limited 

in comparison to AerAOBs. The requirements and limitations of this process are 

described in section 2.1.3.3 

2.1.3.2 Deammonification 

Deammonification, or Partial Nitritation-Anammox (PNA), stops the nitrification 

process at NO2
-, just as in the Nitrite Shunt process. However, PNA utilizes a separate 

pathway to reach full denitrification, shown above in Figure 1.2B. PNA relies on the use 

of anaerobic ammonia oxidizing bacteria (AnAOB) to convert NH4
+ and NO2

- directly to 

nitrogen gas, in a process referred to as anammox. 

The stoichiometric relationship describing the anammox process is outlined in 

equation (2-3)(Strous et al. 1998) and implies that AerAOBs must first convert 

approximately 55% of the available NH4
+ to NO2

- for the AnAOBs to fully convert all 

ammonia to nitrogen gas. 

1𝑁𝐻4
+ +  1.32 𝑁𝑂2

− +  0.066 𝐻𝐶𝑂3
− +  0.13𝐻+

→  1.02 𝑁2  + 0.26 𝑁𝑂3
−  +  0.066𝐶𝐻2𝑂0.5𝑁0.15  +  2.03 𝐻2𝑂 

(2-3) 

As shown in Figure 1.2, the PNA process must rely on the same NOB outselection 

process as Nitrite Shunt to avoid NO3
- buildup and incomplete denitrification in the 

system. However, unlike conventional BNR or the Nitrite Shunt process, AnAOBs 

convert NH4
+ and NO2

- without the need of external carbon addition. This leads to the a 
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theoretical aeration savings of 60% and 100% savings in carbon addition (McCullough et 

al. 2022). 

2.1.3.3 NOB Outselection In Practice 

NOB outselection depends on key process decisions to limit NOB growth in favor 

of the growth of the AerAOB population. The types of mechanisms to achieve this are 

either kinetic, where AerAOB growth is favored over NOB growth, or substrate 

limitations, where NOB access to either DO or nitrite is limited. Several methods have 

been developed that have been proven to achieve this goal. In granular PNA systems, 

high NH4
+ residuals increase AerAOB growth in the outer strata of the granule, limiting 

DO penetration to lower strata where NOB populations reside and thereby limiting NOB 

activity (Poot et al. 2016; Regmi et al. 2014). Higher (>1.5 mg/L) DO concentrations can 

allow a system to operate with a lower SRT, favoring AerAOB communities over slower-

growing NOB communities (Al-Omari et al. 2015; Regmi et al. 2014). Intermittent 

aeration schemes can also limit the aerobic SRT, favoring AerAOBs as described above, 

as well as further limiting NOB activity potentially due to their lag when switching 

between anoxic and aerobic conditions, and by removing nitrite during the anoxic periods 

(Al-Omari et al. 2015; Gilbert et al. 2014; Regmi et al. 2014). 

While NOB outselection has been shown to be achievable in sidestream applications, 

stable mainstream applications have proven more difficult to achieve. Mainstream 

conditions do not include the higher ammonia concentrations and higher temperatures of 

sidestream applications that benefit the growth kinetics favorable for NOB outselection 

described above (McCullough et al. 2022). Additionally, the existence of the comammox 

process, where a species of NOB can directly oxidize ammonia to nitrate (van Kessel et 
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al. 2015) may further complicate mainstream NOB outselection. Therefore, a shortcut 

denitrification process that does not rely on NOB outselection could be more appropriate 

for a mainstream wastewater application. One such process, used in this study, is 

described in the following section. 

2.1.3.4 Partial Denitrification-Anammox 

Partial Denitrification-Anammox (PdNA) finds a balance between the carbon 

reductions found using AnAOBs in the PNA process, and the easier process demands of 

the conventional BNR process. As shown in Figure 1.2C, the PdNA process does not 

require NOB outselection, instead moving the anammox process step after full 

nitrification has occurred. After part of the NH4
+ is oxidized fully to NO3

- by AerAOBs 

and NOBs, OHOs convert NO3
- to NO2

- through partial denitrification (PdN), as opposed 

to continuing conversion to N2 gas in full denitrification (FdN). This NO2
- is converted 

along with the remaining NH4
+ directly to N2 gas.  

Because NOB outselection is not needed, PdNA avoids the complications it 

brings to shortcut nitrogen removal from mainstream wastewater. By avoiding the need 

to oxidize all ammonia during the nitrification process, significant aeration savings are 

still achievable, and by eliminating all or part of the reduction of NO2
- to N2 gas, 

significant reduction in external carbon addition is also achieved. Theoretical estimates of 

50% reduction in aeration energy and 70% external carbon addition can be achieved 

using PdNA (McCullough et al. 2022). In practice however, 100% of NO3
- is not directed 

down the anammox pathway, with at least some NO3
- being converted to N2 gas by 

OHOs through FdN. 
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2.1.4 Definitions for PdNA Evaluation 

From the definitions of both the conventional BNR process using FdN, and the PdNA 

process described above, all the same microorganisms needed for FdN exist during PdNA 

as well. Therefore, in practice, a certain amount of FdN is expected to occur 

simultaneously as PdNA. To evaluate the success of PdNA, it is necessary to quantify 

how much nitrogen removal occurs through this PdNA pathway as opposed to the 

traditional FdN process. Two key metrics used for quantifying this relationship and the 

overall success of a particular PdNA process are the PdN Efficiency and PdNA removal 

rates. 

2.1.4.1 PdN Efficiency 

Partial denitrification refers to the amount of NO3
- converted to NO2

- without further 

conversion from NO2
- to N2 gas. By comparing the amount of PdN occurring to the total 

amount of NO3
- removed in a PdNA reactor, a percentage of NO3

- removed through the 

anammox pathway can be found, which is defined as the PdN efficiency, and is shown in 

equation (2-4). 

𝑃𝑑𝑁 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑁𝑂3

− 𝑅𝑒𝑚𝑜𝑣𝑒𝑑 𝑏𝑦 𝑃𝑑𝑁

𝑇𝑜𝑡𝑎𝑙 𝑁𝑂3
− 𝑅𝑒𝑚𝑜𝑣𝑒𝑑

 ×  100% 

(2-4) 

While the nitrate removed through PdN is not directly measurable, it can be estimated by 

measuring the amount of ammonia removed and nitrite gained in the PdNA reactor. 

Assuming the reactor is operated in an anoxic state, all ammonia removed in the reactor 

would be removed by the anammox process, and the equivalent nitrite removed can be 

determined based on the stoichiometric equation seen in equation (2-3), at a 1.32:1 nitrite 
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to ammonia ratio. The simplified stoichiometric equation for PdN, shown in equation 

(2-5) when using acetate as a carbon source, shows that there is an approximate 1:1 

relationship between nitrate removed and nitrite generated.  

𝑁𝑂3
− + 0.55𝐶𝐻3𝑂𝐻 → 𝑁𝑂2

− + 0.37𝐶𝑂2 + 0.84𝐻2𝑂 + 0.234𝐶𝐻1.4𝑂0.5𝑁0.2 

(2-5) 

The amount of nitrate removed through PdN is then assumed to be equal to the sum of 

the nitrite removed through the anammox process and whatever excess nitrite is 

generated in the PdNA reactor. For a more in-depth derivation of the quantities involved 

in this equation please see section 3.6. This quantity identifies a key performance metric 

for evaluating the portion of ammonia being converted to N2 by AnAOBs. 

2.1.4.2 PdNA Rates 

To evaluate the full amount of ammonia removed by PdNA on a time basis, the 

ammonia removal by PdNA rate is used.  

𝑃𝑑𝑁𝐴 𝑁𝐻4 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑅𝑎𝑡𝑒 (
𝑔

𝑑⁄ ) =  𝑁𝐻4
+ 𝑅𝑒𝑚𝑜𝑣𝑒𝑑 𝑏𝑦 𝐴𝑛𝐴𝑂𝐵 (

𝑔
𝐿⁄ ) ∗  𝑄𝑖𝑛(𝐿

𝑑⁄ ) 

(2-6) 

The rate is calculated using the difference in ammonia concentration between the influent 

and effluent of the PdNA reactor, and the total flow through the reactor (Qin). The total 

difference in ammonia concentration can be used, as the PdNA reactor is kept anoxic, and 

therefore no oxidation of ammonia by AerAOBs should occur. This rate can also be 

converted into a flux by using the overall surface area of the AnAOB-containing media in 

the system.  



15 

 

𝑃𝑑𝑁𝐴 𝑁𝐻4 𝐹𝑙𝑢𝑥 (
𝑔

𝑚2 ∗ 𝑑⁄ ) =  
𝑁𝐻4 𝑅𝑒𝑚𝑜𝑣𝑒𝑑 𝑏𝑦 𝐴𝑛𝐴𝑂𝐵 (

𝑔
𝐿⁄ ) ∗  𝑄𝑖𝑛 (𝐿

𝑑⁄ )

𝐶𝑟𝑜𝑠𝑠 − 𝑆𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑀𝑒𝑑𝑖𝑎 (𝑚2)
 

(2-7) 

For a more in-depth derivation of the quantities involved in these equations please see 

section 3.6. 

2.2 PdN Selection Mechanisms 

To drive the PdNA process, the system must provide a pathway for PdN to be 

selected over FdN at a sufficient ratio. Denitrification in wastewater primarily relies on 

enzymes created by bacteria to facilitate the redox reactions to convert nitrate to nitrite 

and eventually to dinitrogen gas.  

𝑁𝑂3 → 𝑁𝑂2 → 𝑁𝑂 →  𝑁2𝑂 →  𝑁2 

(2-8) 

The pathway for FdN is described above in equation (2-8), with PdN encompassing only 

the first step of the equation, from nitrate to nitrite. The nitrate reductase (NAR) and 

nitrite reductase (NIR) groups of enzymes are key in determining whether FdN or PdN 

occurs, and in what ratio. By limiting NIR activity, nitrite will not be reduced to the 

subsequent forms involved in FdN (Zumft 1997). Thus, controlling NIR’s access to 

nitrite provides the fundamental pathway for PdN selection.  There are three major ways 

in which this can be accomplished, as described below. 

  A primary mechanism for PdN selection involves the difference in behavior 

between NAR and NIR. During denitrification, NAR has been shown to preferentially 

accept electrons further upstream in the electron transport chain than NIR (Van Rijn et al. 

1996). Some carbon sources, including acetate (Van Rijn et al. 1996) and glycerol 



16 

 

(Stewart 1988), have been shown to preferentially donate electrons in this upstream 

region, promoting nitrate reduction over nitrite reduction, thus improving selection for 

PdN. Other carbon sources, including methanol and ethanol, have been shown not to 

preferentially donate electrons (Van Rijn et al. 1996), and therefore do not promote this 

PdN selection mechanism. 

 The second mechanism involves the differential between nitrate and nitrite 

reduction kinetics. When nitrate concentration is not limited, nitrate reduction rates have 

been shown to be consistently higher than nitrite reduction rates, leading to nitrite 

accumulation (Almeida et al. 1995). This is caused due to NAR and NIR competing for 

the same electrons for reduction. Due to NAR transporting electrons at a higher 2:1 ratio 

when compared to NIR (Bothe et al. 2006), when nitrate is not limited, the nitrate 

reduction rate will be higher than the nitrite reduction rate, leading to nitrite accumulation 

and more selection for PdN over FdN.  

The final mechanism of interest is the NO2
- sink, referred to here as an anammox sink 

due to AnAOBs serving as the sink in the PdNA process. By ensuring strong AnAOB 

activity during denitrification, NO2
- can be removed through the anammox process before 

the denitrifiers’ NIR can access it and continue its reduction through the FdN pathway, 

pushing more nitrate removal through the PdN pathway (Le, et al., 2018). 

2.3 External Carbon Sources for PdN 

Because the microbes that perform partial or full denitrification are heterotrophic, 

they require organic substrates to donate electrons to facilitate the reduction reactions of 

NO3
- to NO2

- and eventually to N2 (Skiba 2008). In the anoxic denitrification reactors in a 

typical WWTP, addition of an external carbon source is needed to supplement the organic 
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carbon found in the waste stream. This is because the typical biological nutrient removal 

process takes place during secondary or tertiary treatment, by which point there is 

insufficient organic carbon in the wastewater to support denitrification. Typical external 

carbon sources include acetate, ethanol, glycerol, and methanol, among others. 

