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Water resource recovery facilities are major points of electricity demand thus are prime candidates for electricity
demand optimization projects. This article summarizes a dynamic analysis of such optimization project consist of
upgrading the activated sludge unit of a large water resource recovery facility from carbon oxidizing to nitrogen
removing. The changes in the facility electricity demand and efficiency; operating cost; and carbon footprint
associated to this optimization project are reviewed in detail here. This detail review demonstrates that although
the new configuration increases the facility's aeration requirement, it significantly improves its efficiency. This
efficiency improvement, along with significant reduction of waste activated sludge production in the nitrogen
removing activated sludge configuration, reduces the facility's overall electricity demand and operating cost. The
new configuration is also illustrated to improve the cumulative quality of the facility effluent measured in quality
index unit. The overall carbon footprint of the facility is shown to be increased post upgrade, due to higher
greenhouse gas emissions associated with microbial activities in the activated sludge unit. Without the direct
emissions, the comparison of the facility's carbon footprint presents a reduction in its footprint post upgrade.

Hence, upgrades to nitrogen removal can be viewed as energy-savings strategies.

1. Introduction

Water resource recovery facilities (WRRFs) demand significant
amount of electricity to operate, and the importance of their energy
demand has long been recognized [1]. However, wastewater treatment
process remains a minor energy consumer, when compared to other
components of the human energy footprint [2]. WRRFs significant
power demand makes these facilities desirable candidates for electricity
demand reduction projects, especially in light of the recent shifts in the
electrical markets. In some areas (e.g., California) this increase in power
tariffs can be also explained by growth in photovoltaic electricity gen-
eration. This growth has changed the diurnal trend of power demand
curves for the electrical grid, turning it into a duck-shaped curve [3,4].
This trend change includes changing the number and duration of diurnal

power demand peaks and results in significant hike in the cost of power
especially during the peak of demand (16:00-21:00). The higher cost of
power during these peak periods are due to limited number of power
generation sources that can respond to the short yet sharp ramp up
period prior to peak of Duck-Curve and their higher cost of operation
[4,5]. The increase in power cost and peak trends has been illustrated in
a comparison of few old (legacy) and new power tariffs for Southern
California Edison Company (SCE) [6]. These power tariffs graphical
comparison has been included in Appendix A of this article and were
used in operating cost assessment performed in this study.

The other factor that makes WRRFs an attractive subject for elec-
tricity demand optimization projects is their diurnal cycles whose peaks
may coincide with that of the power grid's cost depending on the WRRF
[6,7]. This coincidence can significantly amplify the effect of recent
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electricity tariffs increases in the overall facility operating cost.

Improving the extent of water treatment, not of operating cost sav-
ings, has always been the principal focus of WRRFs, [8]. This article
reviews the impact of one such optimization project that improves both
electricity demand and the extent of treatment at a large WRRF in Cal-
ifornia. This optimization project consists of upgrading the facility from
carbon-oxidation activated sludge to a carbon-oxidation and nitrogen
removal (full nitrification and partial denitrification). We used a dy-
namic model to quantify the differences in aeration efficiency, energy
demand, greenhouse gas emissions, and operating cost.

Few decades after transitioning from carbon-oxidation activated
sludge to carbon-oxidation and nitrogen removal, this WRRF went
through an expansion by adding six additional carbon-oxidizing and
nitrogen removing activate sludge process units. This expansion was the
focus of another article by the same group of authors as this study. That
study could not clearly demonstrate the effect of nitrogen removal on
improving the electricity demand, operating cost, and carbon footprint
of the facility as its activated sludge processes prior and post expansion
removed nitrogen at comparable rates. However, understanding the
facility's activated sludge journey prior to that expansion (i.e., transition
from carbon-oxidation to carbon-oxidation and partial nitrogen
removal) as part of that work, and how that modelling work paved the
road for comparison of older configurations of the facility triggered this
study. Using the same methodologies and assumptions in both studies
would simplify comparing the results of these studies as well as
explaining the evolution of this facility activated sludge process to its
current form through the past three decades.

For a long time, the additional oxygen required for nitrification has
been equated to an expected increase in process operating costs and this
attitude has stymied the application of nitrogen removal to many plants.
In fact, earlier work by Rosso and Stenstrom (2005) showed that the
increase in oxygen transfer efficiency offsets the cost for the additional
oxygen (in practical terms, more oxygen is needed but not necessarily
more air) [9]. By performing a comparative dynamic analysis of the two
process configurations using site-specific aeration performance mea-
surements, in terms of power demand, carbon footprint, and overall
operating cost, this study illustrates that increase in aeration efficiency
on its own may not overcome the extra electricity demand in the aera-
tion of nitrogen removing scenario, but when combined with the
reduction in activated sludge waste production (and consequently its
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processing and handling electrical demand) the earlier observations are
confirmed.

2. Materials and methods
2.1. Facility configuration

The facility discussed in this study is a large coastal WRRF with the
average peak influent flow of 5.30 x 10° m® d~! (140 MGD) located in
California. The facility is equipped with chemically enhanced primary
treatment (CEPT) that utilizes ferric chloride and anionic polymers. On
average, approximately 20 % of their primary effluent is sent to the
facility's two trickling filters equipped with one clarifier each (outside
the scope of this research) and the remainder 80 % is treated at the
facility's activated sludge units. Most of the facility effluent is used for
groundwater recharge and to feed a hydraulic barrier to prevent
seawater intrusion. The remainder is discharged into the Pacific Ocean.
Since the secondary effluent quality needs to be suitable with the sub-
sequent water reuse operations, effective removal of TSS and BOD is
paramount.

In the last two decades, this facility underwent modifications in its
activated sludge units' configuration. These included an upgrade from
conventional carbon oxidation to nitrogen removal, implemented to
improve secondary solids separation and to improve energy-efficiency
[10]. To achieve this, the facility's existing carbon oxidation activated
sludge (in plug-flow configuration) was modified to a step-feed Ludzack-
Ettinger (L-E) configuration without any physical changes of the process
units down and upstream of the activated sludge process (Fig. 1).

