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Abstract: There are numerous successful studies on optimizing the performance of conventional 9 

activated sludge (CAS)-based wastewater treatment plants. However, recent studies (Wan et al., 10 

2016; Fernández-Arévalo et al., 2017) have shown that a more significant improvement of the plant 11 

performance is achievable through integration of established technologies in novel process schemes. 12 

High-rate activated sludge system (HRAS), chemically enhanced primary treatment (CEPT), partial 13 

nitritation-anammox (PNA), partial nitrification-denitrification (PND) over nitrite and anaerobic 14 

digestion (AD) are integrated in two process schemes to determine whether significant energy 15 

savings and energy production can be achieved with these new process layouts compared to a CAS-16 

based process scheme. The results presented in this paper show that there is potential of achieving 17 

future energy-positive water resource recovery facilities (WRRFs) through novel integration of 18 

mature technologies for municipal wastewater treatment. 19 

 20 

Keywords: energy recovery; high rate activated sludge; chemically enhanced primary treatment; 21 

partial nitritation-anammox; partial nitrification-denitrification over nitrite 22 

 23 

 24 

1. INTRODUCTION 25 

 26 

A strategy for organics (commonly measured as chemical oxygen demand, COD) removal and energy 27 

recovery is to think of organics in terms of their energy content. A typical municipal wastewater 28 
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contains an average of 0.5 kg COD.m-3 (McCarty et al., 2011) and an associated calorific energy 29 

content of potentially at least 4 kWh.kg-1 COD (Heidrich et al., 2010; Jenicek et al., 2013) (i.e. 2 30 

kWh.m-3 of wastewater). As around 0.45-0.60 kWh.m-3 (McCarty et al., 2011; Wan et al., 2016) is 31 

required for a conventional wastewater treatment plant that employs activated sludge system and 32 

anaerobic digestion, this implies that optimizing energy recovery from the COD content of the 33 

wastewater could result in an overall energy-neutral or even energy-positive facility. Moreover, 34 

considering that aeration costs in a water resource recovery facility (WRRF) accounts for a substantial 35 

45-75% of the overall operating costs of the facility (Rosso et al., 2008), recovering energy through 36 

COD redirection in the primary treatment stages could positively impact the operational cost by 37 

reducing the aeration energy requirements for aerobic COD removal. 38 

 39 

Energy savings of up to 10% in blowers and 50% in recirculation pumps was simulated feasible using 40 

ammonium-based supervisory control system (Serralta et al., 2002). Rieger et al. (2012) 41 

demonstrated that up to 20% decrease in total energy requirements can be achieved (30% in 42 

simulations) besides an improved effluent quality upon implementing full-scale dissolved oxygen 43 

(DO)-based and ammonia (NH3)-based aeration control strategies. An overview of aeration control 44 

systems applied to municipal WRRFs revealed as high as 27% aeration energy requirement reduction 45 

for full-scale activated sludge process (Åmand et al., 2013), while optimization of aeration control 46 

strategies combined with electricity production and on-site utilization from anaerobic digestion 47 

biogas has shown to achieve 30-50% reduction in energy costs (Wett et al., 2007). However, these 48 

values suggest that, with aeration control strategies and conventional CAS-based layout alone, a fully 49 

energy self-sufficient WRRF will not be achieved unless external resources are added, such as organic 50 

wastes for co-digestion (Shen et al., 2015), or by modifying plant layouts and incorporating other unit 51 

processes (Fernández-Arévalo et al., 2017; Khiewwijit et al., 2015). 52 

 53 
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To become energy self-sufficient or even energy-positive, WRRFs are examining the application of 54 

unit processes, which are preferably mature technologies that are known to be less energy demanding 55 

and those that can maximize energy recovery. While the unit processes may not be novel as such, the 56 

innovation lies in the way they are incorporated into wastewater treatment plant schemes. To 57 

illustrate, Khiewwijit et al. (2015) proposed a configuration combining bioflocculation, 58 

deammonification, phosphorus recovery, anaerobic digestion and combined heat and power unit 59 

processes to maximize nutrient and energy recovery. This resulted to a simulated net energy yield of 60 

0.24 kWh.m-3, brought about by less aeration energy consumption (due to use of partial nitritation-61 

anammox instead of full nitrification-denitrification) and by increase in energy production (as a result 62 

of bioflocculation which concentrates organic matter that subsequently reaches the anaerobic 63 

digester). Through model simulations, the feasibility of energy-neutral WRRFs was also 64 

demonstrated by Fernández-Arévalo et al. (2017) when including thermal hydrolysis to improve 65 

sludge biodegradability and thereby increasing biogas production, and by changing the conventional 66 

plant layout by decoupling COD, nitrogen and phosphorus treatment to optimize resource recovery. 67 

 68 

Fundamentally, net positive energy in WRRFs can be attained by means of a two-fold strategy: (i) 69 

maximizing energy generation and (ii) minimizing energy use. This can be realized by separating 70 