Recovered carbon sources have also been investigated, including BNR using glycerol 

from biodiesel (Bodík et al. 2009) and PdNA using fermentate (Cao et al. 2016a; Ladipo‐

Obasa et al. 2022). When choosing an external carbon source for denitrification, WWTPs 

must balance several factors, including costs, biomass yields, and process demands. 

Relevant information on several carbon sources commonly used for denitrification is 

shown in Table 2-1. 

When considering PdNA specifically, not all external carbon sources are equivalent. 

Referring to section 2.2 above, not all carbon sources donate electrons in the same 

manner. Acetate (Peng et al. 2017), glycerol (Le et al. 2018), and glucose (Ge et al. 2012) 

have all been shown to preferentially donate electrons to the first denitrification step 

(NO3
- to NO2

-), which facilitates the electron competition mechanism for PdN. Other 

carbon sources, like methanol, do not preferentially donate electrons. While this 

eliminates the PdN mechanism described above, PdNA reactors using methanol as their 

external carbon source have been studied (Campolong et al. 2019; Fofana et al. 2022b) 

Beyond their methods of providing electrons for the denitrification redox reactions, 

different carbon sources also induce different growth rates in the heterotrophs involved in 

denitrification. This can be represented by the denitrification yield coefficient (Yd), 

described below in equation (2-9) (Mokhayeri et al. 2009) 
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𝑌𝑑 =  
𝑔 𝐶𝑂𝐷 𝑎𝑑𝑑𝑒𝑑 (𝑏𝑖𝑜𝑚𝑎𝑠𝑠)

𝑔 𝐶𝑂𝐷 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 (𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒)
  

(2-9) 

Yield coefficients can be estimated through measuring the NOx consumed during activity 

testing and converting it to the expected stoichiometric equivalent amount of biomass 

produced in terms of COD through the various denitrification reactions. Yields for 

several relevant carbon sources are shown in Table 2-1. Below is the final equation 

(Mokhayeri et al. 2009) that can be used to estimate yields from observed NOx consumed 

and observed COD consumed. 

𝑌𝑑 = 1 −  
(1.14 ∗ 𝑁𝑂2

− 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 + 1.71 ∗ 𝑁𝑂2
− 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 + 2.86 ∗ 𝑟𝑒𝑚𝑜𝑣𝑒𝑑) (

𝑔
𝑑

)

𝐶𝑂𝐷 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 (
𝑔
𝑑

)
 

(2-10) 

In the equation above, 1.14 is the stoichiometric ratio of O2 consumed per gram of nitrite 

produced, 1.71 is the stoichiometric ratio of O2 consumed per gram of nitrite removed, 

and 2.86 is the stoichiometric ratio of O2 consumed per gram of nitrate fully converted to 

N2 through FdN.  
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Table 2-1: Key differences between carbon sources used in PdNA 

Carbon 

Source 

Unit 

Cost 
Yield 

Theoretical 

sCOD/N 

ratio (FdN) 

Theoretical 

sCOD/N ratio 

(PdN) 

Experimental 

COD/N 

ratios (FdN) 

Experimental 

COD/N 

ratios (PdN) 

References 

 
$/kg 

(N.A., 

2022) 

g COD  

created/ g 

COD 

consumed 

g COD added/ 

g NO3
- 

Removed 

g COD added/ 

g NO2
- 

Produced 

g COD added/ 

g NO3
- 

Removed 

g COD added/ 

g NO2
- 

Produced 

 

Acetate $1.37 0.66 ± 0.06 8.41 3.35 8.4 3.1-3.7 
Mokhayeri et 

al. 2009 

Ethanol $1.00 0.53 ± 0.06 6.09 2.43 6.08 4.16 
Mokhayeri et 

al. 2009 

Glycerol $2.91 0.67 -- 3.45 8.67 3.1 

Peng et al, 

2017, Dockett 

2011 

Methanol $0.52 0.45 ± 0.05 5.20 2.07 5.19 4-4.45 
Mokyaheri 

2009 

Fermentate N/A 0.72 ± 0.08 10.06 4.01 2.6 3-6 

Ali et al 2021, 

Ladipo‐Obasa 

et al. 2022 
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Notably, although methanol may be outperformed by other carbon sources in other 

metrics, its comparatively lower yield coefficient finds it in frequent use in wastewater 

denitrification due to reactors being able to run at comparatively lower mixed liquor 

concentrations, leading to associated cost savings and lowered maintenance costs.  

Costs for external carbon sources vary greatly depending on the time and location of 

purchase. Recent prices for North America for several typical carbons are shown in Table 

2-1. As shown there, methanol is often the cheapest manufactured carbon source 

available on a unit price basis in North America, and is often used for denitrification due 

to this and its low yield discussed above. 

Recovered carbon sources, specifically fermentate, are of particular interest in this 

study. Fermentate is a complex carbon, consisting of various volatile fatty acids (VFAs) 

including acetate and propionate, NH4, as well as other sources of COD. Additionally, its 

makeup can be highly variable, making it a challenge for use in PdNA. However, because 

its primary VFA content is made up of acetate (Elefsiniotis et al. 2004), and the fact that 

it can potentially be obtained free of cost, make it a carbon source that has been 

increasingly of interest for its use in PdNA (Ali et al. 2021; Cao et al. 2016a; Ji et al. 

2020; Ladipo‐Obasa et al. 2022). 

The carbon sources of interest to this study include fermentate, for the reasons 

outlined above; methanol due to its favorable cost, yield coefficient, current use in 

conventional BNR at Blue Plains, as well as the relative absence of research using it for 

PdNA; and acetate, as a comparable proven standard for PdNA. 
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2.4 Controls for Effective PdNA Implementation 

The primary control methods for effective PdNA implementation are based around 

the PdN selection methods outlined in Section 2.2 above. This includes promoting 

electron competition between NAR and NIR if using a carbon source where this is a 

factor, improving NO3
- removal rates above NO2

- removal rates, and avoiding any 

inhibition of AnAOB activity to retain a good NO2
- sink. This section will outline both 

the control schemes used in previous PdNA studies, and the current schemes used in 

more recent studies, as well as this one. 

Historically, managing the ratio of concentrations of incoming organic carbon 

(measured by COD) and nitrate (COD/N ratio) has been used by many PdNA studies to 

control PdNA activity (Cui et al. 2020; Du et al. 2017; Ji et al. 2020). Specifically, 

studies sought to keep COD/N ratios low to avoid excess OHO growth leading to the loss 

of AnAOB biomass and associated activity (Cao et al. 2016b; Du et al. 2017; Ma et al. 

2017)  However, PdN efficiency (or its proxy, NO2
- accumulation), seems to vary greatly 

with different carbon sources and COD/N ratios, without a clear trend. Ge et al. found 

increasing nitrite accumulation when increasing COD/N ratios from 1.0 to 25.0 when 

using acetate, but when using methanol and glucose, found peak NO2
- accumulation at 

10.0 and 15.0 respectively (Ge et al. 2012). Other studies found their highest PdN 

Efficiencies at different COD/N ratios, including 3.0 COD/N (Cao et al. 2016b) and 2.6 

(Ma et al. 2017) using acetate. It does not appear that the manipulation of the influent 

COD/N ratio can be directly used to promote PdN selection (Le et al. 2018). 

 Two other control factors of note can be used to enhance PdN selection. By 

reducing the system’s SRT, one may preferentially select for OHOs that produce more 
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nitrate reductase, and thus improve the nitrate/nitrite removal rate PdN selection 

mechanism. However, this can also lead to overspecialization, limiting the ability of 

mixed liquor to perform FdN if needed, and limiting this control mechanism’s utility for 

promoting PdN selection. Monitoring pH can also be used to control the switching point 

between PdN and FdN (Ge et al. 2012), but must be controlled using costly additions of 

acid or alkalinity.  

Controlling the PdNA reactor’s NO3
- residual concentration has been proposed and 

tested as a more direct method to select for PdN activity (Le et al. 2019). By keeping the 

residual nitrate concentration high, this promotes both the rate-differential mechanism for 

PdN selection, and the carbon-specific electron-transport PdN selection mechanism as 

well. When the nitrate residual is dropped below 2 mg N/L, there is a switch from PdN 

selection to FdN removal of nitrogen, due to the loss of excess nitrate driving these two 

PdN selection mechanisms (Le et al. 2019). Other studies have shown successful PdN 

selection control using nitrate residual as the primary control (Ali et al. 2021; Campolong 

et al. 2019; Fofana et al. 2022a; Ladipo‐Obasa et al. 2022), and selected PdN efficiencies 

and corresponding nitrate residual concentrations can be seen in  

Table 2-2. 

Table 2-2: PdN efficiencies and nitrate residual concentrations of select studies 

PdN 

Efficiency 

(%) 

Carbon 

Source 

Nitrate 

Residual Level 

(mg N/L) 

Reference 

77±13 Methanol 2.2-2.8 (Fofana et al. 2022a) 

97±7 Acetate 4.2 (Le et al. 2019) 

38±10 Fermentate 2 (Ladipo‐Obasa et al. 2022) 

49±24 Fermentate 2-3 (Ali et al. 2021) 

 



23 

 

This table, along with Table 2-3, show the wide range in performance results obtained in 

PdNA studies, due to the wide range in scale and operating conditions. This study aims to 

provide a detailed analysis of the impacts of three different carbon sources applied to a 

PdNA process in similar conditions in order to provide more comparable results for 

applications. 

2.5 Comparison of PdNA Technologies 

The PdNA process can be implemented through several different methodologies, 

depending on both the mechanisms described in previous sections, as well as the 

treatment needs, control decisions, and other operational constraints required. Two key 

technological choices that categorize different implementations of PdNA include the 

AnAOB retention method and the reactor type used. For a summary of key PdNA case 

studies, see Table 2-3. This section will discuss the comparative advantages and 

disadvantages for the reactor configurations shown in this table.
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Table 2-3: Comparison of Selected PdNA Processes 

Carbon 

Source 

Reactor 

Type 
Stages 

Reactor 

Volume 

Anammox 

Retention  

Wastewater 

Type 

Influent 

Concentration 

PdN 

Efficiency 

PdNA 

Rate 
Reference 

   (L)   (mg TIN/L) (%) (g/m3/d)  

Acetate 
CSTR 

Cascade 
1 40 Granulated Actual 21-28 66 48.5 

(Ali et al. 

2021) 

Acetate Filter 2 12 Volcanic rock Synthetic 34 75 191.8 
(Cui et al. 

2020) 

Acetate MBBR 1 340 K3 Media Actual 13-23 88 53.2 
(Campolong 

et al. 2019) 

Acetate SBR 1 6 Granulated Synthetic 103 95 90.8 
(Du et al. 

2017) 

Acetate SBR 2 7 Suspended Synthetic 150 80 160.4 
(Du et al. 

2015) 

Acetate 
SBR 

/UASB 
2 8 Granulated Composite 1060 79 640 

(Du et al. 

2019) 

Acetate UASB 1 1 Granulated Synthetic 274 90 1036.8 
(Xu et al. 

2020) 

Fermentate 
CSTR 

Cascade 
1 40 K3 Media Actual 31 38 360 

(Ladipo‐

Obasa et al. 

2022) 

Fermentate 
CSTR 

Cascade 
1 40 Granulated Actual 21-28 49 86.5 

(Ali et al. 

2021) 

Fermentate UASB 1 5 Granulated Composite 92.5 93 130 (Ji et al. 2020) 

Glycerol MBBR 1 340 K3 Media Actual 13-23 91 54.6 
(Campolong 

et al. 2019) 

Methanol Filter 1 214,000 Sand Actual 11 32 56.7 
(Fofana et al. 

2022b) 

Methanol Filter 1 162 Sand Composite 25 76 840 
(Fofana et al. 