In the plug-flow configuration, the entire primary effluent went
through seven oxidation zones operated in series. Having separate
oxidation zones allowed independent; thus, more efficient control of
aeration in these zones. To achieve step-feed L-E configuration (i.e., two
L-E configurations in series), the aeration in Zones 1A and 3 of the plug-
flow configuration was turned off to generate anoxic environment and
the effluent to the activated sludge was feed at these two zones as
opposed to only one zone (Zone 1A) in the plug-flow configuration by
introducing a bypass stream. On average, approximately 40 % of the
influent is delivered to the upstream anoxic zone (Zone 1A) and the
remainder 60 % is fed mid-way to the downstream anoxic zone (Zone 3).

A small portion of the step-feed activated sludge process
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Fig. 1. Facility overall process diagram showing the two activated sludge configurations scenarios: (a) conventional plug-flow activated sludge configuration in
carbon oxidation mode and (b) step-feed activated sludge configuration with nitrogen removal (Ludzack-Ettinger or L-E processes). *Following abbreviations were
used in this figure: Primary Treatment Influent (PI), Primary Treatment Effluent (PE), Secondary Treatment Effluent (SE), and Zone (Z). **The trickling filter process
is outside the scope of this research and zones 1A and 3 of the NDN configuration are anoxic.
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configuration's effluent is utilized for the facility's cogeneration system
cooling and to backwash the post-secondary microfiltration units. This
backwash flow is returned to the secondary influent of this process, as
marked in Fig. 1. The presence of nitrate in this recycle stream promotes
the operation of this activated sludge process from a strictly L-E to a de
facto hybrid L-E/MLE.

All sludge is sent to anaerobic digestion and the resulting biogas
feeds the cogeneration plant, which meets most of the energy needs of
the overall process and limits the energy importation. Here energy is
imported in the forms of natural gas and electricity: the imported natural
gas supplements biogas for electricity generation especially during the
summer months when electricity costs are higher.

In recent years and in response to the increase in the need for the
reuse water, this facility secondary treatment was expanded. For this
expansion project, six Modified Ludzack-Ettinger (MLE) activated
sludge trains and their associate clarifiers were constructed and added to
the facility's existing step-feed L-E activated sludge trains and their
secondary clarifiers without changing other process units. The expan-
sion from only step-feed to step-feed and MLE activated sludge was
dynamically modelled and reviewed by Firouzian et al. [6]. The model
of the facility with only step-feed activated sludge process developed,
calibrated, and validated as part of Firouzian et al., 2022 study was used
as the starting point to develop the plug-flow scenario model and to
model step-feed in this article as explained further in other sections and
Appendix B. The Firouzian et al., step-feed model used here was cali-
brated and validated using plant monthly data for October 2018 through
September 2019.

As also explained and demonstrated in Fig. 1, since the process units
used for step-feed and plug-flow configuration are the same and only
their method of operations was different, the step-feed calibrated and
validated model was used as the starting point to develop the plug-flow
configuration in this study. The data from historical off-gas testing of the
plug-flow configuration by the authors of this publication was used to
modify and calibrate the step-feed model to plug-flow.

As also illustrated in Fig. 1 in addition to the bypass feed stream, the
difference between these two activated sludge configurations is opera-
tion of their 7 aeration zones. This difference was accounted for in the
model by using different numbers of air diffusers pursuant to the his-
torical off-gas tests data for plug-flow configuration. The waste activated
sludge (WAS) dynamic flow trend of this activated sludge configuration
was also adjusted pursuant to the off-gas data to achieve its significant
lower solid retention time (SRT) comparing to step-feed. Hourly SRT of
plug-flow scenario ranged from 1 to 1.5 days comparing to 3.9 to 6.5
days for step-feed's during the 12 months study period.

2.2. Field data collection, modelling tool, and protocol

The dynamic process model was developed using BioWin 6.1
(EnviroSim; Hamilton, ON) and the Good Modelling Practice protocol
[11]. The influent dynamic profile developed for modelling the current
facility in Firouzian et al., 2022 [6] illustrated in Fig. B.1 of Appendix B,
was used here so the result of this study could be also compared with
that model's (see discussion). Process equipment size and configuration
data used for developing the process models are summarized in Ap-
pendix C.

Field oxygen transfer efficiency data in process conditions (oxygen
transfer efficiency or OTE, %) was measured through a series of off-gas
tests pursuant to the American Society of Civil Engineers (ASCE) testing
protocol [12]. The « factor calculated by ratioing the field OTE values
corrected to standard condition (i.e., the aSOTE, %) to that of clean
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Table 1

Ranges of alpha factors derived from field-testing used to describe the aeration
dynamics in the activated sludge reactors in this study. The alpha factor is not
defined for anoxic zones.

Step-feed activated sludge configuration (NDN)

Zone: Zone Zone Zone Zone 3 Zone Zone Zone
1A 1B 2 4 5 6
Max Anoxic 0.66 0.79 Anoxic 0.91 0.94 0.75
Min Anoxic 0.37 0.66 Anoxic 0.55 0.62 0.65
Average N/D 0.48 0.74 Anoxic  0.69 0.83 0.71

Plug-flow activated sludge configuration (C-OX)

Zone: Zone Zone Zone Zone Zone Zone Zone
1A 1B 2 3 4 5 6
Max 0.30 0.30 0.30 0.26 0.28 0.29 0.27
Min 0.23 0.23 0.28 0.24 0.25 0.25 0.26
Average  0.26 0.26 0.29 0.25 0.26 0.28 0.27

water (SOTE, %) from the air diffusers' manufacturer was used as one of
the model inputs. The alpha factors derived from these field-testing
campaigns are summarized in Table 1.

In the activated sludge process aeration basins, surfactants molecules
sorb onto surface of the air bubbles generated to oxidize the wastewater
constituent and inhibit transfer of the oxygen from the air inside these
bubbles to the wastewater. In denitrification process, denitrifying mi-
croorganisms selectively consume surfactants as carbon source. Thus,
they reduce surfactants' negative effect on oxygen transfer which is
quantified by alpha as explained in this section [9,13]. This explains the
higher alpha factors (i.e., more effective oxygen transfer) of NDN sce-
nario comparing to C-ox in Table 1.