COD and nutrient removal techniques (Gao et al., 2014). Energy production from anaerobic digestion 71 

of organics can be increased by up-concentrating and recovering the COD in the primary stage (thus, 72 

avoiding most of it being oxidized in the secondary stage) and redirecting it to the sludge line. A 73 

technique to accomplish this is to use the high rate activate sludge (HRAS) system, characterized by 74 

high food-to-microorganism ratio of 1.5-10.0 kg BOD.kg-1 MLVSS.d-1, short solids retention time 75 

(SRT) of about 0.2-4.0 d and also short hydraulic retention time (HRT) of about 0.5-4.0 h (Jimenez 76 

et al., 2015; Kinyua et al., 2017; Tchobanoglous et al., 2014). By adsorption onto the activated sludge 77 

flocs, HRAS system results in an increased COD and particulate concentrations in the settled sludge, 78 

with a portion of colloidal substrates also removed, that are then redirected to the anaerobic digester 79 
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(Smitshuijzen et al., 2016), resulting in organics removal efficiencies of 50-70% (Meerburg et al., 80 

2015). Apart from HRAS, chemically enhanced primary treatment (CEPT) has also been explored 81 

for carbon capture (Xu et al., 2015). Coagulants are normally based on aluminum or iron and 82 

supplemented with polymer to enhance flocculation. Normally around 50% of suspended solids and 83 

30% of the COD is removed with primary settling, but it is increased to 90% and 75%, respectively, 84 

with CEPT (Ødegaard, 1992; Ødegaard, 1998). The settled sludge from either HRAS or CEPT are 85 

anaerobically digested, stabilizing the sludge by converting the organics, through a series of 86 

biochemical and physicochemical reactions, into methane while also recovering heat. Anaerobic 87 

digestion (AD) is known as the main source of energy at any CAS-based WRRF (Solon et al., 2018). 88 

Especially in developing countries, AD has been found to be a low-cost alternative to treating waste, 89 

mainly at high temperature and high organic load (McCarty et al., 2011).  90 

 91 

The largest energy consumer in a WRRF is aerobic biological degradation. Approaches to decrease 92 

aeration energy are to decrease the amount of organic pollutants needed to be aerobically degraded 93 

by redirecting them to the anaerobic digester and/or to use shortcut nitrogen removal pathways instead 94 

of the full nitrification-denitrification process, with the latter using significantly greater amount of 95 

oxygen and carbon source for nitrogen removal (Daigger, 2014). Although COD is significantly 96 

removed from the wastewater through carbon redirection processes such as HRAS and CEPT, 97 

nitrogenous compounds (e.g. ammonia and nitrate) are not significantly removed. In a conventional 98 

wastewater treatment plant, the activated sludge (AS) process typically removes nitrogenous 99 

compounds via the full nitrification-denitrification pathway. Nitrification involves the aerobic 100 

conversion of ammonia or ammonium to nitrite and finally to nitrate. This step is energy intensive 101 

due to the need to supply oxygen by aeration. Denitrification, on the other hand, involves the 102 

reduction of nitrate to nitrogen gas. The latter process requires organic carbon, which is normally 103 

supplied through the COD content of the wastewater. If the activated sludge process is preceded by 104 

HRAS or CEPT, the excessive removal of COD might lead to operational upset for the nitrogen 105 
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removal step due to insufficient carbon needed by denitrifying organisms. An external carbon source, 106 

such as methanol, should be added in such case. An alternative process to use is the partial nitritation-107 

anammox, wherein ammonium-oxidizing bacteria converts part of the ammonia to nitrite and 108 

converts this nitrite together with the rest of the ammonia to nitrogen gas. In addition to aeration 109 

savings of up to 63% (Volcke et al., 2006a), this process is suitable to follow HRAS or CEPT as it 110 

does not require organic carbon (Kartal et al., 2010). Another option is to operate the AS system on 111 

partial nitrification-denitrification over nitrite. This can be achieved by intermittent aeration control 112 

to outcompete nitrite-oxidizing bacteria (Regmi et al., 2015a) and thereby decreasing aeration energy 113 

and carbon requirements as compared to the full nitrification-denitrification process.  114 

 115 

With regards to enhanced energy recovery and increased energy savings, several promising unit 116 

processes have already been studied, developed and implemented full-scale. However, the proposed 117 

shortcut nitrogen removal processes for use in mainstream wastewater treatment are still largely on 118 

the laboratory- and pilot-scale stages. Notably, studies on combining these unit processes within novel 119 

plant layouts are very scarce. This work aims to develop simple models of unit processes and integrate 120 

them to come up with novel layouts designed for future energy-positive WRRFs. High-rate activated 121 

sludge, chemically enhanced primary treatment, partial nitritation-anammox, partial nitrification-122 

denitrification over nitrite and anaerobic digestion processes are integrated within novel plant layouts 123 

and whose performance will be assessed and compared through consideration of their effluent quality, 124 

operational cost and energy production. 125 

 126 

 127 

2. METHODS 128 

 129 

2.2. UNIT PROCESS MODELS 130 

 131 
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Conventional activated sludge (CAS) 132 