2022a) 

Methanol MBBR 1 340 K3 Media Actual 13-23 74 50.2 
(Campolong 

et al. 2019) 
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2.5.1 AnAOB Retention Strategies 

AnAOB species have a relatively slow growth rate when compared with other 

communities of interest in the PdNA process, as outlined in Table 2-4. To sustain the 

required levels of AnAOB activity, an appropriate biomass retention strategy is needed 

(Kosgey et al. 2021). The biomass in systems relying on anammox as part of their 

nitrogen removal strategy is typically either found in suspension, or as an attached-

growth system. 

Table 2-4: Comparison of Doubling Times for PdNA Microbial Communities 

Community Doubling Time (td) Reference 

AnAOB 2.1-22 days (Chen and Jin 2017; Strous 

et al. 1998; Zhang et al. 

2017) 

AOB 1-2 days (Munz et al. 2011) 

OHO 0.10-0.83 days (Strohm et al. 2007; Zhang 

et al. 2019) 

 

The wide range in AnAOB growth rates seen in literature can be attributed to inherent 

differences between sidestream and mainstream nitrogen removal processes, with the 

fastest growth rates reported coming from a study that minimized diffusion limitations 

beyond what may be capable in an applied anammox process (Zhang et al. 2017). More 

typical ranges for AnAOB growth rates are closer to the upper end (11-22 days) of this 

range (Chen and Jin 2017; Strous et al. 1998). However, on average, Table 2-4 shows 
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that there is an order of magnitude difference between the growth rates of AnAOBs 

versus AOBs and OHOs. 

In a system relying on suspended growth, the majority of ANAMMOX is found in 

granular communities as opposed to flocs (Kosgey et al. 2021). If operating as a 

continuous system, these granules are retained either by screening implemented during 

manual wasting (Ali et al. 2021; Han et al. 2016; Van Winckel et al. 2016), or by relying 

on the settling velocity of the granules (Xu et al. 2020). A certain percentage of smaller 

granules are lost in this case, and ANAMMOX-rich granular sludge is frequently added 

to augment this lost capacity (Ali et al. 2021). 

PdNA systems relying on attached growth use carrier media as the base to grow 

AnAOB-rich biofilms. This provides several advantages over suspended growth systems, 

including enhanced retention for faster start-up times and larger achievable loading rates 

from the increased surface area of the biofilms (Kosgey et al. 2021). Media types used 

include designed plastic carriers (Campolong et al. 2019; Ladipo‐Obasa et al. 2022) and 

sand or clay particles (Fofana et al. 2022a). These attached growth processes tend to have 

a larger rate of nitrogen removal through the PdNA pathway, as shown in Table 2-3. 

Outside of the context of PdNA, AnAOBs have also been shown to grow successfully on 

other media types such as zeolite, biochar, and non-woven fabric (Kosgey et al. 2021). 

Drawbacks to attached growth systems include the potential to limit PdN selection if 

biofilm characteristics favor OHOs over AnAOBs (Ladipo‐Obasa et al. 2022), and 

headloss issues if screening is needed to isolate the media to the PdNA reactor. 
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2.5.2 Reactor Configurations 

PdNA processes have successfully been implemented in a variety of different reactor 

types and sizes. At the time of writing, the only confirmed full-scale implementation of 

the PdNA process is in PdNA filters (Fofana et al. 2022b), with a potential unintended 

PdNA implementation in an anaerobic-anoxic-aerobic (A2O) reactor train in a WWTP in 

Xian, China (Wang et al. 2021). Most implementations have been lab-scale, with a few 

pilot-scale studies as well. 

At the lab- and pilot-scale, the PdNA process has been successfully implemented in 

sequencing batch reactors (SBR) (Cao et al. 2017; Du et al. 2017; Wang et al. 2019), 

upflow anaerobic sludge blanket reactors (UASB) (Cao et al. 2019; Du et al. 2020; Ji et 

al. 2020; Niu et al. 2016; Xu et al. 2020), moving bed biofilm reactors (MBBR) 

(Campolong et al. 2019), and filters (Cui et al. 2020; Fofana et al. 2022a; b). As seen 

above in Table 2-3, these studies have been performed using a wide range of carbon 

sources, including acetate, glycerol, methanol and recovered carbon sources, with PdN 

efficiencies showing that this process is very promising and highly adaptable to a wide 

range of process configurations. 

Besides the type of reactor used, the PdNA process can be used in both one-stage and 

two-stage configurations. In a two-stage configuration, nitrite production and AnAOB 

activity are separated into separate reactors. This allows the first reactor to be tailored to 

ideal conditions for OHOs to perform partial denitrification, and the second reactor for 

ideal conditions for AnAOBs to remove the nitrite produced in the first reactor. However, 

this limits PdN selection in the first reactor to only the electron competition and removal 

rate mechanisms and requires precise control of the ammonia and nitrite ratios loaded 
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into the second reactor. Successful two-stage studies include dual SBRs (Cao et al. 2019; 

Du et al. 2015), SBR  and UASB combinations (Du et al. 2019), and dual filters (Cui et 

al. 2020). One-stage configurations have advantages in cost-reductions from using only a 

single reactor, as well as being able to utilize all three major PdN selection mechanisms 

and simpler control schema. Successful one-stage studies include SBRs (Du et al. 2017; 

Wang et al. 2019), MBBR/IFAS configurations (Campolong et al. 2019; Ladipo‐Obasa et 

al. 2022), UASBs (Ji et al. 2020; Xu et al. 2020), and filters (Fofana et al. 2022a; b).  

2.6 Characteristics of Biofilms in Wastewater Treatment 

Biofilm based processes have been used in various wastewater treatment processes, 

since the advent of trickling filters, with more modern carrier-based systems first 

developed in the 1980s (Dincer et al. 2020). The biofilms involved in these processes are 

complex communities made up of several types of microorganisms bound together by 

extracellular polymeric substances (EPS). Biofilms can be seen as multicellular 

communities that provide a wide range of microorganisms a robust and protective 

environment in which to live (Denkhaus et al. 2007).  

The composition of biofilms includes EPS, microbial cells, minerals, particulate 

materials from the degradation of cells, and other substances incorporated from the 

surrounding environment (Denkhaus et al. 2007). Analysis methodologies include 

biological techniques for investigating microbial species and quantities, spectrometric 

methods for compositional analysis, chromatographic and electrophoretic methods for 

quantification of specific biofilm constituents, electrochemical methods for determining 

phosphate quantities, and physical methods for quantifying biomass (Denkhaus et al. 

2007). Biofilm characterization can be essential to determining a reactor’s health and 
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operational potential. When considering the specific environment of denitrification 

reactors in WWTPs, almost all the characterization methods described above are some 

combination of either prohibitively expensive, destructive to the biofilm, or overly time 

consuming or complicated for regular usage. 

A simpler approach that has been used in both nitrification and denitrification studies 

is measurement of the biofilm thickness over time and changing reactor conditions. 

While not providing detailed data on biofilm composition or structure, several studies 

have tied biofilm thickness to both reactor operating conditions and reactor performance. 

In denitrification reactors, biofilms that are either too thick or too thin have shown worse 

NO3
- removal, posited to be because of longer diffusion pathways in the former case, and 

loss of active biomass through lower adhesion in the latter case (Wu et al. 2021). This 

would limit the biofilm system’s ability to remove nitrate, and potentially lead to higher 

nitrate in the effluent. Biofilm thickness is primarily a functional balance between the 

shear forces experienced in the reactor due to mixing that remove biofilm, and the growth 

rates of new biofilm (Kosgey et al. 2021). However, temperature has also been shown to 

have an inverse effect on biofilm growth on IFAS carriers in nitrification reactors (Regmi 

et al. 2011), with lower temperatures leading to thicker biofilms, and higher temperatures 

leading to thinner biofilms. The ideal balance of biofilm thickness has shown to vary due 

to individual reactors’ operating conditions and physical characteristics, including biofilm 

carrier choice (Wu et al. 2021). One example in a membrane bioreactor performing 

simultaneous nitrification and denitrification found ideal biofilm thickness for operation 

to fall between 600 and 1200 µm (Matsumoto et al. 2007). Biofilm thickness ranges for 

denitrification, and specifically PdNA, were not found in literature. 
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To quantify biofilm thickness, various methods using optical microscopy have been 

documented since 1973 (Characklis et al. 1982). Using modern software for image 

analysis (Schneider et al. 2012) can increase the ease and speed of this type of method, 

and opens up opportunities for automation of this process in the future. The specific 

method used in this study is described in section 3.5, and will be used to identify biofilm 

thickness ranges for varying carbon sources used for PdNA in this study’s process 

configuration. 

2.7 PdNA Application for Blue Plains Advanced Wastewater Treatment Plant 

Because of the wide variety of implementations of the PdNA process (as shown by 

the examples in Table 2-3 above), when considering the specific pilot-scale 

implementation of PdNA described in this study, the general process had to be tailored to 

the specific needs of the full-scale WWTP it was designed to simulate. The pilot is 

located at DC Water’s Blue Plains AWTP and was designed to gather the most applicable 

data for a potential full-scale PdNA implementation there. This section will describe the 

current nitrogen removal process at Blue Plains, as well as the pilot used in this study, 

and the choices that shaped its final design.  
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Figure 2.1: Blue Plains treatment process diagram with BNR section highlighted. 

The current BNR process at Blue Plains receives effluent from the East and West 

secondary process trains. Each BNR process train is split into the three sequential BNR 

processes  of nitrification, denitrification, and clarification, as highlighted in Figure 2.1 

above. For nitrification, each side (East and West) receives mixed secondary effluent 

from east and west secondary treatment. This secondary effluent is divided into 12 

nitrification reactors, each with 5 sequential stages. Aeration within each nitrification 

reactor is controlled by an ammonia-based aeration controller (ABAC) reading ammonia 

levels from stage 3 in each reactor. Effluent from the nitrification reactors is combined 

and sent to the denitrification reactors, of which there are 8 operating in parallel, operated 

in a plug flow configuration and controlled using a nitrate based feedforward/feedback 
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control scheme for dosing methanol using NOx sensor data collected from stage 1 to 

target effluent nitrate concentration in the effluent while minimizing methanol usage.  

While this system is a robust solution, system input costs severely impact DC Water’s 

current operating budget. The two most significant input costs are methanol for 

denitrification and aeration for nitrification. Methanol use for denitrification at Blue 

Plains involve on average 40 million pounds of methanol bought per year, costing 8-12 

million dollars per year (Smith 2023), showing both the high cost and price volatility that 

motivate this research. 

There are also concerns surrounding this system’s long term capacity and capability 

to reach plant effluent nitrogen limits. Currently, limits are 3.8 mg total nitrogen (TN)/L 

with the plant treating on average 300 million gallons of wastewater daily. However, as 

populations increase, nitrogen loading in both the plant and general environment also 

increases, which may lead to reduced effluent limits, and necessitates treatment capacity 

increases. Blue Plains is space-limited, bounded on each side by the Potomac River; the 

US Naval Research Laboratory; and I-295, a major highway. Any capacity increases to 

meet more stringent limits or increased loading must be met by process intensification as 

opposed to building new reactors.  

2.7.1 Proposed PdNA Integration Concept 

As described above, the desire to reduce operational costs and intensify nitrogen 

removal capacity are the two major drivers for implementing a shortcut nitrogen removal 

process in place of the current conventional BNR process at Blue Plains. A proposed 

integration plan would need to incorporate these factors, as well as maintaining the 

existing robust capacity to meet effluent limits during startup and normal operation. 
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The pilot reactor used in this study has been designed to mimic the conventional BNR 

system in place to evaluate PdNA process design decisions in as close to a real-world 

scenario as possible. This pilot is shown in Figure 2.2. 