To develop a dynamic model for the two activated sludge configu-
rations in this study, dynamic alpha trends for each aeration basin of
these two configurations were needed. The simulation software used
here did not calculate alpha (as in Bencsik et al., 2022 [14]). However,
the simulator allowed the user to enter a time-dependent diurnal alpha
schedule for each aeration basin. Pursuant to the method used in the
modelling effort by Firouzian et al., 2022 [6], these dynamic hourly
trends for alpha were derived utilizing Jiang-Garrido-Baserba dynamic
alpha equation [15] for each aeration basin, where alpha is a function of
the COD applied to the process. The ratios of each hourly-to-average
alphas for the entire study period were applied to the field average
alpha factors in Table 1 to develop the facility specific dynamic alpha
trends.

To compare the carbon footprint of step-feed and plug-flow sce-
narios, greenhouse gas (GHG) emissions associated to: grid's electricity
import; combustion of biogas and imported natural gas; activated sludge
biological treatment; sludge digestion; and biogas fugitive emissions
were accounted for. The emissions associated with the electricity im-
ported from the grid was estimated using the dynamic grid electricity's
hourly average carbon intensity trends prepared by Firouzian, et al.,
2022 which were calculated from the data obtained from the California
Independent System Operators [16]. U.S. EPA protocol was utilized for
calculating the combustion emissions [17]. GHG from biological pro-
cesses in activated sludge and digesters were quantified by the simula-
tion software [18].

Assuming the plant metering system being used as the first mean to
identify biogas leaks and initiating repair at WRRFs, the leaks hidden
within the metering accuracy limit could be assumed to continue and
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not addressed. Therefore, metering accuracy level (% Error) was used as
the basis for continuous biogas fugitive emissions. +1 % is the average
of accuracy of the common flowmeters used at wastewater treatment
plants under ideal conditions defined by meter manufacturer [19]; thus,
fugitive methane emission associated with biogas leak was assumed to
be 1 % of the total methane generation in the digesters. It needs to be
noted that the corrosive nature of biogas, the error associated with other
components of metering system (e.g., data transmitters, thermocouple,
etc.), and lack routine calibration of meters, result in the inaccuracy of
biogas meters to be significantly greater than the ideal limits provided
by manufacturers.

Total operating cost of these scenarios were also calculated by
summing up the cost of: electricity and natural gas imports; chemicals
used for enhancing primary treatment, sludge thickening and biosolids
dewatering; and biosolid disposal. Southern California Edison's (SCE's)
Time-of-Use power rates and tariffs presented in SCE Schedules TOU-8-S
and TOU-8-RTP-S [20] and similar averaging assumptions of Firouzian,
et al., 2022 were used to calculate the cost of power import. Except for
the anionic polymers used for CEPT whose cost (32.13 USD per 1000 m®
of primary treatment influent) was obtained from the chemical provider
(NSF Polydyne Inc.;Riceboro, GA), the costs of other chemicals and
natural gas fuel used for the treatment as well as sludge disposal cost
were calculated using the software defaults [18].

2.3. Normalization of results

To compare fairly the result of modelling for these two scenarios'
electric power demand, GHG emissions, and operating cost, these results
are normalized to different functional units representing the extent of
treatment. These normalization methods include: 1) normalization per
unit influent flow; 2) normalization per unit of activated sludge theo-
retical oxygen requirement; and 3) normalization per unit of quality
index removal [21,22]. Each normalization has different implications
and interpretation; hence, some elaboration is warranted.

Normalization to the facility influent flow treated was utilized here
to compare the net and total power demand as well as effluent quality
index or EQI (as defined at the end of this section and Appendix E) of
these two scenarios. This is due to the fact that the influent flow values
utilized for modelling of these two scenarios were slightly different. The
normalized net and total power demand to influent flow are referred to
as net and total electrical energy intensities in this article. The theo-
retical oxygen requirements, defined as the theoretical amount of oxy-
gen required for removal of carbonaceous material and oxidation of
ammonium (i.e., aqueous form of ammonia) to nitrate, are the entity
used here to normalize and compare the electricity demand in the
activated sludge units of these scenarios. This normalized electricity
demand is referred to as activated sludge energy-intensity.

The quality index removal (QIR), defined as the removal of the
effluent quality index or EQI (as defined in Jeppsson et al., 2007). The
QIR is the weighted sum of the difference between TSS, TKN, COD, ni-
trate, and BOD in the facility influent (influent quality index: IQI) and
effluent (effluent quality index: EQI). This weighted sum is a more
realistic representation of the environmental impact of these constitu-
ents in wastewater [21,22]. The QIR was utilized to normalize and
compare the net and total electricity demand; GHG emissions; and
operating cost. More details about these quality index parameters and
their equations have been included in Appendix E.
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Fig. 2. Monthly effluent quality index (EQI) normalized per unit flow treated,
for the plug-flow and step-feed scenarios. Note that lower values in the vertical
axis imply better quality of effluent water.

3. Results and discussion
3.1. Effluent quality

To simplify the comparison of the effluent quality for these scenarios,
a cumulative comparison was performed utilizing effluent quality index
(EQI) [21,22] as opposed to comparing the effluent individual pollut-
ants. A more detailed and graphical comparison of these effluent con-
stituents has been provided in Appendix D. Mind that EQI is a weighted
measure of pollution and therefore a higher EQI value corresponds to
lower effluent quality. The influent flow values utilized for modelling
these two scenarios are slightly different; thus, the calculated EQI for
these scenarios' comparisons have been normalized to the facility's
influent flow to account for this slight difference and to have a fair
comparison of these scenarios. Comparing the normalized monthly EQI
for the two scenarios in Fig. 2 illustrates the plug-flow's EQI to be more
than quadruple of the step-feed's. In other words, the optimization
project here significantly improves the overall quality of the facility
effluent and lowers its environmental impact.

The definition of the EQI assigns a low weight to the TSS in the
effluent, considering its reduced impact on the receiving water body,
when compared to more reactive nitrogenous species such as ammo-
nium and nitrate. This elucidates the significantly higher EQI in the
plug-flow scenario that removes significantly smaller amount of nitro-
gen comparing to step-feed's despite plug-flow's smaller effluent TSS. It
needs to be noted, however, that the removal of TSS is of more impor-
tance for this facility as its effluent is undergoes microfiltration for water
reuse (the energy demand of micro filtration is selectively affected by
suspended solids).