The widely-accepted Activated Sludge Model No. 1 (ASM1) (Henze et al., 1987) is used to represent 133 

the biological process model. The activated sludge unit consists of five tanks-in-series, wherein the 134 

first 2 tanks are unaerated and the last three are aerated, with an internal recycle from the last to the 135 

first tank and a return activated sludge recycle from the secondary settler underflow to the first tank, 136 

representing a Modified Ludzack-Ettinger process (Figure 1a). The state variables, kinetic, 137 

stoichiometric and operational parameters used are the same as the ASM1 implementation in the 138 

Benchmark Simulation Model No. 2 (BSM2) (Gernaey et al., 2014). 139 

 140 

High-rate activated sludge (HRAS) 141 

HRAS is a relatively compact system due to shorter hydraulic retention time compared to a CAS-142 

based system. The adsorption process allows the organics to adsorb onto the biomass with the latter 143 

also capturing particulate pollutants. A modified ASM1 based on Smitshuijzen et al. (2016) was 144 

implemented, the purpose of which is to describe COD removal using HRAS with minimal 145 

complexity. Five equal-volume aerated tanks-in-series are used to describe the pseudo-plug flow 146 

dynamics. A settler is installed after the aerated tanks, from which a part is recirculated to the aerated 147 

tanks and the rest is removed as excess sludge. Kinetic and stoichiometric parameters are given in Jia 148 

et al. (2018), including temperature dependencies following the Arrhenius relationship (Henze et al., 149 

1987). 150 

 151 

Chemically-enhanced primary treatment (CEPT) 152 

CEPT involves the addition of metal salts or coagulants to improve settleability in the primary settler. 153 

Thus, more particulate COD is settled and redirected to the sludge line for biogas production through 154 

the anaerobic digestion process. The primary settling process is modelled using the Otterpohl model 155 

(1995) as in the BSM2. The settling efficiency correction factor was modified to take into account 156 
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the improved settling efficiency as in Arnell et al. (2017), which will decrease the organic load treated  157 

aerobically in the water line, thereby increasing the organic load treated in the sludge line. 158 

 159 

Partial nitrification-denitrification over nitrite (PND) 160 

The ASM1 was extended to include a two-step model for the nitrification and denitrification 161 

processes on both nitrite (NO2
-) and nitrate (NO3

-). The relevant process kinetics were introduced and 162 

the stoichiometric matrix was adapted accordingly. The reason for this modification (i.e. two-step 163 

model) is in the growing number of processes in which nitrites are important, such as in the advanced 164 

nitrogen removal process SHARON-Anammox, or when the effluent must comply with a nitrite limit. 165 

A reactor comprising of five tanks-in-series was used. Tanks 2 and 4 are aerated while tanks 1, 3 and 166 

5 are operated in anoxic conditions. This is to mimic intermittent aeration so as to suppress the growth 167 

of nitrite-oxidizing bacteria (NOB).  168 

 169 

Partial nitritation-anammox (PNA) 170 

In PNA, part of the ammonium (NH4
+) is oxidized to nitrite (NO2

-) followed by autotrophic 171 

conversion of NH4
+ and NO2

- to nitrogen (N2) gas by anammox bacteria. PNA is proposed as a 172 

suitable process to follow HRAS, known to have high removal of COD but not of nitrogen. A 1-D 173 

biofilm model by Mozumder et al. (2014) was used to describe autotrophic nitrogen removal in a 174 

granular sludge reactor for mainstream conditions. 175 

 176 

Anaerobic digestion (AD) 177 

The Anaerobic Digestion Model No. 1 (ADM1) (Batstone et al., 2002) was used to describe the 178 

anaerobic digestion process. It describes the conversion of carbohydrates, proteins, lipids and fats 179 

into final products of methane, carbon dioxide and hydrogen gas. The implementation by Rosen et 180 

al. (2006) was used and interfaced with the activated sludge models following the continuity-based 181 

interfacing method approach (Volcke et al., 2006b).  182 
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 183 

 184 

2.3. NEW PLANT LAYOUTS 185 

 186 

CAS-based layout 187 

The CAS-based layout (Figure 1a) uses the same process scheme as in the Benchmark Simulation 188 

Model No. 2 (Gernaey et al., 2014). It is a model representing a conventional wastewater treatment 189 

plant. It consists of sub-models: primary clarification unit (Otterpohl, 1995), five-reactor nitrogen 190 

removal activated sludge system based on ASM1 (Henze et al., 1987), secondary clarification 191 

(Takács et al., 1991), gravity thickening, anaerobic digestion (Batstone et al., 2002), dewatering, 192 

AD/AS model interfaces (Nopens et al., 2009), storage tank and an influent wastewater generator 193 

model (Gernaey et al., 2005; Gernaey et al., 2006) with the general characteristics listed in Table S1 194 