 

Figure 2.2: Image of pilot reactor at Blue Plains AWTP 

Previous studies have used this pilot with similar configurations to evaluate specific 

design choices for a potential full-scale implementation of the PdNA process at Blue 

Plains. This includes the decision to use IFAS carriers for a fixed-film AnAOB retention 

strategy, after a comparison between bioaugmentation/granulated anammox and IFAS 

carriers showed the latter provided much better anammox capacity and simpler operation 

(Ali et al. 2021; Ladipo‐Obasa et al. 2022). The pilot configuration from Ali et al. 2021 

did not include a reaeration swing-zone after the PdNA zone, which was added in later 

studies to promote ammonia polishing before the FdN zone. 
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 The other major previous work done with this pilot involves the study of 

fermentate and its production at Blue Plains. In the same study above, fermentate 

mimicking the gravity thickener underflow was used with minimal settling before 

addition into the pilot. Due to operational difficulties with this setup, in later studies 

fermentate was collected from the centrifuge underflow and allowed to settle before 

addition to the pilot (Ladipo‐Obasa et al. 2022). This settling reduced the amount of 

solids introduced during carbon dosing, improving pilot uptime by lowering the amount 

of TSS in the mixed liquor thereby reducing the frequency of associated clogging events. 

This method was continued during the fermentate period discussed in this study, which 

builds upon the refinement of methods determined from these studies and seeks to 

evaluate how these carbon sources affect the performance of a pilot that has now been 

configured to simulate a full-scale implementation of PdNA at Blue Plains as closely as 

possible. Section 3.1 presents a detailed schematic and description of the pilot in the 

configuration used for this study. 
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Chapter 3. Materials and Methods 

 

 

3.1 Configuration of Experimental Setup 

A pilot-scale mainstream nitrogen removal reactor was operated on-site at DC 

Water’s Blue Plains Advanced Wastewater Treatment Plant in Washington, DC. The 

pilot reactor schematic is shown in Figure 3.1. This is a 360L pilot consisting of 18 cells 

of 20L each. Secondary effluent from Blue Plains is fed into the first two cells, flowing 

through each of the 18 cells before flowing into a clarifier. Return Activated Sludge 

(RAS) from the clarifier was pumped back into Cell 1, at a flowrate twice the amount of 

the influent flowrate. The initial biomass for the pilot was collected from the RAS line of 

Blue Plain’s mainstream secondary treatment reactors. 

 

Figure 3.1 Pilot Schematic for pre-anoxic PdNA process (Adapted from Ladipo‐Obasa et al. 2022) 

The first 6 cells were used for nitrification and aerated with airstones controlled by an 

ammonia-based aeration control (ABAC) using an ammonia sensor (IQ SensorNet 

VaRION Plus, YSI) located in cell 6. Individual DO levels in Cells 1 through 5 were tied 

into this control scheme using optical DO sensors (LDO Model 2, HACH) in each cell, 

with Cell 6 aeration being controlled in tandem with Cell 5. The controller was an online 
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MATLAB Simulink (“MATLAB Simulink” 2016) PID controller. Sodium bicarbonate 

was dosed at a constant concentration and flowrate in cells 1 and 2. 

Cells 7 and 8 were used for PdNA and dosed with one of the three external carbon 

sources referenced above. For fermentate, dosing began in a step-feed manner, in both 

cells 7 and 8, and then switched to plug-flow, with all carbon dosing occurring in Cell 7. 

For the subsequent acetate and methanol runs, carbon dosing continued in plug-flow. 

Carbon dosing was controlled with an online MATLAB Simulink (“MATLAB Simulink” 

2016) PID controller using an NO3
--based feedback control, using a NO3

- sensor (IQ 

SensorNet VaRION Plus, YSI) located in Cell 8. AnoxKaldness K3 carriers (shown in 

Figure 3.2) with pre-established biofilms were located in these two cells, at a 60% fill 

percentage. 

 

Figure 3.2: Examples of unused AnoxKaldness k3 media 
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Cells 9 and 10 were operated as a swingzone, to provide additional anoxic or aerated 

volume for nitrification or denitrification as needed. During the full course of this study, 

cell 9 was always operated anoxically, with no carbon dosing. Cell 10 was aerated to 

perform ammonia polishing to help achieve final TIN effluent limits and had an optical 

DO sensor (LDO Model 2, HACH) for DO monitoring. 

Cells 11 through 17 were used for FdN and dosed with methanol in Cell 12. This is 

controlled with an online MATLAB Simulink (“MATLAB Simulink” 2016) feedforward 

controller, based on NO3
- sensor data collected from Cell 11 (IQ SensorNet VaRION 

Plus, YSI). 

Cell 18 was aerated and used for a final ammonia polishing before the fluid flowed 

into the clarifier. DO in this cell was monitored using an optical DO sensor (LDO Model 

2, HACH GmbH). 

Additional monitoring included pH and temperature sensors (Accumet XL250, 

Fisher) located in Cell 17 and recorded daily. Additional control included manual SRT 

control using wasting based on daily TSS measurements. Pilot biomass was wasted either 

from Cell 10 or the clarifier underflow depending on SRT control needs. 

3.2 Performance Analysis  

Weekday analysis of the pilot system consisted of sampling the influent; a 24-hour 

composite of the influent; Cells 6, 8, 9, 11, and 17; and the clarifier effluent. 

Additionally, Cell 7 was sampled for the methanol analysis period only. Analysis 

consisted of nitrogen species (NH4, NO3
-, NO2

-) and COD (total and soluble), collected 

and measured according to Standard Methods using Hach vials (HACH GmbH). 
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Additionally, orthophosphate (PO4) was measured using Hach vials for the influent and 

effluent samples only. Total and volatile suspended solids (TSS and VSS) were measured 

with Standard Methods for both influent samples, effluent, and a mixed liquor (ML) 

sample taken from Cell 10. A sample of aerated cells from Cells 1-6, 10, and 18 were 

profiled daily to check dissolved oxygen (DO) levels against probe readings. For the 

Fermentate analysis period, additional daily fermentate analysis was carried out, 

described in Section 3.3 below.  

On a weekly basis, flowrates for the FdN zone Carbon (Methanol), PdNA zone 

Carbon (dependent on period), alkalinity, return activated sludge (RAS), and influent 

lines were measured to ensure accurate flowrate data for analysis. All flowrates were 

timed using graduated cylinders as collectors. RAS, influent lines, and alkalinity 

flowrates were measured on a 5-minute basis, PdNA zone carbon was measured on a 10 

minute basis, and FdN zone carbon was measured on a 100 mL basis. Additionally, the 

sludge volume index (SVI) was measured, and the TSS and VSS concentrations in the 

RAS line were measured weekly, according to Standard Methods. 

3.3 Fermentate Collection and Analysis 

During the period of analysis of fermentate as a PdNA zone carbon source, additional 

sampling and measurement was carried out on the fermentate used in the pilot. This 

collection, sampling, and analysis was conducted every weekday in addition to the daily 

sampling and analysis described in the section above. 

3.3.1 Collection and Preparation  

Fermentate was collected every weekday from the overflow of Blue Plains’ pre-

dewatering centrifuges. 60L were collected Monday through Thursday, with 120L being 
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collected every Friday for use over the weekend. This was allowed to settle for 2 hours, 

after which any solids floating on the top of the container were skimmed off. The 

supernatant was then decanted into the container holding external carbon for dosing into 

the pilot. 3 separate samples of 0.5L were collected every day the daily performance was 

taken. One sample was collected immediately from the raw fermentate after collection 

(RAW), one sample was taken from the supernatant after settling and skimming 

(SETTLED), and the third sample was collected from the fermentate being dosed into the 

pilot, before the new settled fermentate was added (MP). 

3.3.2 Composition Analysis  

For each of the three samples described above, pH was measured at the time of 

collection using a pH meter (Accumet, Fisher Scientific). For the RAW sample, a 

duplicate measure of tCOD was measured by first diluting 150x with DI water and 

measured using Hach vials (HACH GmbH) using Standard Methods. For both the 

SETTLED and MP samples, tCOD measurements were taken and analyzed as described 

for the RAW sample, along with several other measurements. Other COD measurements 

for SETTLED and MP samples include particulate COD (pCOD) and soluble COD 

(sCOD) measurements. For the pCOD samples, the raw sample was filtered to 1.5 

microns, diluted 10x with DI water, and then analyzed using the same methods as the 

tCOD samples. To obtain the sCOD samples, the RAW samples were filtered to 0.4 

microns, diluted 5x with DI water, then analyzed using the same methods as the tCOD 

samples. NH4 and organophosphate (OP) were also measured for both the SETTLED and 

MP samples, using the 0.4 micron filtered samples, then diluted by 10x with DI water and 

analyzed with a HACH colorimeter.  
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3.4 Activity Test Procedures 

Three types of ex- and in-situ activity tests were performed weekly throughout each 

phase of the study. Biweekly and when available, an in-situ AnAOB activity test was 

performed to monitor the capacity of this microbial community throughout each phase of 

the study. On alternate weeks, in-situ and ex-situ denitrification activity tests were 

conducted simultaneously to monitor and compare the capacities of the suspended and 

biofilm-based OHOs. The procedures for these tests are described below.  

The in-situ tests were performed in Cells 7 and 8 of the pilot system by blocking off 

the infeed and effluent ports of both those cells. DO, temperature and pH were monitored 

in Cell 8, and assumed to be similar for both cells. The ex-situ tests were performed using 

the ex-situ testing rig seen below in Figure 3.3. This consisted of a 2L container on a 

magnetic stirring platform, covered with a lid containing access ports for sampling, 

dosing, gas delivery, and monitoring of DO, temperature, and pH. 



41 

 

 

Figure 3.3: Ex-situ activity test setup 

3.4.1 AnAOB Activity Test 

The AnAOB activity test was performed in-situ, with the in-situ testing setup 

described above. TSS/VSS and initial samples were obtained from each cell. Then NH4, 

NO2
- and NaHCO3 were dosed in each cell to obtain initial concentrations of 15 mg N/L, 

30 mg N/L, and 4.8 mg/L respectively. After 30 seconds to 1 minute of mixing, the first 

test sample was taken. Further samples were taken at 10 minute increments until six data 

points were collected or a drop of at least 5 mg N/L of ammonia was observed, 

whichever occurred last. During the course of the test, pH was maintained between 6.5 

and 7.5 using additions of HCl or NaHCO3 as needed, and DO was monitored to ensure 

operation in an anoxic setting. At each sample time, DO, temperature, and pH were 



42 

 

recorded from cell 8, and each sample was analyzed for NH4, NO2
-, and NO3

- 

concentrations. Additionally, the first and last samples were analyzed for sCOD and OP 

as well. 

3.4.2 Denitrification Activity Tests  

For the in-situ denitrification activity test, after the cells were blocked off, 30 to 45 

minutes were allowed to elapse to allow any existing COD to be oxidized. Then, 

TSS/VSS and initial samples were obtained from each cell. After this, NH4, NO3
-, 

NaHCO3, and the relevant PdNA carbon source were dosed in each cell to obtain initial 

concentrations of 20 mg N/L, 20 mg N/L, 4.8 mg/L, and 200 mg COD/L respectively. 

After 30 seconds to 1 minute of mixing, the first test sample was taken. The second and 

third samples were taken at 5 minute increments. Further samples were taken at 10 

minute increments until six data points were collected or a drop of at least 5 mg N/L of 

ammonia was observed, whichever occurred last. During the course of the test, pH was 

maintained between 6.5 and 7.5 using additions of HCl or NaHCO3 as needed, and DO 

was monitored to ensure operation in an anoxic setting. At each sample time, DO, 

temperature, and pH were recorded from cell 8, and each sample was analyzed for NH4, 

NO2
-, NO3

-, and sCOD concentrations. Additionally, the first and last samples were 

analyzed for OP as well. 

For the ex-situ denitrification activity test, 1 liter of ML was obtained from Cell 10 of 

the pilot system, and placed in the ex-situ testing rig described above. The sample was 

mixed and N2 gas was added to maintain anoxic conditions. This was allowed to continue 

undisturbed until the DO concentration of the sample dropped below 1 mg O2/L. Initial 

samples were taken for TSS/VSS and to determine initial concentrations of NH4, NO3
-, 
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and NO2
-. After initial concentrations of the nitrogen species were obtained, NH4, NO3

-, 

NaHCO3, and the relevant PdNA carbon source were dosed to obtain the same initial 

concentrations as the in-situ test. After 30 seconds to 1 minute of mixing, the first test 

sample was taken. The second and third samples were taken at 5-minute increments. 