3.2. Power demand comparison

Fig. 3 illustrates the overall annual total power demand breakdown
for the main treatment processes of each scenario.

Fig. 3 illustrates comparable total average daily power demand
normalized by unit of plant influent flow (<0.7 % increase) as well as the
power demand breakdown for the main unit processes in these two
scenarios. The comparison of the main process units shows that the
upgrade of nitrogen removal does not change the power demand of most
of this facility's process units. The only process units that are observed to
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experience a change in their electricity demand are sludge processing (i.
e., sludge thickening and biosolids dewatering and loading) and acti-
vated sludge aeration.

A closer look at Fig. 3 shows that the sum of sludge processing's and
activated sludge's power demand remains unchanged after converting
the activate sludge from C-ox to NDN. In other words, addition of ni-
trogen removal in step-feed (NDN) configuration only diverts some of
the electricity demand from sludge processing of the plug-flow (C-ox)
configuration to the activated sludge aeration in step-feed. This

invalidates the myth suggesting larger power demand in WRRFs that
remove nitrogen in comparison with only carbon oxidizing facilities and
confirms the earlier observations by Rosso and Stenstrom (2005; 2007)
[9,10].

3.3. Electrical energy-intensity comparison

Dynamic net and total electrical energy intensity are compared in
Fig. 4. This figure illustrates that the improved effluent quality after
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upgrade to NDN portrays the realistic image of the energy intensity of
the process, with a change in total energy intensity ranging from —0.07
to 0.05 kWh m ™. A closer comparison of total energy intensities here
shows that NDN has larger total energy intensity than C-ox for 58 % of
the study period while C-ox is larger for the remaining 42 %. This
configuration change also results in changes in net energy intensity
ranging from —0.04 to 0.07 kWh m 3. During 74 % of the study period
NDN's net energy intensity is higher than C-ox. In short, upgrading to
NDN can be seen as an energy-efficiency measure, if we take into
consideration the increased load removed.

Fig. 4 illustrates that the total electrical energy intensity is minimum
(or close to it) at the peak of the facility influent load (between 12:00
and 23:00) while the net is maximum. This is despite the fact that both
net and total electricity demands' hourly trends follow the same pattern
as of the influent flow's and the net power demand energy intensity's and
all peak between 12:00 and 23:00. The reciprocal or reversely arranged
trend of total and net electrical energy intensities in this figure can be
explained to be due to different magnitude of each of the net and total
power demand hourly values (net < total) comparing to same hourly
influent flow value they are divided by to calculate the energy intensities
(net and total) for that hour. Since the plant influent flow does not fully
capture the extent of the removal for its different constituents, other
normalization methods were used for the electricity comparison in the
following sections.
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Fig. 6. Facility total and net power demand normalized per unit quality index
removal for plug-flow (C-ox) and step-feed (NDN) scenarios.
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3.4. Activated sludge energy intensity comparison

Since aeration power demand is a main concern when upgrading to
nitrogen removal, the comparison in aeration power demand is con-
ducted using activated sludge energy intensity in Fig. 5.

As Fig. 5 demonstrates, when the amount of load removed (in terms
of oxygen demand) is used for normalization, the activated sludge
energy-intensity after NDN is less than half than that of C-ox. This higher
aeration efficiency can be explained by larger alpha factors after NDN as
demonstrated in Table 1. As explained in the previous section, the
denitrification process selectively removes surfactants in the anoxic
compartment, hence increases the alpha factor with consequent
decrease of process energy cost [9].

3.5. Electricity demand normalized per unit quality index removal

To account for the facility's overall extent of removal in the whole
facility, net and total power demand of each scenario for each month of
the year is normalized per unit quality index removal (QIR) and
compared in Fig. 6.

Fig. 6 demonstrates that both total and net electricity demand
normalized per unit QIR are lower for the NDN scenario by 31-37 % and
21-31 %, when compared to C-ox, respectively. This slightly lower
normalized power savings associated to upgrade to NDN when
comparing net to total electricity demand in this figure (31-37 % vs
21-31 %,) is due to roughly 13 % higher biogas productions in the C-ox
scenario. This higher production of biogas results in higher in-house
electricity generation that compensates a portion of the larger power
savings observed in the normalized total power demands in Fig. 6.

The higher biogas production in the C-ox scenario can be explained
by this scenario's higher biodegradable or digestible organics contents of
secondary sludge as a result of its low mean cell residence time (MCRT)
and its higher waste activated sludge (WAS) flow.

3.6. Greenhouse gas emissions

Fig. 7 compares the daily greenhouse (GHG) emissions breakdown
by source types for both scenarios. This figure demonstrates activated
sludge and digester process emission to be one of the major sources of
the GHG emissions which consists of the CO3, CHy, and N3O emissions
generated by activated sludge and CO; emission generated by the
digester. The combustion emission (biogas and natural gas) is another
major source of emissions followed by CO, emissions associated with
power importation and biogas fugitive leak CH4 emissions.

The ranking order of these two major contributing sources to the
facility's total carbon-footprint are reversed for the two scenarios
compared in this article. In the NDN configuration, the combined
emissions from activated sludge and digestion are the largest contributor
while they are the second in magnitude after biogas and natural gas
combustion in the C-ox scenario.