(Supplementary Information). The DO level in tank 4 is controlled with a setpoint of 2 g O2.m
-3 using 195 

a PI controller by manipulating KLa4. This KLa4 is also used to manipulate the KLa in the third and 196 

fifth reactor by a factor (fKLa,3 = 1.0, fKLa,5 = 0.5). Wastage flowrate (Qw) is also controlled depending 197 

on the temperature. When the wastewater temperature is less than or equal to 15°C, Qw is 300 m3.d-
198 

1, and when the temperature is greater than 15°C, Qw is set to 450 m3.d-1. 199 

 200 

 

Primary Clarifier Activated Sludge
Secondary Clarifier

Thickener

Dewatering

Storage

Anaerobic Digester
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(a) CAS scheme 

 

 

(b) HRAS + PNA scheme 

 

 

(c) CEPT + PND scheme 

 

Figure 1. Process schemes for (a) conventional activated sludge-based WRRF, (b) high-rate 

activated sludge and partial nitritation-anammox-based WRRF and (c) chemically enhanced 

primary treatment and partial nitrification-denitrification over nitrite-based WRRF. 

 201 

HRAS + PNA-based layout 202 

The first novel layout (Figure 1b) under study consists of a high-rate activated sludge unit with a 203 

succeeding clarifier as a carbon redirection stage to increase organics for biogas production in the 204 

AD. The effluent of HRAS together with the sidestream effluent coming from the dewatering unit are 205 
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Clarifier

Dewatering

Anaerobic Digester
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Dewatering

Anaerobic Digester

INFLUENT
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sent to the PNA reactor to remove the nitrogenous compounds. This latter nitrogen removal stage 206 

uses lower aeration energy and does not need an external carbon.  207 

 208 

DO control and SRT control are two basic control strategies implemented in the HRAS. The measured 209 

DO in the fourth reactor is used to manipulate the oxygen transfer coefficient, KLa, in the same reactor 210 

through a PI controller to maintain a concentration of 0.5 g O2.m
-3. This KLa is then used in the other 211 

four reactors by multiplying by a factor (fKLa,1 = 2.0, fKLa,2 = 1.5, fKLa,3&5 = 1.0). The sludge wastage 212 

rate, Qw, was also manipulated based on the temperature. If the temperature is equal to or higher than 213 

17°C, SRT was set to 0.25 d, and 0.30 d otherwise. A DO controller is used in the PNA reactor to 214 

maintain a DO level of 0.5 g O2.m
-3. 215 

  216 

CEPT + PND-based layout 217 

The second novel layout (Figure 1c) employs chemically enhanced primary treatment (CEPT) as a 218 

carbon redirection stage. The sidestream effluent coming from the dewatering unit and the overflow 219 

of the CEPT unit still contain a lot of nitrogenous compounds and thus sent to a unit operating partial 220 

nitrification-denitrification over nitrite process. This latter nitrogen removal stage generally requires 221 

lower aeration energy and carbon than a CAS system with full nitrification-denitrification. The 222 

primary clarification model is modified by adjusting the tuning parameter for the removal efficiency, 223 

fcorr from 0.65 to 1.0. Partial nitrification-denitrification over nitrite is realized in a continuous system, 224 

as in CAS (Sun et al., 2017). In this study, tanks 2 and 4 are aerated (KLa,2 = 135 d-1, KLa,4 = 120 d-1) 225 

while tanks 1, 3 and 5 are operating under anoxic conditions. 226 

 227 

2.4. PLANT-WIDE MODELLING AND SIMULATION 228 

 229 

Influent  230 
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The same influent characteristics (Table S1 & Figure S1 in Supplementary Information) were used 231 

to run the simulations for the three WRRF schemes. The dynamic influent data are characterized with 232 

diurnal behaviour, weekly and seasonal patterns of the pollutant loads. 233 

 234 

Modelling platform and simulations setup 235 

The CAS and CEPT + PND process schemes are implemented in Matlab® & Simulink® R2017a 236 

(Version 9.2). Other unit processes, such as dewatering tank, thickener and secondary clarifier are 237 

also implemented in Matlab® & Simulink®. For the case of HRAS + PNA scheme, the HRAS, 238 

clarifier, AD and dewatering units are implemented in Matlab® & Simulink® except for the granular 239 

sludge reactor describing the PNA process which was implemented in Aquasim (Reichert, 1994). 240 