Further samples were taken at 10-minute increments until six data points were collected 

or a drop of at least 5 mg N/L of ammonia was observed, whichever occurred last. During 

the course of the test, pH was maintained between 6.5 and 7.5 using additions of HCl or 

NaHCO3 as needed and DO was monitored to ensure operation in an anoxic setting. At 

each sample time, DO, temperature, and pH were recorded, and each sample was 

analyzed for NH4
+, NO2

-, NO3
-, and sCOD concentrations. Additionally, the first and last 

samples were analyzed for OP as well. 

3.5 Biofilm Microscopy Analysis 

The biofilm thickness measurements analyzed in this study were collected using a 

procedure modified from previous studies done at Blue Plains AWTP. Weekly, IFAS 

carriers from cells 7 and 8 were collected, submerged in DI water to limit compression of 

the biofilms, imaged, and returned to the reactor. Biofilm thickness measurements were 

obtained from each image, and an aggregate biofilm thickness for each cell was obtained 

for analysis. 

During the weekly imaging session, 3 sample carriers were picked at random from 

both cells 7 and 8. These carriers were immediately submerged in DI water to prevent 

compression of the biofilm and remained submerged for the extent of imaging. For each 

cell, the first carrier selected was used to calibrate the USB microscope with polarizing 

filter (Dino-lite AM4113ZT), using the included calibration device. Subsequently, 13 
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images were taken of each carrier, consisting of the center compartment, the 6 

compartments making up the inner ring, and 6 compartments out of the 12 on the outer 

ring of the carrier, for a total of 78 images. Immediately upon imaging completion of 

each carrier, that carrier was then returned to the reactor to avoid depleting anammox 

biomass in the system.  

To obtain biofilm thickness measurements, the images collected were analyzed with 

ImageJ image analysis software (Schneider et al. 2012). For each of cells 7 and 8, ImageJ 

was calibrated using the scale bars from the first image of the first carrier for each cell. 

This calibration was used for the rest of the images from the corresponding cell. Using 

ImageJ measurement tools, five thickness measurements, randomly taken of the top layer 

biofilm in each image, were collected, for a total of 65 measurements from each carrier. 

From the measurements obtained above, average, standard deviation, median and 

quartile data were gathered for each cell for that week. This data was then compared with 

operational and performance data gathered separately to obtain the results described in 

section 4.4. 

3.6 Calculations 

3.6.1 PdN efficiency 

As described in section 2.1.4.1, the PdN efficiency of a system is a key metric for 

evaluating the success of the PdNA process. Using the equation and its description from 

that section, PdN efficiency was calculated in two ways, one from the daily performance 

data, and separately from the denitrification activity tests. 
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 For the daily performance, the three quantities on the right side of are defined as 

follows. 

𝑁𝐻4 𝑅𝑒𝑚𝑜𝑣𝑒𝑑 𝑏𝑦 𝐴𝑛𝐴𝑂𝐵

= 𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑁𝐻4 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 (
𝑔 𝑁𝐻4 − 𝑁

𝑑⁄ )

+ 𝑁𝐻4 𝑎𝑑𝑑𝑒𝑑 𝑓𝑟𝑜𝑚 𝐶𝑎𝑟𝑏𝑜𝑛 𝑆𝑜𝑢𝑟𝑐𝑒 (
𝑔 𝑁𝐻4 − 𝑁

𝑑⁄ )

−  𝑁𝐻4 𝑅𝑒𝑚𝑜𝑣𝑒𝑑 𝑓𝑟𝑜𝑚 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑁𝑂2

−  𝑁𝐻4 𝑅𝑒𝑚𝑜𝑣𝑒𝑑 𝑓𝑟𝑜𝑚 𝑂𝐻𝑂 𝑎𝑠𝑠𝑖𝑚𝑖𝑙𝑎𝑡𝑖𝑜𝑛 

(3-1) 

 𝑁𝑂2 𝐺𝑎𝑖𝑛𝑒𝑑 = 𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑁𝑂2 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑍𝑜𝑛𝑒 (
𝑔𝑁𝑂2 − 𝑁

𝑑⁄ )  

(3-2) 

𝑇𝑜𝑡𝑎𝑙 𝑁𝑂3 𝑅𝑒𝑚𝑜𝑣𝑒𝑑 =   𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑁𝑂3 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑖𝑛 𝑍𝑜𝑛𝑒 (
𝑔𝑁𝑂3 − 𝑁

𝑑⁄ ) 

(3-3) 

The calculation for ammonia removed had to include any ammonia added from the 

carbon source, due to fermentate composition including a certain amount of ammonia. 

For the pure carbon sources used (acetate and methanol), this quantity was assumed to be 

zero, and ammonia removal was purely a function of observed ammonia removal in the 

zone. Additionally, any ammonia removed through OHO assimilation or through the 

anammox pathway using incoming nitrite not generated in the PdNA zone was 

discounted as well. All observed quantities mentioned in the three equations above were 

calculated as 
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𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑
𝑟𝑒𝑚𝑜𝑣𝑎𝑙

𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
(

𝑔𝑁
𝑑⁄ ) =  ∆𝑋𝑁 (

𝑔𝑁
𝐿⁄ ) ∗ 𝑇𝑜𝑡𝑎𝑙 𝐹𝑙𝑜𝑤 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑍𝑜𝑛𝑒 (𝐿

𝑑⁄ ) 

(3-4) 

with ∆𝑋𝑁 referring to the observed change in concentration of the relevant nitrogen 

species. 

The PdN efficiencies for the activity tests could not be calculated in the same manner, 

due to the lack of a flowrate during testing. Instead, the quantities involved were 

calculated using the change in concentrations of the relevant nitrogen species over the 

course of the test itself, as shown below. 

 

𝑁𝐻4 𝑅𝑒𝑚𝑜𝑣𝑒𝑑 𝑏𝑦 𝐴𝑛𝐴𝑂𝐵 = 𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑁𝐻4 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 (
𝑚𝑔 𝑁𝐻4 − 𝑁

𝐿 ∗ 𝑚𝑖𝑛⁄ ) 

(3-5) 

 𝑁𝑂2 𝐺𝑎𝑖𝑛𝑒𝑑 =  𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑁𝑂2 𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 (
𝑚𝑔 𝑁𝑂2 − 𝑁

𝐿 ∗ 𝑚𝑖𝑛⁄ )  

(3-6) 

𝑇𝑜𝑡𝑎𝑙 𝑁𝑂3 𝑅𝑒𝑚𝑜𝑣𝑒𝑑 = 𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑁𝑂3 Removal (
𝑚𝑔 𝑁𝑂3 − 𝑁

𝐿 ∗ 𝑚𝑖𝑛⁄ ) 

(3-7) 

3.6.2 PdNA removal rates 

The PdNA removal rate refers to either the amount of ammonia or total nitrogen 

removed through the PdNA pathway. In this study, this can be expressed either in units of 

g/d, as in Equation (3-1), or on a volumetric or flux basis as well. The volumetric rate is 

defined as the removal rate over the entire volume of the PdNA zone, as shown below.  
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PdNA Volumetric Removal Rate (
𝑔 𝑁𝐻4 − 𝑁

𝑚3 ∗ 𝑑
⁄ )

=
𝑃𝑑𝑁𝐴 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑅𝑎𝑡𝑒 (

𝑔 𝑁𝐻4 − 𝑁
𝑑⁄ )

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑃𝑑𝑁𝐴 𝑍𝑜𝑛𝑒 (𝑚3)
 

(3-8) 

The flux rate is defined as the volumetric removal rate over the specific surface area of 

the biofilm. This is assumed to be the same as the working surface area of the IFAS 

carriers. The flux rate is shown below: 

𝑃𝑑𝑁𝐴 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝐹𝑙𝑢𝑥 (
𝑔 𝑁𝐻4 − 𝑁

𝑚2 ∗ 𝑑
⁄ )

=  
PdNA Volumetric Removal Rate (

𝑔 𝑁𝐻4 − 𝑁
𝑚3 ∗ 𝑑

⁄ )

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 𝑜𝑓 𝐼𝐹𝐴𝑆 𝐶𝑎𝑟𝑟𝑖𝑒𝑟𝑠 (𝑚2

𝑚3⁄ )
 

(3-9) 

The specific surface area of the IFAS carriers was assumed to remain constant, as 

carriers were not added or removed in significant quantities over the course of this study. 

This was calculated as shown below: 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 𝑜𝑓 𝐼𝐹𝐴𝑆 𝐶𝑎𝑟𝑟𝑖𝑒𝑟𝑠 (𝑚2

𝑚3⁄ )

= 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑝𝑒𝑟 𝐶𝑎𝑟𝑟𝑖𝑒𝑟 (𝑚2

𝑚3⁄ )

∗ 𝐶𝑎𝑟𝑟𝑖𝑒𝑟 𝐹𝑖𝑙𝑙 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 (%) 

(3-10) 

The fill percentage was constant at 60% of the total cell volume, and the specific surface 

area per carrier was defined by the manufacturer, at 500 (𝑚2

𝑚3⁄ ). 
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 To convert the PdNA removal rate from a gram ammonia to gram total nitrogen 

basis, a ratio of 2:1 was used, based off the stoichiometry of the reactions involved.  

3.6.2.1 Temperature corrections for PdNA rates 

To compare PdNA rates across the length of the study, as well as to similar studies 

under different conditions, the PdNA rates were corrected for temperature using the Vant 

Hoff Arrhenius equation. 

𝑃𝑑𝑁𝐴 𝑅𝑎𝑡𝑒 @ 20 °𝐶 = 𝑃𝑑𝑁𝐴 𝑅𝑎𝑡𝑒 @ 𝑇 ∗ 𝜃𝑇−20 

(3-11) 

As shown above, rates were corrected to 20⁰C, with T referring to the temperature of the 

reactor at the time the rate was calculated, and a value of θ of 1.1 (Jones et al. 2007). 

3.6.3 Other calculations 

Several other calculations were utilized to describe reactor operational conditions and 

performance. The solids retention time (SRT) was modified from its theoretical form, 

shown below in Equation (3-12), to include the biomass in the clarifier as well, due to the 

large amount of biomass found in the clarifier during the fermentate and acetate periods. 

𝑆𝑅𝑇 =  
𝐴𝑐𝑡𝑖𝑣𝑒 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑖𝑛 𝑅𝑒𝑎𝑐𝑡𝑜𝑟

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑡 𝑖𝑛 𝐸𝑓𝑓𝑙𝑢𝑒𝑛𝑡 + 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑊𝑎𝑠𝑡𝑒𝑑
 

(3-12) 

𝑆𝑅𝑇 (𝑑) =   
𝐴𝑐𝑡𝑖𝑣𝑒 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑖𝑛 𝑅𝑒𝑎𝑐𝑡𝑜𝑟 (𝑔) + 𝐴𝑐𝑡𝑖𝑣𝑒 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑖𝑛 𝐶𝑙𝑎𝑟𝑖𝑓𝑖𝑒𝑟 (𝑔)

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑡 𝑖𝑛 𝐸𝑓𝑓𝑙𝑢𝑒𝑛𝑡 (
𝑔

𝑑⁄ ) + 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑊𝑎𝑠𝑡𝑒𝑑(
𝑔

𝑑⁄ )
  

(3-13) 

The modified SRT calculation, shown above in equation (3-13) was used for all phases of 

this study. 
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Additionally, to compare anammox removal capacity to NO3
-
 removed in the pilot, 

the following concept from Le et al (2018) was used. 

𝐸𝑥𝑐𝑒𝑠𝑠 𝑎𝑛𝑎𝑚𝑚𝑜𝑥 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =  
𝐴𝑛𝐴𝑂𝐵 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (

𝑔
𝑑⁄ )

𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑁𝑂3
− 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (

𝑔
𝑑⁄ )

 

(3-14) 

The AnAOB removal capacity was an average calculated from the maximum ammonia 

removal observed during the AnAOB activity tests for the relevant pilot period of 

operation, converted from an ammonia removal rate to a nitrite removal rate using the 

stoichiometric ratio of 1:1.32 (g NH4/g NO2
-) shown in equation (2-3).  The observed 

NO3
- removal rate is calculated as: 

𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑁𝑂3
− 𝑟𝑒𝑚𝑜𝑣𝑎𝑙(

𝑔
𝑑⁄ ) =

𝑁𝑂3 𝑅𝑒𝑚𝑜𝑣𝑒𝑑 𝑑𝑢𝑟𝑖𝑛𝑔 𝑃𝑖𝑙𝑜𝑡 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 (
𝑔

𝑑⁄ ) ∗ 𝑃𝑑𝑁 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%)   

(3-15) 

 To describe methanol cost savings over conventional BNR, evaluated in section 

4.5, a case study based on average nitrogen loading seen at Blue Plains AWTP was 

conducted, involving observed yield data collected during this study. Observed yield was 

estimated using equation (3-16). 

𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑌𝑖𝑒𝑙𝑑 (
𝑔 𝐶𝑂𝐷 𝐶𝑟𝑒𝑎𝑡𝑒𝑑

𝑔 𝐶𝑂𝐷 𝐿𝑜𝑎𝑑𝑒𝑑
)

= 1 − (
2.86 (

𝑔𝑂2

𝑔𝑁
) ∗  𝑁𝐹𝑑𝑁  (

𝑔𝑁
𝑑

) + 1.14 (
𝑔𝑂2

𝑔𝑁
) ∗ 𝑁𝑃𝑑𝑁𝐴 (

𝑔𝑁
𝑑

) 

𝑠𝐶𝑂𝐷𝑃𝑑𝑁𝐴 (
𝑔 𝑠𝐶𝑂𝐷

𝑑
)

) 

(3-16) 
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In this equation, NFdN was the nitrate removal through the FdN pathway observed in the 

PdNA zone (cells 7 and 8), and NPdNA was the nitrate removal through the PdNA pathway 

in the same cells, both measured on a g NO3
- N/d basis. These were converted to a g 

COD/d equivalent using the stoichiometric ratio of g O2 consumed per g NO3
- converted: 

2.86 (g O2/g NO3
-) for the FdN process, and 1.14 (g O2/g NO3

-) for the PdN process 

(Mokhayeri et al. 2009). sCODPdNA is the soluble COD dosed in the PdNA zone, 

measured in g sCOD/d. 
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Chapter 4. Results and Discussion 

 

 

4.1 Overview 

The pilot reactor was operated in three distinct phases, differentiated by the carbon 

source used to drive PdNA activity in the PdNA zone of the reactor. The first phase used 

fermentate as its PdNA carbon source, and ran from August 12th, 2021, to December 8th, 

2021, for a total of 120 days of continuous operation. The second phase used acetate, and 

ran from December 9th, 2021, to January 24th, 2022, for a total of 46 days of continuous 

operation. This phase was shorter than the preceding fermentate phase because it was 

primarily used to verify continued AnAOB viability after an extended period of low 

activity at the end of the fermentate phase. The final phase used methanol in the PdNA 

zone, and ran from January 25th, 2022, to September 26th, 2022, for a total of 245 days of 

continuous operation. Detailed operational conditions for each phase are listed in 

  



52 

 

Table 4-1. 
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Table 4-1: Pilot mean stable operational conditions during each carbon source period 

   Carbon Source 

Parameter Units Fermentate Acetate Methanol 

Operational         

Total Length of Period days 120 45 245 

Temperature deg C 25.0±1.1 19.2±2.4 22.7±2.7 

SRT days 16.4±3.4 35.5±47.2 31.0±9.5 

SRT (Adjusted to 20 C) days 26.8±7.3 27.6±33.4 37.3±22.2 

ML TSS g/L 1.2±0.7 3.8±2.2 1.8±0.4 

Influent         

NH4
+ mg N/L 20.5±5.6 26.1±5.3 18.3±5.1 

NO2
- mg N/L 0.0±0.1 0.0±0.0 0.2±0.6 

NO3
- mg N/L 0.5±0.2 0.5±0.1 1.1±1.0 

ABAC Zone         

Average DO 

Concentration Setpoint 
mg O2/L 8.9±2.4 N/A 1.0±0.6 

 Residual NH4
+ mg N/L 4.5±2.5 5.4±1.2 4.0±1.5 

 Residual NO2
- mg N/L 0.3±0.2 0.2±0.1 0.2±0.7 

 Residual NO3
- mg N/L 8.8±4.3 6.8±2.6 6.3±2.1 

PdNA Zone         

Carbon Source sCOD 

concentration 
g sCOD/L 1.3±0.3 7.2±4.5 12.4±1.1 

 Residual NH4
+ mg N/L 4.0±2.6 4.3±2.0 2.6±1.5 

 Residual NO2
- mg N/L 0.5±0.7 1.0±1.0 0.3±0.6 

 Residual NO3
- mg N/L 6.0±3.8 4.5±1.8 1.6±0.7 

Effluent         

NH4
+ mg N/L 1.9±1.8 0.8±1.1 0.2±0.5 

NO2
- mg N/L 0.1±0.2 0.1±0.1 0.0±0.0 

NO3
- mg N/L 5.2±4.1 3.1±2.2 1.9±0.9 

 

Except for the first 90 days of the fermentate phase, the pilot was run in the same 

manner as described above in section 3.1, for all phases. During those first days of the 
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fermentate run, the carbon source in the PdNA zone was dosed in a stepwise manner to 

both cells 7 and 8. After a loss in performance attributed to a drop in fermentate quality, 

for the rest of the fermentate phase and all subsequent phases, the carbon source was 

dosed in a plug flow manner, dosing on the same control scheme but entirely to cell 7.  

Over the course of each carbon source phase, the influent into the pilot remained 

similar, with the acetate phase seeing the highest influent at 26.08±5.29 mg NH4-N/L, 

and the methanol phase seeing the lowest at 18.39±9.72 mg NH4-N/L. For all phases, the 

influent inorganic nitrogen load was primarily ammonia, with small to trace amounts of 

nitrate and nitrite. 

 By focusing on the performance data gathered during all days the pilot system 

was operating under stable conditions, the overall performance of the pilot system while 

using fermentate, acetate, and methanol can be compared. Stable conditions were 

assumed to include all days where the sensors controlling PdNA carbon dosing were 

reading within 1 mg NO3
--N/L of the measured value that day, the nitrification zone 

upstream of the PdNA zone was operating correctly, and no outside events were creating 

instabilities within the pilot or its influent from the secondary system of Blue Plains 

AWTP. For statistical analysis, the fermentate and methanol periods had more than 30 

days of stable operation, while statistical analysis for the shorter acetate period was less 

viable, only having 15 days of stable operation. This data is summarized in  

  



55 

 

Table 4-2, while further sections will have an in-depth analysis of PdN selection, 

nitrogen removal rates, biofilm morphology, and overall process operation. 
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Table 4-2: Mean performance metrics obtained during stable operation under each carbon source 

  Carbon Source 

Parameter Units Fermentate Acetate Methanol 

Total TIN Removal g TIN/d 26.0±11.1 32.8±7.4 21.3±6.9 

ABAC Zone         

Zone TIN Removal 

Rate 
g TIN/d 4.1±4.7 10.3±8.0 1.4±3.9 

Zone TIN Removal 

Contribution 
% 21.9±16.9 24.7±13.8 5.3±23.9 

PdNA Zone         

Zone TIN Removal 

Rate 
g TIN/d 8.5±6.4 8.6±3.5 16.4±5.4 

PdN Efficiency % 52.0±35.0 74.5±24.8 32.3±17.5 

PdNA Removal 

Rate 
g TIN/d 4.9±4.9 5.5±4.3 6.7±3.1 

PdNA Pathway TIN 

Removal 

Contribution 

% 13.0±10.9 16.6±8.1 32.6±15.2 

PdNA Removal 

Rate (Temp 

Corrected to 20C) 

g TIN/d 3.0±3.3 7.2±4.5 5.1±2.9 

PdNA Volumetric 

Removal Rate 
g TIN/L/d 0.12±0.12 0.16±0.09 0.4±0.1 

PdNA Removal 

Flux 

g 

TIN/m2/d 
0.39±0.39 0.55±0.31 0.6±0.3 

PdNA Specific 

Removal Rate 

g TIN/g 

VSS/d 
0.09±0.09 0.06±0.04 0.3±0.1 

Specific Nitrate 

Removal Rate 

mg NO3
-

/gVSS/d 
159.6±134.3 56.1±32.9 244.8±89.9 

Maximum AnAOB 

Removal rate 

g 

TIN/m2/d 
1.6 1 1.4±0.3 

Maximum PdNA 

Removal rate 

g 

TIN/m2/d 
1.4 1.86 0.8±0.2 

sCOD Loading g sCOD/d 27.1±19.2 39.4±27.1 65.3±28.6 

sCOD added/N 

removed 

g sCOD/g 

TIN 
3.5±9.2 6.0±6.0 4.3±1.3 

Average Biofilm 

Thickness (Cell 7) 
µm 370.5±140.4 317.4±103.4 302.9±97.7 
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4.2 Impact of Carbon Source Selection on PdN Selection 

As outlined and defined above in section 2.1.4.1, PdN efficiency can be calculated 

and used as a marker for success in selecting for PdN over FdN. Looking at the pilot 

system’s three periods running under different carbon sources, we can compare the 

overall PdN efficiencies seen during stable operation. The PdN efficiencies observed 

during stable operation while using each carbon source are shown in Figure 4.1.  

 

Figure 4.1: Boxplots displaying minimum, Q1, median, Q3, and maximum values of PdN Efficiencies during each 

phase, under stable operation 

Operation while using acetate had the highest PdN efficiencies (74.5±24.8%), with 

fermentate slightly lower and more variable (52.0±35.0%), and methanol showing the 

smallest PdN efficiencies (32.3±17.5%). This matched the expected trend in results, with 

operation under methanol only able to utilize two out of the three PdN selection 
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mechanisms described in section 2.2, while acetate and fermentate were able to utilize all 

three. 

As discussed previously in section 2.4, one critical control method for PdN selection 

is the nitrate residual concentration within the PdNA reactor. By maintaining a 

sufficiently high concentration of nitrate, the electron-transport and nitrate/nitrite rate 

differential mechanisms are not substrate limited and can fully promote PdN selection. In 

Figure 4.2, PdN efficiencies obtained with each carbon source were compared with their 

associated nitrate residual level ranges.  
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Figure 4.2: Boxplots displaying minimum, Q1, median, Q3, and maximum values of PdN Efficiencies compared at 

increasing nitrate residual levels for each carbon source. A: Fermentate.. B: Acetate. C. Methanol. 

No correlation was seen between increasing nitrate residual levels and PdN efficiencies 

for any of the carbon sources used in this study. This indicated that nitrate residual 

concentrations were always sufficiently high enough to avoid substrate limitations on the 

two PdN selection mechanisms in question. Additionally, as indicated in Table 4-1, 

reductions in nitrate concentrations between the end of the nitrification zone to the end of 

the PdNA zone averaged 2.8, 2.3, and 5.7 mg NO3
--N/L for fermentate, acetate, and 

methanol, respectively. This reduction in nitrate concentrations in the PdNA zone 
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indicated that nitrate rates were sufficiently high to drive the nitrate/nitrite reduction rate 

differential mechanism. 

While the PdN efficiencies obtained with acetate and fermentate fell within the 

expected ranges found in literature as seen in Table 2-3, the efficiencies obtained with 

methanol were significantly lower than expected. This trend was also shown in the 

maximum PdN efficiencies obtained during PdNA activity testing, shown in Figure 4.3. 

 

Figure 4.3: Maximum achievable PdN Efficiencies for each carbon source, found for mixed liquor alone and 

mixed liquor and biofilm together 

This compared the PdN efficiencies achieved using mixed liquor, and mixed liquor and 

biofilm together, under non-limiting conditions. Here, the PdN efficiencies obtained 

using methanol still averaged 53% below reported literature values. Additionally, Figure 

4.3 showed that fermentate and acetate could promote the majority of PdN selection 

without the presence of AnAOB. This indicated that the carbon-specific electron-

transport PdN selection mechanism may be the dominant mechanism for fermentate and 

acetate. As discussed in section 2.2, this mechanism is not available when using 
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methanol, which matches the comparatively lower PdN efficiencies achieved with this 

carbon source shown in FiguresFigure 4.1 andFigure 4.3. Methanol also supported a 

much smaller PdN efficiency without the presence of AnAOBs, which indicated that the 

presence of an anammox sink may be the dominant mechanism for PdN selection while 

using this carbon source. 