Fig. 7 demonstrates that the upgrade to NDN has increased the
facility's overall daily GHG emissions by almost 43 %. The higher sludge
retention time of NDN results in more respiration and, during both
nitrification and denitrification, in the direct emission of N3O, resulting
in more than triple of the C-ox emissions. Migration of the activated
sludge to NDN also increases the grid's electricity import GHG emissions
by 17 %, a compounding effect of aeration electrical energy demand
reduced in-house electricity generation (due to the 6 % lower biogas
production). This modification; however, reduces the total combustion
(biogas and natural gas) and fugitive emissions by 11 % and 6 %,
respectively, by lowering the facility's biogas production. Reduction of
the WAS in the NDN (step-feed) scenario also reduces the thermal en-
ergy demand for heating up the digesters' influent. This thermal energy
demand reduction translates into allocation of its associated fuel savings
to in-house power generation in the step-feed scenario and lowering the
electricity imports emissions. Accounting for only anthropogenic GHG
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Fig. 7. Greenhouse gas emissions breakdown by source type for C-ox (plug-flow) and NDN (step-feed) scenarios. The total average daily emissions normalized per
unit influent flow treated for the step-feed and plug-flow scenarios are 0.62 kgCO%eq m > and 0.43 kgCOZ%eq m 3, respectively.
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Fig. 8. Greenhouse gas emissions to quality index removal ratio comparison for
C-ox and NDN scenarios. Note that after normalizing per unit effluent quality
reached (i.e., per unit QIR), the overall GHG emissions are lower for the
NDN scenario.

emissions, which can also include part of the CO, from respiration due to
the presence of fossil carbon in the plant's influent [23], the upgrade to
NDN results in an average 17 % increase of the facility's GHG emissions.

Care must be used when comparing the absolute value of emissions
across scenarios with different levels of treatment. It is possible to
mistake the higher emission with lower value for the process performing
more treatment, but in fact the overall environmental health benefits
from the improved effluent quality. To compare fairly the emissions, a
normalization by overall unit effluent quality achieved (i.e., by unit QIR)
is useful, showing that the monthly specific emissions are actually lower
for NDN by 2-12 % (see comparison in Fig. 8).

This figure also portrays slight seasonal trend in normalized GHG
emissions with larger and lower ratios for both scenarios occurring
during hot (May through September) and cold months (October through
April) of the year, respectively. The higher normalized emissions in the
hotter months can be explained by the increase of in-house power
generation using natural gas in summer months in response to higher

grid electricity tariffs and lower efficiency of the blowers in the hotter
months. This lower efficiency is due to positive correlation between
blowers' energy demand required to deliver unit airflow to AS units and
ambient air temperature translating into higher electricity demand and
its associated GHGs in the hotter months of the year.

3.7. Total operating cost

Similar to GHG emissions, the total operating costs (as explained in
Materials and methods section) are normalized per unit QIR to account
for the extent of overall treatment. To compare the two scenarios, the
ratio of the operating cost for the C-ox to the NDN is calculated. Since
each treatment scenario would have 6 power tariff sub-scenarios, the
ratios of normalized total operating costs for the two scenarios are
grouped by month in Fig. 9 to simplify the comparison here. Details on
the different power tariffs are reported in Appendix A.

Fig. 9 illustrates that the normalized total operating cost of the C-ox
(plug-flow) is more than double of the NDN's (step-feed's) for all the
tariff structures. Therefore, modification to step-feed has provided a
great amount of operating cost savings in addition to providing better
overall effluent quality for this facility. This figure also demonstrates
that the effect of tariff structure on the outcome of this operating cost
comparison is only considerable during the grid's summer months (June
through September).

The NDN higher electricity imports, due to lower biogas production
and slightly higher electricity demand, result in higher imported elec-
tricity cost comparing to the C-ox scenario. However, the C-ox's addi-
tional operating cost associated with higher WAS production in the
activated sludge will significantly overcompensate the step-feed's higher
electricity import cost. In fact, the higher WAS flow in C-ox results in
higher usage and cost of chemical additives used in sludge thickening
and dewatering, higher thermal energy demand in digesters for sludge
pre-heating, and larger disposal costs of biosolids. The most significant
of all these three is the higher chemical additives cost. Since the primary
treatment was assumed and configured to be the same for both sce-
narios, the chemical usage for enhancing its performance and its sludge
thickening and dewatering normalized to total QIR is expected to be the
same for both scenarios. Therefore, the significant chemical usage cost
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Fig. 9. Total operating cost per unit quality index removal for C-ox (plug-flow) and NDN (step-feed) scenarios, applying SCE five power tariffs (Appendix A). The
results are presented as dimensionless ratios, with the NDN configuration in the denominator. Annual total operating cost to unit quality index removal ratio
calculated using the average of these 5 tariffs annual electricity cost for C-ox and NDN configurations are 99.36 USD per metric ton and 43.90 USD per metric ton

respectively.

difference observed here can be narrowed down to the secondary
treatment's waste sludge dewatering and thickening.

The WAS flow in the C-ox scenario is on average more than five times
that of NDN. This significant difference results in the same order of
magnitude higher chemical additive cost (five-fold) in the secondary
sludge thickening process of C-ox scenario where the additive usage and
its cost are directly calculated from the WAS flow using a constant dose.

The higher cost of the grid's electricity in the summer months
(June-September) amplifies the NDN's higher electricity import cost
resulting in further compensation of the C-ox's higher overall operating
cost. This elucidates the slight decrease in the cost ratios illustrated in
the Fig. 9 in the summer months.

3.8. Extension to other locations

This work focuses on a facility sited in a 2-season climatic zone. It is
important to relate these results to other areas with 4-seasons or with
different geographical setting. When winter temperatures drop sub-
stantially and require longer MCRTs to achieve the same extent of
treatment, the difference between C-ox and NDN would be more pro-
nounced. A sensitivity analysis on the effects of MCRT and wastewater
temperature on the comparative results should be included in future
studies. Recently, the implications on technology selection for secondary
treatment of the facility's elevation were addressed by Baquero-
Rodriguez et al., 2022 [24]. As elevation increases, the partial pres-
sure of oxygen in atmospheric air decreases and with it the driving force
for oxygen transfer, resulting in an increase in energy requirements for
aeration. The higher the elevation, therefore, the larger the advantage
for the configuration with less oxygen requirements per unit treatment
achieved (in this case, NDN).

4. Summary and conclusions

A process model was used to compare the two scenarios of carbon
oxidation (C-ox) and the subsequent upgrade to nitrification and deni-
trification (NDN) at a large treatment facility. For fair and close com-
parison of the evaluation metrics, the energy-intensity, greenhouse gas
emissions, and operating costs are reported in both absolute terms and
are also normalized per unit extent of the treatment. There are different
ways to define the extent of treatment and here we used treated water
volume, removed load, and effluent quality index.