Thus, the simulations are done in a step-wise manner for the HRAS + PNA process scheme, by using 241 

the steady-state/dynamic output of the combined clarifier overflow and reject water of the dewatering 242 

unit as influent to the PNA reactor. Steady state simulations were run for 500 days. Dynamic 243 

simulations were run with the results of the steady-state simulation as initial values followed by 609 244 

days of dynamic data, wherein the first 245 days is the dynamic stabilization period and the last 364 245 

days (day 245-609) serve as the evaluation period for the plant performance. 246 

 247 

2.5. SCENARIO ANALYSIS  248 

 249 

Capacity analysis 250 

Future plant upgrades may be deemed necessary to meet the existing effluent quality requirements, 251 

the stricter future effluent quality requirements or to improve capacity due to population growth or 252 

sewer network expansion. The loading rates are determined based on the projected influent flows and 253 

loadings capacity of the WRRF for a population increase in a 30-year planning horizon. The projected 254 

increase in population (Table 1) is multiplied by 0.15 m3.d-1, which is the average water consumption 255 

per capita per day in an urban setting (EIA, 2018). Similar to the design flow of the BSM2 influent, 256 
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62% of the total influent is from residential origins, 13% is from industries, and 25% is from 257 

infiltration. Rainfall affects infiltration and we assume that the level is the same in the 30-year 258 

horizon. These additional non-residential future flows are added to the current average dry weather 259 

flow rate to estimate the total additional future flow. A 1.5% increase in the industrial contributions 260 

is assumed. Table S2 (Supplementary Information) shows the contributions from household, 261 

industries and infiltration to the total influent flow to the wastewater treatment plant for a projected 262 

30 year period.  263 

 264 

 265 

Table 1. Predicted urban population annual growth rates (WHO, 2018) 266 

Year Growth rate (%) 

2018-2020 1.84 

2020-2025 1.63 

2025-2030 1.44 

2030-2048 1.24* 

*assumed 267 

  268 

For simplification, it is assumed that the concentrations of the influent composition remain the same. 269 

The plant performance for the three layouts were predicted under increasing load based on the 270 

projections presented in Table S2 (Supplementary Information).  271 

 272 

 273 

3. RESULTS AND DISCUSSION 274 

 275 

3.1. COMPARISON OF EFFLUENT QUALITY 276 

 277 

The BSM2 influent (Gernaey et al., 2014) (Table S1 – Supplementary Information) was used to 278 

simulate the wastewater treatment process using three different schemes (Figure 1). In terms of 279 
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effluent quality, all compared process schemes obtained effluent nitrogen concentrations below the 280 

(BSM2) limit of 18 g N.m-3. Moreover, the total N concentration is significantly improved for HRAS 281 

+ PNA and CEPT + PND schemes, with increased total N removal of 68.66% and 52.70%, 282 

respectively (Table 2). The main nutrient removal mechanism in the schemes are CAS, PNA and 283 

PND, the last two being shortcut nitrogen removal processes. These results show the potential of the 284 

PNA and PND to perform well in terms of N removal as the commonly used CAS in mainstream 285 

conditions. In this study, the combination of the carbon redirection process (i.e. primary clarifier, 286 

HRAS, or CEPT) and the subsequent chosen nitrogen removal stage affects the results. This is in 287 

relation to the suitable COD:N ratios of the influent stream going into the N removal unit process 288 

(Daigger, 2014). Initial simulation with CEPT combined with PNA resulted in poorer N removal 289 

(total effluent N concentration = 14.46 g N.m-3) due to the COD:N ratio that is still too high after the 290 

CEPT which resulted in nitrite inhibition in the PNA reactor, thus a PND reactor was chosen to follow 291 

the CEPT reactor. Without the secondary clarifier, the CEPT + PND process scheme was not able to 292 

achieve low COD removal (total effluent COD concentration = 123.87 g COD.m-3) as CEPT was not 293 

able to remove enough soluble COD unlike HRAS systems. Because of this, a high COD load is 294 

entering the PND reactor which is not removed from the system. According to McCarty et al. (2011) 295 

and Daigger (2014), COD and N removal could be sufficiently achieved for a COD:N ratio of 2.0-296 

3.0 with PND. Thus, the CEPT was coupled with an PND system. 297 

 298 

Conversely, COD removal in HRAS + PNA is poorer compared to the CAS scheme, although all 299 

compared schemes were below the (BSM2) limit of 100 g COD.m-3. On the other hand, COD removal 300 

in CEPT + PND performed best.  Although the COD concentration that goes into the AD is higher 301 

due to HRAS and CEPT (Figure 2), the load is generally much lower because only a small part of the 302 

overall flow is directed to the sludge line. Also, CEPT is known to be inadequate in removing soluble 303 

COD. It should be noted that the CEPT + PND schemes presented in this study include a final settling 304 
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tank. This also contributes to the higher total effluent COD for those schemes, resulting in a higher 305 

Effluent Quality Index (EQI), quantifying the amount of pollution in discharged water. 306 

 307 

Table 2. Comparison of dynamic performance of CAS, HRAS + PNA and CEPT + PND process 308 

schemes during evaluation period (day 245-609). 309 

  CAS* HRAS + PNA CEPT + PND 

Total effluent N concentration g N.m-3 13.53 4.24 6.40 

Total effluent COD concentration  g COD.m-3 49.02 66.80 39.27 

EQI  kg pollution units.d-1 5577 4195 4962.5 

     
Aeration energy  kWh.d-1 4225 3164 3400 

Methane gas production** kg CH4.d-1 1085 1659 1459 

OCI - 9450 735 1152.7 

 *same as BSM2 plant layout (Gernaey et al., 2014) 