The cause for the discrepancy between PdN efficiencies achieved with methanol in 

this study and in previous studies could be caused by the unique process configuration 

used in this study, or more likely was linked to the anammox sink PdN selection 

mechanism. Because this study’s pilot reactor used methanol for both PdN and FdN 

polishing, the community of OHOs in the mixed liquor could have been unable to fully 

adapt to specialize in PdN over FdN. However, during this period the nitrate removal rate 

over each of these zones was 16.4±5.4 g TIN/d in the PdNA zone, and only 3.5±2.1 g 

TIN/d in the FdN zone. This indicated the majority of OHO growth was happening in the 

PdNA zone, and therefore this process configuration was less likely to cause the lower 

PdN efficiencies seen in this study. Issues with the anammox sink mechanism were 

assumed to be more impactful due to its role as a key driver in PdN efficiencies when 

using methanol. In previous studies, excess anammox capacity (Le et al. 2018), described 

using the ratio of a maximum potential AnAOB removal rate over observed nitrate 

removal rate, was found to have a positive correlation to PdN efficiencies. Figure 4.4 

shows this ratio generated from AnAOB activity tests and pilot observed data for the 

methanol period in this study and compares it to the observed PdN efficiencies in this 

study. 



62 

 

   

Figure 4.4: Proportion of PdN efficiencies observed that exceeded the average, for increasing ranges of excess 

anammox capacity vs actual PdN Efficiencies for methanol 

This figure compares increasing ranges of excess anammox capacity to the corresponding 

proportion of PdN efficiencies exceeding 33% in their respective range. Outside of the 

lowest range shown, this figure shows a positive correlation between excess anammox 

capacity and the probability of achieving above average PdN efficiency, as seen in 

previous studies. This positive correlation was not seen during the fermentate or acetate 

periods, as shown in Supplemental Figure S.1. During the methanol period, it can be seen 

above that the maximum ratio seen in the pilot fell below 3, meaning the pilot had less 

than 3 times the capacity for nitrogen removal through anammox. Data from Fofana et al. 

(2022b), where PdN efficiencies were 76-77%, showed this same ratio to fall closer to 

8.2 (g/d)(g/d)-1, indicating that the system in this study suffered from a lack of excess 

capacity. This is likely the major cause of the lower PdN efficiencies observed during the 

methanol period of this study. The lack of correlation between excess anammox capacity 

and PdN efficiencies for fermentate or acetate corroborate the data shown in Figures 

0

10

20

30

40

50

60

70

80

90

100

0.4< X <0.6 0.6< X <0.8 0.8< X <1 1< X <1.4 1.4< X <1.8 1.8< X <3P
ro

p
o

rt
io

n
 o

f 
P

d
N

 E
ff

ic
ie

n
cy

 >
3

3
%

 (
%

)

Maximum AnAOB removal Capacity/Observed NO3 removed              
(g NO2/d)/(gNO3/d)



63 

 

Figure 4.1 and Figure 4.3, indicating that the electron-transport mechanism is more 

dominant in driving PdN selection for these carbon sources. 

4.3 Impact of Carbon Source Selection on PdNA Rates 

The second major criteria used when evaluating PdNA system performances is the 

measured PdNA rate, representing the nitrogen removal rate through the PdNA pathway. 

This rate is driven by several factors, mainly the degree of success in selecting for PdN 

discussed in the previous section, substrate loading into the PdNA reactor, and the total 

nitrogen removal rates seen in the reactor. The data for each carbon source used in this 

study is shown in Figure 4.5, represented as a flux across the working surface area of the 

IFAS carriers in the PdNA zone. 

 

Figure 4.5: Boxplots displaying minimum, Q1, median, Q3, and maximum values of PdNA removal flux rate for 

each carbon source, under stable operation, corrected to 200 C 
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This data was adjusted to account for the temperature differences noted in Table 4-1. 

Average rates for each carbon source were 0.249 ± 0.27 g TIN/m2/d, 0.600 ± 0.38 g 

TIN/m2/d, and 0.42 ± 0.28 g TIN/m2/d for fermentate, acetate, and methanol respectively. 

While acetate produced the highest PdNA rates as expected due to the largest PdN 

efficiencies seen in the previous section, the methanol period saw higher rates when 

compared to the fermentate period, despite its comparatively smaller PdN efficiencies. 

This discrepancy cannot be attributed to substrate loading limitations, as ammonia and 

nitrate concentrations were well above 1 mg N/L as shown in Table 4-1. 

Considering these two factors alone, fermentate should have promoted better PdNA 

rates when compared with methanol. Therefore, methanol’s ability to promote better 

PdNA rates than fermentate should be attributable to the nitrogen removal rates observed 

in the PdNA zone. As seen in Table 4-2, methanol promoted specific nitrate removal 

rates 124% higher on average when compared with fermentate. From this, it can be 

surmised that the ability to promote removal through PdNA using methanol and 

fermentate is highly dependent on the system’s nitrate removal rate. In contrast, the 

acetate period saw the lowest nitrate removal rates, but still had the highest PdNA 

removal rates, indicating that acetate’s ability to remove nitrogen through the PdNA 

pathway primarily depends on its superior PdN selection ability as described previously. 

4.4 Impact of Carbon Source Selection on Biofilm Morphology 

The morphology of the biofilms in the PdNA reactor involved in this study can 

impact the performance of this reactor. As outlined in section 2.6, nitrogen removal can 

be impacted by biofilm thickness due to longer diffusion pathways in thicker biofilms, or 

lower capacity from loss of biomass in thinner biofilms. This thickness is primarily 
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driven by a balance of shear forces promoting sloughing of biomass, and biofilm growth 

rates encouraging new growth. This section seeks to evaluate how the biofilm thicknesses 

changed during the fermentate, acetate, and methanol periods. The biofilm thicknesses 

measured during these periods are shown in Figure 4.6. 

 

 

Figure 4.6: Boxplots displaying minimum, Q1, median, Q3, and maximum values of biofilm thicknesses measured 

during each carbon source period, showing significantly thicker biofilms grown with fermentate 

Average biofilm thickness values are shown in Table 4-2, with fermentate shown to have 

grown significantly thicker biofilms than either methanol or acetate, and no statistical 

difference between acetate and methanol. As the PdNA zone did not undergo any change 

in mixing strategy over the course of this study, any differences in biofilm thickness 

observed would not be attributable to changes in shear force, and therefore would be 

related to biomass growth.  

As explained in section 2.3, biomass growth can be observed through calculations 

of biomass yield, which represents the relationship between biomass growth of specific 
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microbial communities and carbon source loading. From Table 2-4, it was observed that 

the fastest growth rates were associated with the OHO community. Observed biomass 

yields during each carbon source period are shown in Figure 4.7, and were calculated 

based on nitrate removal rates to capture the estimated biomass growth of the OHO 

community specifically.  

 

Figure 4.7: Boxplots displaying minimum, Q1, median, Q3, and maximum values of observed yields for each 

carbon source calculated during stable operation 

No statistical differences in yields were observed between carbon sources, although 

observed yields did match closely with literature values, as listed in Table 2-1. This 

implied that the thicker biofilm thickness seen during the fermentate period was not 

directly correlated with biomass yield. However, the biomass yield shown could be used 

to estimate observed biomass growth rates directly. 

The biomass growth rate estimations for the OHO community observed during each 

carbon source period are shown in Figure 4.8.  



67 

 

 

Figure 4.8: Boxplots displaying minimum, Q1, median, Q3, and maximum values of observed biomass growth for 

each carbon source calculated during stable operation 

Here there was a significantly higher OHO biomass growth rate associated with the 

fermentate period, with no significant differences in biomass growth rate seen during the 

acetate and methanol periods. This correlates with the trend seen in biomass thickness in 

Figure 4.6. This may imply that the thickness of biofilms grown in this PdNA 

implementation are closely correlated with OHO growth rates.  

4.4.1 Visual Characteristics 

In addition to quantifiable measurements of biofilm thickness, the large quantity of 

images gathered during the thickness measurement process offered an opportunity to 

compare biofilms on a qualitative morphological basis. Representative image samples 

from each carbon source period and from each cell in the PdNA zone are displayed in 

Figure 4.9. 
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Figure 4.9: Biofilm picture samples from Cell 7 and Cell 8 during each carbon source period 

During the methanol period, a clear difference in biofilm morphology can be seen 

between images taken from cell 7 and cell 8. Biofilms in this period in cell 7 show a 

tendency to form tight, round clusters, while biofilms from cell 8 grow in extended, 

lengthy fronds. These sample images were all taken from periods where carbon dosing in 
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the PdNA zone occurred in a plug flow manner, with all carbon dosing occurring in cell 

7, potentially causing a concentration differential between the two cells. Similarly, due to 

the natural flow of the pilot system, nitrate concentrations could be assumed to follow a 

similar differential. The nitrogen species concentrations at the influent of each PdNA cell, 

corresponding to the residual concentrations in cells 6 and 7, are shown in Table 4-3. 

Table 4-3: Cell 6 and Cell 7 residual nitrogen concentrations 

Parameter   Phase 

Description Location Units Fermentate Acetate Methanol 

NH4 

Concentration 

Cell 6 mg/L 4.53±2.54 5.37±1.23 3.52±1.48 

Cell 7 mg/L 5.215† N/A‡ 2.93±1.52 

NO2
- 

Concentration 

Cell 6 mg/L 0.26±0.19 0.16±0.10 0.16±0.56 

Cell 7 mg/L 0.415† N/A‡ 0.27±0.21 

NO3
- 

Concentration 

Cell 6 mg/L 8.80±4.34 6.76±2.57 5.64±2.05* 

Cell 7 mg/L 10.35† N/A‡ 1.92±0.74 
Note: *Statistical difference with p Value <0.05 found between Cell 6 and 7 values. †Only single data point available. ‡No data available. 

 

As seen in this table, concentration gradients for nitrate were only found to follow this 

logic in the methanol period. Other nitrogen species during this period, and all nitrogen 

species during other carbon source periods did not follow this pattern. This implies that 

the visual differences between Cell 7 and 8 biofilms may have been caused by a 

differential in nitrate loading to those cells. A potential explanation is that in low-loading 

conditions, biofilm growth patterns may seek to maximize surface area to decrease 

diffusion limitations due to low nitrate concentrations. This is supported by the previous 

finding that biofilm thicknesses were primarily associated with OHO growth driven by 

nitrate removal. 
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4.5 Impacts of Carbon Source Selection on Operational Decisions 

Major factors for selecting a carbon source for PdNA applications fall into two main 

categories: its impacts on performance and its impacts on operation. Its effects on PdN 

efficiencies and PdNA rates are the main performance impacts and have been discussed 

in previous sections in this chapter. As discussed as well, biofilm morphology can affect 

these performance metrics through diffusion limitations but could be considered an 

operational impact as well. Other operational considerations of importance are a carbon 

source’s yield and finally its unit cost. 

The observed yields shown previously in Figure 4.7 were not seen to be significantly 

different during this study. However, with acetate and fermentate having higher yields in 

literature, this could be expected to impact operational decisions, as the faster growth of 

biomass at these higher yields could force operation at higher mixed liquor 

concentrations. The lower yields and associated lower mixed liquor concentrations of 

methanol lessen operational difficulties like increased clogging seen at higher 

concentrations. 

Cost spent on external carbon sources for BNR is a major driver for pursuing shortcut 

nitrogen removal in mainstream wastewater, as shown in section 2.1 generally, and for 

Blue Plains AWTP specifically in section 2.7. However, due to the statistically 

significant differences in PdNA rates in this study, a direct comparison of carbon source 

cost is not possible. This section presents a case study comparing estimated yearly 

methanol costs for four different scenarios using normalized nitrogen removal rates to 

compare unit costs more effectively. The four scenarios considered were a BNR process 

modeled after conditions at Blue Plains AWTP; and three theoretical PdNA processes 
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driven with fermentate, acetate, and methanol, all with methanol driven FdN polishing 

zones and utilizing the results obtained from the pilot system in the preceding sections in 

this chapter.  