The comparison of these normalized values shows higher aeration
energy efficiency in the activated sludge unit after NDN upgrade and
presents this scenario as the more energy-efficient option to carbon
oxidation. The higher aeration energy efficiency observed in NDN is due
to selective removal of surfactants in the anoxic denitrification reactor.

Comparing the overall greenhouse gas emissions of the facility prior
and post upgrade to nitrogen removal, normalized per unit effluent
quality index removal, we show a decrease in emissions. A comparative
analysis of the facility's total operating cost using different electricity
tariff structures also presented significant cost saving after upgrade to
nitrogen removal, mostly due to reduction of sludge and biosolids pro-
cessing and handling costs in the NDN scenario, given its lower sludge
age (hence, lower secondary sludge production). Conversely, the higher
secondary sludge production in the C-ox scenario produced higher
biogas production, resulting in higher in-house power generation and
consequently in lower power imports and associated costs. However,
these savings could only offset part of this scenario's higher cost of
sludge and biosolids processing and disposal. Furthermore, we should
remark that the benefits of additional biogas production prior to up-
grade to NDN are not applicable to facilities without biogas recovery.



M. Firougzian et al. Journal of Water Process Engineering 63 (2024) 105427

CRediT authorship contribution statement Data availability
Mani Firouzian: Writing — original draft, Software, Methodology, The data that has been used is confidential.
Formal analysis, Data curation. Michael K. Stenstrom: Writing — review
& editing, Investigation, Conceptualization. Diego Rosso: Writing — Acknowledgements
review & editing, Validation, Supervision, Methodology, Investigation,
Conceptualization. The authors thank the utility personnel who supplied data and
information.
Declaration of competing interest
Funding
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence This research did not receive any specific grant from funding
the work reported in this paper. agencies in the public, commercial, or not-for-profit sectors.

Appendix A. Southern California Edison power tariff applicable to a WRRF
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Fig. A.1. (a) to (d). SCE's new and old (legacy) time-of-use schedule for facilities with internal generation capacity and with demand of >500 kW (TOU-8-S) for
weekdays derived from average of fee scheduled for 2-50 kV and >50 kV grids [Effective as of March 1, 2019]. (e). SCE's current real-time schedule for facilities with
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internal generation capacity and with demand of >500 kW (TOU-8-RTP-S) for weekdays derived from average of fee scheduled for 2-50 kV and >50 kV grids
[Effective as of March 1, 2019] [6,20].

Appendix B. Current facility configuration modelling method

BioWin 6.1 (EnviroSim; Hamilton, ON) and the Good Modelling Practice protocol [11] was utilized to perform dynamic modelling of the current
expanded facility. The steps defined and utilized by Firouzian et al., 2022 were followed to develop the dynamic simulations for the step-feed and plug-
flow scenarios in this study as summarized in this appendix [6].

The monthly average process data from the facility was utilized for calibration and validation of this model. Specifically, October through
December 2018 monthly data were used for calibration and January through September 2019 data for validation. Dynamic hourly influent profiles
were derived from these monthly averages as explained in more details in this section. The influent fractions adjusted to match the concentrations of
the field data. Default values in the simulation software [18] were used here unless otherwise described in Appendix C.

In addition to the process units, electricity demand was also calculated for the main equipment units (e.g., pumps and blowers). The additional
power demand for the unit operations not available in the process simulation (ex. minor process pumping, odour control, process control equipment,
etc.) were quantified by subtracting the power demand of the calibrated model from the total power demand calculated from the field data. The power
demand intensities used for each process units' simulation are listed in Appendix C. The supplemental natural gas used for power generation was also
accounted for here. The cogeneration system power and thermal energy efficiencies were also calibrated based on the field values that were either
provided directly by the facility or calculated from the energy balance using the facility data.

The trickling filters were not modelled dynamically here due to them not varying in operating conditions between the scenarios to prevent them
from inevitably burdening the simulation computational speed. However, their electricity demand was entered into the model to estimate their
contribution to the facility's total power demand. The effluent characteristics of the trickling filters and activated sludge units were assumed to be the
same. To optimize the simulation's run time, the entire facility was divided into 6 identical trains and only one of these trains was simulated. The
results of the single-line simulations were subsequently scaled up to the total by multiplying times the number of actual units.

To perform the dynamic simulation, hourly influent profiles including at least flow, chemical oxygen demand (COD), and total Kjeldahl nitrogen
(TKN) concentration are required. The facility data collection system recorded only monthly averages. As such, the simulation dynamic hourly input
profiles were developed by multiplying these monthly averages by a calculated ratio (average instantaneous factors) developed from hourly flow data
pattern provided by the facility (Fig. B.1). The typical CBOD/COD and Ammonium/TKN ratios (0.38 and 0.66 respectively) provided by the facility
was used to reconstruct COD and TKN data trends from CBOD and ammonium measurements in absence of COD and TKN field data sets.
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Fig. B.1. Current facility's influent dynamic trends for October 2018 through September 2019 derived from monthly averages and multiplied by average instan-
taneous hourly factors defined as the ratio of instantaneous to average flows [6]. All three Y-axis apply to the data points plotted. Shaded in blue is the range of the
entities shown on each Y-axis during this 12-month period and the red line represents their hourly averages over one year.

In addition, average daily hourly ambient temperature data for October 2018 through September 2019 from the closest weather station to this
facility [25] was compiled and used for these simulations. In absence of field data, the monthly temperature fluctuation of the wastewater was
assumed to be a sinusoid with the minimum and maximum temperature of 20 °C and 30 °C occurring in March and September, respectively. The
wastewater temperature was assumed to be constant during each month and influenced by ambient temperature with about 2 months delay based on
previous research projects in this region.

The natural gas caloric value was derived from the default high heat value in the greenhouse gas (GHG) combustion emission calculation protocol
by U.S. EPA, which is also used for GHG emission calculations in this study [17]. To determine the GHG emissions associated with the grid's electricity
imports, the dynamic hourly average CO; intensity for the grid's electricity was calculated from data obtained from California Independent System
Operator's (CAISO) for each month of the year [16]. These hourly trends for different months of 2019 were developed by Firouzian et al., 2022 and
were utilized for the dynamic simulation performed in this article [6].