 
 **1 kg CH4 = 13.9 kWh 

 
 310 

 311 

(a) 

 
 

(b) 

 
 

INFLUENT

SLUDGE

EFFLUENT

COD 100%
TN 100%

COD 58.92%
TN 80.98%

COD 41.08%
TN 19.02%

COD 64.24%
TN 33.46%

COD 28.79%
TN 15.67%

COD 7.94%
TN 16.64%

INFLUENT

SLUDGE

EFFLUENT

COD 100%
TN 100%

COD 10.77%
TN 8.25%

COD 23.79%
TN 16.45%

COD 24.53%
TN 56.73%

COD 75.47%
TN 43.27%
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(c) 

 
Figure 2. General overview of the COD and TN load percentages for the (a) CAS, (b) HRAS + 

PNA and (c) CEPT + PND process schemes. 

 312 

It is evident that the COD removal efficiencies of the HRAS and CEPT systems has a large effect on 313 

the efficiency of the subsequent nitrogen removal step. As such, it is critical that proper control 314 

strategies be applied to HRAS and CEPT in order to control the COD:N ratio of the first stage effluent 315 

and thus ensuring that the nitrogen removal stage performs well. Temperature cannot be controlled 316 

in a practical manner for mainstream nitrogen removal processes, unlike with reject water treatment 317 

in which nutrient-concentrated streams in smaller volumetric flowrates can be heated up in order to 318 

promote shortcut nitrogen removal pathways.  319 

 320 

3.2. COMPARISON OF SYSTEM COMPACTNESS 321 

 322 

The combination of the HRAS, CEPT, PNA and PND unit processes resulted in compact installations 323 

(Table 3). HRAS + PNA scheme (Figure 1b) uses a much smaller volume (~2.5 times smaller volume) 324 

than a CAS scheme (Figure 1a, same as Benchmark Simulation Model No. 2 plant layout) due to a 325 

shorter SRT and HRT (HRAS) and the use of granular sludge reactors (PNA). Similarly, CEPT + 326 

PND scheme (Figure 1c) has a volume requirement comparable in size to the CAS scheme. Note that 327 

the size of the PND reactor would be greatly reduced, and thus the overall plant layout size, if a 328 

sequencing batch reactor (SBR) type is used to realize the partial nitrification-denitrification over 329 

nitrite process. However, the aim in this study is to maximize the potential of using the same tanks as 330 

in the CAS-based WRRF process scheme, thus simply avoiding construction of new reactors. 331 

INFLUENT

SLUDGE

EFFLUENT

COD 100%
TN 100%

COD 7.31%
TN 9.67%

COD 19.00%
TN 12.22%

COD 67.53%
TN 34.82%

COD 32.47%
TN 65.18%
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 332 

Table 3. Comparison of reactor volumes simulated in this study (all values are in m3). 333 

 
CAS* HRAS + PNA CEPT + PND 

Primary clarifier 900 900 - 

Activated sludge reactor  12 000 - - 

Secondary clarifier 6 000 - 6 000 

    
Anaerobic digester  3 700 3 700 3 700 

Storage tank 160 - - 

Thickener ** - - 

Dewatering unit ** ** ** 

HRAS reactor - 2500 - 

PNA reactor -  2500 - 

CEPT tank - - 900 

PND reactor - - 12 000 

 *same as BSM2 plant layout (Gernaey et al., 2014) 

 
 **ideal behaviour, no volume 

 
 334 

 335 

3.3. COMPARISON OF ENERGY RECOVERY AND RELATED COSTS 336 

 337 

Both HRAS and CEPT led to an increase in biogas production (53 and 35%, respectively) (Figure 338 

3d) due to the redirection of a large part of the COD into the AD (Figure 2b & 2c). Since less COD 339 

is entering the PNA granular sludge reactor, in addition to biological nitrogen removal through partial 340 

nitritation instead of the full nitrification pathway, less aeration energy is required. The combined 341 

effect of increased biogas production and decrease in aeration energy requirements for HRAS + PNA 342 

and CEPT + PND schemes indicates a promising potential of the combined unit processes for future 343 

energy-positive WRRFs. Although low in aeration energy costs, the higher operational cost (reflected 344 

by OCI, weighted sum of operational costs) of the CEPT + PND compared to the HRAS + PNA 345 

process scheme is mainly due to the chemical cost for FeCl3 dosing (Table 2). 346 

 347 



17 

 