4.5.1 Process Conditions for Case Study 

When considering this case study, the BNR process matched the existing BNR 

process at Blue Plains AWTP, with a 5 stage nitrification reactor and a 4 stage FdN 

reactor in series. The PdNA process matched the pilot schematic, with a 3 stage 

nitrification reactor, 1 stage PdNA reactor, 1 stage swing-zone, and 4 stage FdN polishing 

reactor in series. All conditions that were kept constant across the four scenarios are 

shown in Table 4-4. 

Table 4-4: General process conditions for case study comparing methanol driven BNR to PdNA processes. 

Parameter   

Description Units  

Mainstream Flowrate m3/d 1135624 

RAS Recycle Ratio  2 

Influent NH4 Concentration mg N/L 25 

RAS NH4 Concentration mg N/L 2 

TIN Removal from nitrification and 

endogenous carbon 
% 20 

Nitrification Zone NH4 Residual 

Concentration 
mg N/L 3 

Effluent NH4 Concentration mg N/L 1 

Effluent NO3 Concentration mg N/L 1.5 

Fermentate:   

Maximum volume available m3/d 26495 

Expected VFA yield g sCOD/g VSS 0.15 

Fermentate ammonium concentration mg N/L 84.5 

 

The mainstream flowrate was based on an assumed average inflow of 300 million gallons 

per day at Blue Plains AWTP. Influent concentrations into the tertiary treatment system 



72 

 

were averaged based on data from this study. The nitrification zones were assumed to 

remove the same percentage of TIN, based on total TIN removal percentages observed 

during the pilot study, with differences between carbon sources statistically insignificant. 

Effluent concentrations were based on a 2.5 mg TIN/L effluent concentration limit, which 

accounts for a potential additional organic nitrogen concentration of up to 1 mg/L. Total 

nitrogen removal was calculated from the influent and effluent loading ranges for the 

entire tertiary system. These values were assumed to be constant for all four of the case 

study’s scenarios.  Fermentate data was obtained from previous optimization studies 

conducted at Blue Plains (Ali et al. 2021; Ladipo‐Obasa et al. 2022).
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4.5.2 Case study results 

Table 4-5: Comparison of carbon source costs between a methanol driven BNR process and fermentate, acetate, and methanol driven PdNA processes with methanol driven 

FdN polishing 

Parameter  BNR PdNA  Carbon Source 

Description Units Methanol Fermentate Acetate  Methanol 
Acetate - 

nonlimited 

Methanol - 

nonlimited 

Carbon Unit Cost $/kg COD $0.35 $0.00 $1.26 $0.35 $1.26 $0.35 

Yield: Observed g sCOD/g sCOD 0.48 0.54 0.64 0.48 0.64 0.48 

COD/N: FdN - observed g sCOD/g TIN 5.50 6.19 7.94 5.50 7.94 5.50 

COD/N: PdN - observed g sCOD/g TIN N/A 2.47 3.17 2.19 3.17 2.19 

PdN Efficiency % 0 52.5 74.5 32.3 74.5 32.3 

Estimated N Removal in 

PdNA Zone 
10^6 kg/year 0.00 4.11 4.11 4.11 4.97 4.97 

Cost spent on carbon in 

PdNA zone 
$/year N/A $0 $22,778,204 $6,322,366 $27,565,452 $7,651,124 

Estimated N removal in 

FdN zone 
10^6 kg/year 7.25 3.96 3.14 3.14 2.28 2.28 

Cost spent on carbon in 

FdN Zone 
$/year $13,847,861 $7,561,306 $6,001,284 $6,001,284 $4,352,185 $4,352,185 

Total External Carbon Cost 

estimate 
$/year $13,847,861 $7,561,306 $28,779,488 $12,323,649 $31,917,637 $12,003,309 

Percent savings Compared 

to BNR 
% N/A 45.4 N/A 11.0 N/A 13.3 
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The detailed parameters for this case study are shown in Table 4-5. Unit costs were 

considered on a $/kg COD basis, neglecting any capital costs associated with switching 

from the methanol currently used in Blue Plains AWTP’s BNR process. Yields used were 

average yields shown in Figure 4.7. An alternate case study based on yield values from 

literature is shown in Table S-1. These yields were then used to calculate estimated COD 

addition/N removed ratios based on the stoichiometry of the PdN and FdN reactions. 

Total nitrate removal in the PdNA zone was calculated based on the assumptions shown 

in Table 4-4, and split into the PdNA and FdN pathways based on the average observed 

PdN efficiencies from in Figure 4.1. Carbon costs in the PdNA zone were calculated 

using the COD/N ratios and unit costs shown in the table. A similar process was used to 

calculate carbon costs in the FdN polishing zone. These costs were then summed and 

were compared to the estimated carbon cost for a methanol driven BNR process based on 

the same total nitrogen removal used in the other scenarios. The first three PdNA 

columns are compared on the basis of an equivalent TIN removal in the PdNA zone, 

calculated from the maximum volume of fermentate available and expected VFA yields 

(Ali et al. 2021; Ladipo‐Obasa et al. 2022). The case study found an estimated cost 

savings of 45% when using fermentate, 13% when using methanol, and a 107% cost 

increase when using acetate, primarily due to acetate’s high cost in North America, as 

well as its relatively high yield. This suggests that a PdNA application driven by 

fermentate could be a viable option to replace the BNR process at Blue Plains AWTP, 

and a methanol driven PdNA application could present smaller, but significant cost 

savings as well. 
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Chapter 5. Conclusions 

 

 

This study evaluated and compared the performance of a mainstream, integrated, pre-

anoxic PdNA process for three different external carbon sources: fermentate, acetate, and 

methanol. This comparison was evaluated using a pilot system designed to represent a 

potential full-scale PdNA process implementation for integration into Blue Plains 

AWTP’s existing nutrient removal system, and whose results could be applied to similar 

PdNA configurations in other locations. The three carbon sources were evaluated based 

on the system’s performance, including ability to promote PdN selection and drive PdNA 

pathway removal rates. Evaluation was also performed to define the difference in 

operational conditions to drive peak performance, including the functional distribution of 

PdN selection between the biofilm and mixed liquor, biofilm thickness, and operational 

considerations. During the study, the pilot saw total TIN removal rates of 26.0±11.1, 

32.8±7.4, and 21.3±6.9 g TIN/d for fermentate, acetate, and methanol respectively. 

The first objective was to evaluate PdN selection for each of the three carbon sources. 

The acetate period had the highest PdN efficiencies at 74.5±24.8%, with fermentate 

seeing lower efficiencies at 52.0±35.0%, and methanol seeing the lowest efficiencies at 

32.3±17.5%. The anammox sink mechanism for PdN selection was found to be crucial to 

drive PdN efficiencies with methanol but had much less of an impact when using 

fermentate and acetate. This was linked with the methanol period’s significantly lower 

efficiencies when compared to literature. Excess anammox capacity was found to drive 

PdN efficiencies during the methanol period, and its range was found to be much lower 

when compared with other methanol driven PdNA studies, potentially explaining the 

difference seen in PdN efficiencies.  
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Rates of nitrogen removal through the PdNA pathway did not follow the expected 

trends. The fermentate period had the lowest PdNA rates at 0.25 ± 0.27 g TIN/m2/d, and 

acetate had the highest rates at 0.60 ± 0.38 g TIN/m2/d. Methanol performed better than 

expected, with a PdNA rate of 0.42 ± 0.28 g TIN/m2/d on average. Methanol’s higher 

PdNA removal rates were found to correlate to this carbon source’s significantly higher 

nitrate removal rates. This indicated that maintaining a high nitrate removal rate was 

essential for driving PdNA activity when using methanol. 

Biofilm thickness was studied for the three carbon source addition periods. The 

methanol and acetate periods did not see a significant difference in biofilm thickness, at 

302.89±97.72 µm and 317.37±103.42 µm respectively. Fermentate had significantly 

higher biofilm thickness at 370.52±140.35 µm. This increased thickness was not 

observed to be connected to observed biomass yield directly but was seen to closely 

correlate with observed biomass growth rates, with the fermentate period seeing 

significantly higher OHO growth rates. Visual differences between biofilms in the two 

PdNA cells during the methanol period also correlated to differences in nitrate loading, 

and therefore to potential OHO growth rates by association.  

Finally, a case study was presented to provide a more direct estimation of cost 

savings associated with each of the carbon sources studied. When compared with a BNR 

process modeled after the one at Blue Plains AWTP, estimated cost savings using 

fermentate were 45%, and using methanol were 13%, with acetate showing a cost 

increase of 107%. This indicated the PdNA application presented in this study could 

provide significant cost savings over a conventional BNR process, provided the 

appropriate external carbon source is selected. 
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5.1 Recommendations for Future Work 

To continue the work needed to implement this PdNA application at full-scale, 

further research into simulating startup of such a process, including time needed to grow 

an AnAOB community with sufficient anammox capacity on IFAS carriers is needed, 

and currently underway. Additionally, research into an IFAS carrier that maintains 

sufficient specific surface area while avoiding potential headloss and other operational 

issues that could appear when scaling up this design is needed. To operate this system 

with fermentate from Blue Plains, additional research into reasonably achievable VFA 

yields and the operational changes needed to achieve them is currently underway, but 

incomplete at this time.  

To expand on the research into the biofilm thickness information obtained in this 

study, further methodological improvements and specific research areas could be 

evaluated. Unevenness occurred on the surface of the IFAS carriers after sufficient 

operational time had elapsed, causing difficulties in capturing images for analysis. Work 

on refining image capture methods could lead to eliminating this source of error in 

measurements. Additionally, automation of the image measurement process could greatly 

increase the amount and accuracy of measurements, however due to the large variability 

in biofilm color and shape within each submerged image, this could prove unworkable. In 

addition to biofilm thickness measurement improvement, more research into biofilm 

structures, including FISH analysis could yield more insight into the distribution of 

functional microbial communities in the biofilm. This could be coupled with the 

additional research into diffusion limitations described above, providing a greater 
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understanding of the working limitations of each carbon source, and how to promote 

growth conditions for ideal PdNA performance.  
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Figure S.1: Excess anammox capacity vs actual PdN Efficiencies for fermentate and acetate 
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Table S-1: Carbon cost case study for Blue Plains AWTP using literature yields from Ali et al.(2021); Ladipo‐Obasa et al. (2022); Mokhayeri et al.(2009) 

Parameter  BNR PdNA  Carbon Source 

Description Units Methanol Fermentate Acetate Methanol 
Acetate - 

nonlimited 

Methanol - 

nonlimited 

Carbon Unit Cost $/kg COD $0.35 $0.00 $1.26 $0.35 $1.26 $0.35 

Yield: Literature 
g sCOD/g 

sCOD 
0.45 0.55 0.66 0.45 0.66 0.45 

COD/N: FdN - 

observed 

g sCOD/g 

TIN 
5.20 6.36 8.41 5.20 8.41 5.20 

COD/N: PdN - 

observed 

g sCOD/g 

TIN 
N/A 2.53 3.35 2.07 3.35 2.07 

PdN Efficiency % N/A 52.5 74.5 32.3 74.5 32.3 

Estimated N Removal 

in PdNA Zone 
10^6 kg/year 0.00 4.00 4.00 4.00 4.97 4.97 

Cost spent on carbon in 

PdNA zone 
$/year N/A $0 $23,491,654 $5,822,249 $29,186,949 $7,233,790 

Estimated N removal in 

FdN zone 
10^6 kg/year 7.25 4.07 3.25 3.25 2.28 2.28 

Cost spent on carbon in 

FdN Zone 
$/year $13,092,523 $7,341,562 $6,205,091 $6,205,091 $4,352,185 $4,352,185 

Total External Carbon 

Cost estimate 
$/year $13,092,523 $7,341,562 $29,696,745 $12,027,340 $33,539,134 $11,585,975 

Percent savings 

Compared to BNR 
% N/A 43.9 N/A 8.1 N/A 11.5 
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