In addition to electricity importation (indirect GHG emissions), following direct GHG emissions were calculated and accounted for in this study:
CO39, N3O, and CH4 emissions associated with activated sludge biological treatment; CO2 emission associated with sludge digestion; combustion of
biogas and natural gas; and CH4 from biogas fugitive leaks. Fugitive methane emission or biogas leak was assumed to be 1 % of the total methane
generation in the digesters. The total GHG emission was reported as CO2eq units, by multiplying each mass flow times the respective global warming
potential from U.S. EPA [26].

The cost of power imported from the grid was calculated using SCE's tariffs presented in Appendix A (from Firouzian et al., 2022) and net power
demand values calculated by the simulation for each hour of the study period. For this calculation, summer tariffs were applicable to June 1 through
September 30 [20]. Same metering, energy usage (delivery and generation), and fixed and time related demand charges as what utilized by Firouzian
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et al., 2022 were used to calculate the cost of imported electricity for the two scenarios discussed here.

The costs of chemicals were calculated and accounted for using the software's defaults [18] except for the anionic polymers consumed at
chemically enhanced primary treatment (CEPT) whose cost (32.13 USD per 1000 m® of primary treatment influent) was obtained from the vendor
(NSF Polydyne Inc.; Riceboro, GA) per Firouzian et al., 2022. Among the different chemicals used at this facility, only the ferric chloride and anionic
polymers used for the primary treatment enhancement and chemical additives used in sludge dewatering and thickening processes were accounted for
here. Biosolid disposal cost was also accounted for and calculated using the default cost option for dry sludge disposal (cost per unit mass of TSS) in the

simulation software [18].

Appendix C. Process parameters used for simulations

Tables below summarize the specifications and parameters used for simulation in addition to the simulation software's defaults:

Table C.1
Primary treatment specifications.

Process unit

Process parameter

Step-feed (NDN)

Plug-flow (C-0x)

Primary clarifier Total Basins Count 26 26
Basins Count in Service 20 20
Volume per Basin (1000 m%) 1.9 1.9
Depth (m) 2.7 2.7
Width (m) 12.0 12.0
Length (m) 58.4 58.4
Clarifier Model Parameters Used for CEPT:
BioWin CEPT Default Max Vesilind Settling Velocity (m/d) 150.0 150.0
BioWin CEPT Default Vesilind Hindered Zone Settling Parameter (L/g) 0.40 0.40
Calibrated Clarification Switching function (mg/L) 618.0 618.0
BioWin CEPT Default Max Compactability Slope (mg/L) 50,000.0 50,000.0
Clarifier Model Parameters Used for Conventional Clarifiers (non-CEPT) N/A N/A
Table C.2
Secondary treatment specifications — activated sludge configurations.
Process unit Process parameter Step-feed (NDN) Plug-flow (C-0x)
Activated sludge Total Basins Count 10 10
Count of Basins in Service 10 10
Volume per Basin (1000 m%) 5.3 5.3
Zone Volume Breakdown (1000 m®):
Zone 1A 0.42 0.42
Zone 1B 0.42 0.42
Zone 2 0.82 0.82
Zone 3 0.82 0.82
Zone 4 0.92 0.92
Zone 5 0.92 0.92
Zone 6 0.92 0.92
Depth (m) 4.57 4.57
Width (m) 14 14
Length (m) 83.8 83.8
Fine Bubble Diffusers Diameter (m) 0.18 0.18
Coarse Bubble Diffusers Diameter (m) BioWin's Default BioWin's Default
[18] [18]
Diffuser Count per Zone per Basin:
Zone 1A Anoxic w/ 6 Coarse Bubble Diffusers 866
Zone 1B 866 866
Zone 2 1732 1732
Zone 3 Anoxic 1732
Zone 4 1732 1732
Zone 5 1732 1000
Zone 6 1626 1000
Activated sludge secondary clarifier Total Basins Count 26 26
Count of Basins in Service 26 26
Volume per Basin (1000 m3) 2.95 2.95
Depth (m) 4.88 4.88
Width (m) 13.2 13.2
Length (m) 45.9 45.9

Clarifier Model Parameters Used for non-CEPT

BioWin's Default [18]

BioWin's Default [18]
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Digesters and sludge processing specifications.
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Process unit

Process parameter

Step-feed (NDN)

Plug-flow (C-0x)

Digesters:
Small Digester

Large Digesters

Digested Sludge
Dewatering

Total Digester Count

Count of Digesters in Service

Volume per Digester (1000 m%)

Digester Head Space (% of Total Volume)
Height (m)

Digester Wall Thickness (% of Diameter)
Diameter (m)

Total Digester Count

Count of Digesters in Service

Volume per Digester (1000 m%)

Digester Head Space (% of Total Volume)
Height (m)

Digester Wall Thickness (% of Diameter)
Diameter (m)

% Removal

2

1

5.35

16 %

9.14

15.1 %

32.2

8

8

7.28

16 %

9.14

15.1 %

37.5

Dynamic trend derived from field
monthly data post calibration.

2

1

5.35

16 %

9.14

15.1 %

32.2

8

8

7.28

16 %

9.14

15.1 %

37.5

Dynamic trend derived from field
monthly data post calibration.

Digester Heat Loss per October 2018 through April 2019 (post Calibration) 0.145 0.145
Year (C/day) May 2018 through September 2019 accounting for additional natural ~ 0.957 0.957
gas import for electricity peak shaving (post Calibration)
Sludge Thickeners Primary Sludge % Removal 99.78 % 99.78 %
Secondary Sludge % Removal 99.78 % 99.78 %
Table C.4

Energy calculations specifications.

Process unit

Process parameter

Step-feed (NDN)

Plug-flow (C-0x)

Blower Efficiency 59.00 % 59.00 %

Cogeneration %Fuel Energy Converted to Power 35.00 % 35.00 %
Cogeneration Heat Recovery Steam Generator Heat Transfer Efficiency 55.0 % 55.0 %
%Fuel Energy Converted to Heat in Cogeneration (not accounting for heat exchanger efficiency) 18.18 % 18.18 %
Natural Gas Boiler Efficiency 60.0 % 60.0 %
Natural Gas LHV (kJ/kg) 51,810 51,810
Pure Methane LHV (kJ/kg) 50,000 50,000
Natural Gas HHV/LHV Ratio 1.1100 1.11

Table C.5

Power demand intensities (power demand per unit flow of wastewater treated) for each process unit replaced the defaults in the simulation software.