   348 

3.4. CAPACITY ANALYSIS 349 

 350 

Wastewater treatment plants, particularly in urban areas, are subjected to pressure due to increasing 351 

load. As a consequence, they are upgraded to increase the plant’s overall capacity in order to meet 352 

the demands of the growing population of the catchment area and to meet possible future higher 353 

effluent quality targets according to legislations (i.e. progressively stringent regulatory controls). In 354 

certain circumstances, the upgrades are part of environmental impact reduction efforts of wastewater 355 

treatment plants through incorporation of sustainable operational features and design in the plant. 356 

 357 

In order to address these challenges of increasing load and stricter effluent quality limits, additional 358 

control strategies can be implemented to push the operation and maximise the operation close to its 359 

maximum capacity. In some cases, this might be inadequate and further increase in load or stricter 360 

effluent quality limits cannot be managed. Thereby, a plant upgrade is necessary wherein the capacity 361 

of the reactors could be increased, or novel plant operations can be employed that can deal with the 362 

high load while meeting effluent quality limits, such as utilization of high-rate systems.  363 

 364 

The results show the effluent quality and operational costs for the compared plant layouts at 365 

increasing loading rates. The loading rates are determined based on the projected influent flows and 366 

loadings capacity for the next 30 years as a representative sample, assuming the same treatment 367 

effluent quality limits (i.e. BSM limits in this study) hold true in the next 30 years. The HRAS + PNA 368 

and CEPT + PND process schemes address the need for increased capacity without the need of major 369 

capital investment costs and severe disruption of normal plant operations. 370 

 371 
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In terms of effluent quality index (EQI), the CAS, HRAS + PNA and CEPT + PND process schemes 372 

are comparable with each other until year 10 (Figure 3a), after which the effluent quality index EQI 373 

of CAS and CEPT + PND process schemes almost double (95% and 93% increase, respectively) in 374 

year 20 compared to year 0. At year 30, about 317% and 201% increase, respectively, is observed for 375 

the EQI compared to only about 104% increase in EQI for HRAS + PNA process scheme (from year 376 

0). The reduction in effluent quality, as reflected by the increasing EQI, due to increase in load is self-377 

evident. What is interesting is the gradual change in EQI for HRAS + PNA process scheme compared 378 

to the abrupt increase for CAS process scheme. Regardless of the total effluent COD for HRAS + 379 

PNA process scheme to be significantly higher than that for the CAS and CEPT + PND process 380 

schemes (Figure 3b), the lower EQI of HRAS + PNA process scheme compared to the other two 381 

schemes is generally due to its lower effluent total nitrogen (TN) (Figure 3c). In the BSM EQI 382 

calculation, COD has a weighting factor of 1, Kjeldahl nitrogen has a weighting factor of 30 and 383 

nitrate has a weighting factor of 10. All three compared schemes are below the (BSM) COD effluent 384 

quality limit of 100 g COD.m-3 for the 30 year projection. However, only the HRAS + PNA process 385 

scheme resulted in a sufficient total nitrogen removal compared to CAS and CEPT + PND, staying 386 

well below the (BSM) limit of 18 g N.m-3 at year 30. 387 

 388 

HRAS and CEPT are generally utilized as carbon redirection unit processes, thereby increasing the 389 

quantity of organics entering the anaerobic digester. Figure 3d shows that methane gas production for 390 

the HRAS + PNA and CEPT + PND process schemes were significantly higher than that for CAS 391 

process scheme (Figure 3d, Table 2). The overall operational cost, represented by the operational ost 392 

index (OCI) (Figure 3a) is significantly higher for the CAS process scheme compared to the other 393 

two layouts. Due to the separation of the COD removal/recovery and nutrient removal unit processes 394 

in HRAS + PNA and CEPT + PND process schemes, the organics are recovered ahead of the nutrient 395 

removal unit process resulting in lower aeration requirements during the nutrient removal stage. The 396 

reduction in aeration energy combined with the increased biogas recovery led to an overall lower OCI 397 



19 

 

for the HRAS + PNA and CEPT + PND process schemes. The slightly higher OCI for CEPT + PND 398 

compared to the HRAS + PNA scheme is mainly due to the chemical cost for the enhanced primary 399 

clarification.  400 

 401 

These results imply the potential additional benefits of operating an existing WWTP into energy 402 

recovery units. The increased loading capacity of the wastewater treatment plants with novel layouts 403 

address this challenge and thus can defer expansion plans to a farther future date. This could also be 404 

interpreted as a compliance for future more stringent effluent quality requirements.  405 

 406 

 407 

(a) 

 

(b) 
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(c) 

 

(d) 

                  
Figure 3. Comparison of the (a) effluent quality index (EQI) and OCI, (b) effluent chemical oxygen 

demand (COD), (c) effluent total nitrogen (TN) and (d) methane gas production for the CAS, 

HRAS + PNA and CEPT + PND process schemes at 0, 5, 10, 20 and 30 year planning horizon.  