Process unit

Power intensity (Wh/: m3)

Source of factor

Primary Clarifier
Influent Lift Pumps

Other Power Consumption (ex, pumping, odour control, control system, etc.)

Secondary Clarifier

Trickling Filters

Digester (Mixing and Biogas Compression)
Thickening (Centrifuge)

Digested Sludge Dewatering (Centrifuge)
Rotating Belt Filter Driver Train and Pumping
Primary Filter Driver Train and Pumping

2.09E+01
7.84E+01
5.27E+401
1.60E+01
1.47E+02
6.30E+02
6.19E+02
4.15E+03
8.60E+01
8.78E+01

Derived from Plant Data
Derived from Plant Data
Derived from Plant Data
[27]
[28]
Derived from Plant Data
[27]
[27]
[27]
[27]

Appendix D. Effluent dynamic trends

Simulations for both plug-flow (C-ox) and step-feed (NDN) scenarios were completed using dynamic influent profiles, process specifications, and
time-dependent alpha diurnal schedule for each aerated reactor as discussed in the Materials and methods section. The effluent concentration trends
for TSS, CBOD, ammonium, nitrate, and total nitrogen for these two scenarios have been compared in Figs. D.1 through D.5 below:
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Fig. D.1. Facility's effluent TSS concentration comparison for these two scenarios.

The higher step-feed configuration's TSS in Fig. D.1 above can be explained by its higher mean cell residence time (MCRT) which is required for the
growth and performance of nitrogen removing microorganisms (i.e., Autotrophs). The historical field data used for modelling of these two legacy
configurations included average MCRT of 4.7 and 1.1 days for the step-feed and plug-flow configurations, respectively. The higher MCRT in the step-
feed configuration is achieved by increase of the flow in the activated sludge recycle stream (RAS) that is sent back to the beginning of the activated
sludge basin as a result of the reduction in the waste activated sludge (WAS) stream which is sent to digesters. This higher recycling of activated sludge
in the step-feed scenario increases the concentration of solids in the activated sludge reactors (a.k.e., mixed liquor suspended solids or MLSS); thus,
increases the load of the solids that enter the secondary clarifiers which translates into higher effluent TSS concentration.
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Fig. D.2. Facility's effluent CBOD concentration comparison for these two scenarios.

The higher CBOD concentration in the effluent of plug-flow scenario in Fig. D.2 above can be also explained by the higher MCRT of step-feed which
increases the number of carbon consuming microorganism in the system (i.e., Heterotrophs and Autotrophs) resulting in higher extent of CBOD
removal in the step-feed configuration.
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Fig. D.3. Facility's effluent N-NHj concentration comparison for these two scenarios.

Since nitrification and denitrification (i.e., nitrogen oxidation and removal) cannot be performed at low MCRT of the plug-flow configuration,
higher concentration of ammonium (NH4 ") is observed in the effluent of this configuration in Fig. D.3 comparing to negligible traces in the step-feed's.
Same explanation can be provided for zero concentration of nitrate (NO3) observed in the effluent of plug-flow configuration in the Fig. D.4 below.
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Fig. D.4. Facility's effluent N-NO3 concentration comparison for these two scenarios.

Fig. D.5 below illustrates the total nitrogen concentrations of these options. It also allows cumulative comparison of extent of nitrogen removal for
these two scenarios that treat almost the same amount of influent nitrogen (Fig. B.1 and close influent flows of these scenarios). As explained in the
comparison of N-NHj and N-NO3 above, plug-flow's MCRT does not allow nitrification and denitrification thus its nitrogen removal is limited to
nitrogen content of the sludge removed through this scenario's primary and secondary settling. As such, the average 50 % lower total nitrogen
concentrations of step-feed could be explained to be the result of nitrification and denitrification in this scenario whose secondary sludge removal is
even less than plug-flow's (i.e., less nitrogen removal through solids removal).
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Fig. D.5. Facility's effluent N-Total Nitrogen concentration comparison for these two scenarios.

Appendix E. Effluent quality index

Effluent quality index (EQI) defined as weighted sum of the pollutants in the effluent [21,22] is calculated as following:
ta

EQI = 1/(At-1000) / [ﬁrss-TSSe(t) + Beop-CODe(t) + Py - TKNe () + Buo; -NO3, (£) + Bpop, -BODse(t) ] Q.(t)de (E.1)

t

where At is the total evaluation period; Qc(t) is instantaneous effluent flow rate during the evaluation period; TSSe(t), CODe(t), TKN,(t), NOg,(t),
BODs((t) are these wastewater constituents' instantaneous concentrations in the effluent; p represents weighted factors for different wastewater
constituent which are prss = 2, fcop = 1, prxn = 30, ﬁNoae =10, Bpops = 2 [21,22]. 1000 is the unit conversion factor which can be replaced by other
factors depending on the desired unit for EQI.

Using the same logic as EQI's, influent quality index (IQI) can be defined as following:

t

QI =1 / (A£.1000) / [ﬂTSS.TSSi(t)+ﬂCOD.CODi(t)+ﬁn<N.TKNi(t) + o, NO5 (1) + Brop, BODsi(t) | Qu(t)dt (E.2)

t

where At is the total evaluation period; Q;(t) is instantaneous influent flow rate during the evaluation period; TSS;(t), COD;(t), TKN;(t), NOg(t),
BODs;(t) are these wastewater constituents' instantaneous concentrations in the influent; p represents weighted factors for different wastewater

14
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constituent which are prss = 2, fcop = 1, prxn = 30, ﬁNOge =10, Bpops = 2 [21,22]. 1000 is the unit conversion factor which can be replaced by other

factors depending on the desired unit for IQI.

Using the equations above quality index removal (QIR) is defined as:

QIR = IQI - EQI
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