   408 

 409 

3.5. OVERALL EVALUATION AND PERSPECTIVES 410 

 411 

The simplicity of the models used in the plant-wide layouts allows ease of use when performing case 412 

studies. These can be used to assess the performance of novel process schemes that may come up in 413 

the future using commonly and easily measured parameters. The method shown in this study can be 414 

performed to evaluate the performance of combinations of various unit processes under different 415 

influent characteristics and various operational conditions.   416 

 417 
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Although the cost and energy calculations are not exhaustive, the main contributing processes and 418 

factors are well taken into account. The significant differences in magnitude of the calculated indices 419 

offer a motivation on the capacity of these new plant layouts to be energy efficient. However, the 420 

values should not be taken as exact, but should be considered as values for comparability. In addition, 421 

depending on the objective of the study, completely different type of reactors could be used which 422 

could affect the results. The control strategies implemented with the process schemes are inspired by 423 

those commonly applied in full scale, thus a different control strategy applied might lead to a different 424 

result. 425 

 426 

In this study, it was chosen to operate the PND process in a reactor similar to what is typically used 427 

for activated sludge process (i.e. tanks-in-series) in order to show that plant upgrades and retrofits or 428 

manipulation of the operating conditions can easily allow changes in biological mechanisms such as 429 

is shown in the study by Regmi et al. (2015b). Operating the reactors to promote the PND pathway 430 

will lead to cost savings due to less aeration energy requirements. It should be noted, however, that 431 

if the aim is to have a compact plant layout, a sequencing batch reactor would be a more fitting choice. 432 

In this case, a costs analysis including investment costs should be considered. The high effluent COD 433 

from the HRAS + PNA process scheme compared to the CAS and CEPT + PND process schemes 434 

can be addressed by addition of a secondary clarifier after the PNA reactor.  435 

 436 

Operational conditions necessary to maintain the shortcut nitrogen removal pathways (e.g. nitritation, 437 

partial nitritation) requires utilization of control strategies to ensure that these pathways are occurring. 438 

In addition, certain processes can be controlled easier when they are utilized as sidestream process. 439 

Case in point would be PNA wherein it has been used successfully as reject water treatment process 440 

at high temperature since it comes from the anaerobic digestion process. However, as mainstream 441 

process, the wastewater temperature is lower which may cause imbalanced activity between the 442 

different microorganisms. In addition, heating up of the large reactors, if used for mainstream 443 



22 

 

treatment, would require high additional energy costs which is not practical. These are some of the 444 

main hurdles for this process to be accepted for use in mainstream applications. Modelling, similar 445 

to what was done in this study, would prove useful to investigate process stability, particularly for the 446 

case of mainstream PNA at low temperatures.  447 

 448 

It might also be interesting to study these process schemes for various influent types, i.e. different 449 

COD:N ratios. It is known that the COD:N ratio of the wastewater entering the shortcut nitrogen 450 

removal stage is an important factor to be considered, depending on the chosen nitrogen removal 451 

stage. In such a case, control strategies should be developed for the carbon redirection stage in order 452 

to manipulate the COD:N ratio of the influent to the chosen nitrogen removal stage to the optimal 453 

rage of values. 454 

 455 

 456 

4. CONCLUSIONS 457 

 458 

• Simple models of unit processes can be used to assess the WWTP process performance in 459 

terms of effluent quality, operational cost and energy production.  460 

• At even a lower operational cost index, the simulated HRAS + PNA and CEPT + PND 461 

processes resulted in better total effluent nitrogen concentrations compared to a CAS-based 462 

process scheme.  463 

• HRAS + PNA scheme has much less volumetric footprint compared to a CAS-based process 464 

scheme. 465 

• HRAS + PNA and CEPT + PND process schemes resulted in less aeration energy 466 

requirements, lower operational cost and higher biogas production, compared to a CAS-based 467 

process scheme, demonstrating the potential for energy-positive wastewater treatment plants 468 

in the future. 469 
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 621 

Table S1. Influent characteristics for steady state simulation (Gernaey et al., 2014). 622 

Flow rate, Q (m3.d-1)  20 648.36 

Total influent COD concentration (g COD.m-3)  592.53 

Total influent N concentration (g N.m-3)  55.25 

 623 

 624 

 625 

Table S2. Contributions to and projections of the total WWTP influent flow rate (on a weekday).  626 

Contributions 
Flow rate, Qav (m3.d-1) 

year 0 year 5 year 10 year 20 year 30 

Household 12 802 13 909 14 967 16 997 19 227 

Industries 2 684 2 891 3 115 3 615 4 195 

Infiltration 5 162 5 162 5 162 5 162 5 162 

Total 20 648 21 962 23 244 25 774 28 584 

The growth rate used in flowrate projection is based on urban population growth rate. 627 

 628 

 629 

 630 
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(a)
  

 

(b) 
 

 
Figure S1. Dynamic profiles of the wastewater treatment plant influent in terms of (a) COD and 

total nitrogen (TN) and (b) flowrate and temperature as used as influent for the three WRRF process 

schemes. 

 637 

 638 

 639 

 640 

 641 

 642 

 643 

 644 


