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Abstract

This study presents a comprehensive approach that combines the kinetic characterization
of the activated sludge process with the application of microalgae culture systems to reduce
direct and indirect greenhouse gas emissions in wastewater treatment plants (WWTPs).
Based on experimental data obtained in laboratory reactors and real operating parameters
extracted from a reference plant, the emission routes associated with secondary treatment
were analyzed and the mitigation potential by microalgae in the tertiary stage was modeled.
Comparative tables, CO, capture scenarios and integrated operation diagrams were devel-
oped. The results show that the integration of both technologies can significantly reduce
BOD residual load, improve energy yield and capture up to 135 kgCO, /day depending on
the remaining substrate. The reduction in aeration demand reached 25%, and BOD removal
increased from a range of 72 to 85% (conventional system) to 87-94% (hybrid system). The
work supports the engineering plausibility and relevance of a hybrid sludge-microalgae
system as an exploratory strategy for WWTP sustainability. Given the experimental design
available in the historical laboratory record, the tertiary-stage outcomes are interpreted
here as indicative algal-bacterial scenario responses. Because replicate runs under identical
conditions and a parallel non-inoculated control reactor were not available, the manuscript
does not present these results as definitive tertiary-performance validation. Complemen-
tary plant-scale records from the Canary Islands were considered solely as an external
plausibility benchmark for the polishing-stage assumptions and were not interpreted as
replicate evidence or as a substitute for a non-inoculated control reactor. The specific
objective of this work is to derive activated sludge biokinetic parameters from laboratory
assays and to use the experimentally constrained residual load framework to assess, at
the scenario level, the mitigation potential of a tertiary algal-bacterial stage under Canary
Islands conditions.
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1. Introduction

The operation of wastewater treatment plants (WWTPs) is an essential activity for the
protection of the environment and public health [1]. However, its operation involves high
energy consumption [2,3] and the significant generation of greenhouse gases (GHG) [4-6],
especially during the secondary treatment stage based on activated sludge. This process,
highly dependent on aeration, is responsible for emissions of biogenic CO,, nitrous oxide
(N,O) and, to a lesser extent, methane (CHy) [7,8].

In island regions such as the Canary Islands (Spain), characterized by limited availabil-
ity of water and energy resources and high vulnerability to climate change [9-11], the search
for more efficient treatment strategies with a lower carbon footprint is a priority [12-15].

Integrating microalgae systems with conventional secondary treatment has emerged
as a promising strategy to address these challenges [16-19]. Microalgae can use the organic
substrate and nutrients remaining from the secondary effluent for growth [19,20] while also
photosynthesizing, producing oxygen and capturing CO, [21-23]. This synergistic coupling
has the potential to reduce the energy demand for aeration [24,25], improve effluent quality,
and transform the WWTP from a net emitter to a carbon sink [26-29].

Recent reviews further stress that the most promising configurations are no longer
interpreted as purely algal systems but as algal-bacterial consortia whose performance
depends on residual substrate availability, light regime, oxygen transfer, biomass harvesting,
and downstream valorization routes [30-33].

Despite the increasing body of literature on algae-assisted wastewater treatment, an
important gap remains in the explicit integration of experimentally derived activated sludge
kinetics with a scenario-based evaluation of carbon footprint mitigation in tertiary polishing
systems. In this sense, the novelty of the present study does not lie merely in proposing
microalgae in wastewater treatment but in linking laboratory-based activated sludge
biokinetic characterization with the estimated residual biodegradable load after secondary
treatment and, from this experimentally constrained basis, evaluating the environmental
mitigation potential of an algal-bacterial polishing stage for a 6000 m®/d reference WWTP
in the Canary Islands. This approach is framed within the water-carbon-energy nexus
and responds to the need for scenario-based strategies to reduce the carbon footprint of
WWTPs [34-40].

The main objective of this study is to kinetically characterize the activated sludge
process in a reference WWTP and to quantitatively evaluate the GHG mitigation potential
through the integration of a microalgae culture system. A comprehensive analysis is pre-
sented ranging from experimental-based kinetic modeling to quantification of operational
and environmental benefits of the proposed hybrid system.

Recent literature shows four dominant research lines relevant to this manuscript:
(I) carbon footprint and greenhouse gas accounting in WWTPs, increasingly framed un-
der net zero and water—carbon-energy nexus approaches; (II) process-integration stud-
ies coupling activated sludge with microalgae for tertiary polishing and carbon capture;
(IIT) algal-bacterial symbiosis studies focused on nutrient removal, oxygen transfer, and
biomass generation; and (IV) circular bioeconomy studies aimed at valorizing algal biomass
as biofertilizers, bioenergy precursors, pigments, biostimulants, and other value-added
products [15,18,20,21,31,38,40-42].

However, the literature also reveals methodological fragmentation. Carbon footprint
studies frequently stop at inventory or hotspot accounting, while microalgae studies often
optimize pollutant removal or biomass production without explicitly coupling the tertiary
response to experimentally derived activated sludge kinetics. In addition, many studies are
performed either at laboratory scale without an environmental scaling context or at plant
scale without a kinetic interpretation of residual substrate availability. The present study
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addresses that gap by linking residual BOD after secondary treatment to scenario-based
mitigation metrics under an algal-bacterial polishing framework [18,27,28,31,40,41].

A critical reading of the published literature shows four intersecting lines that are
directly relevant to this manuscript: activated-sludge kinetic reconstruction and process
modeling; WWTP carbon-footprint inventories and life-cycle assessments; algal-bacterial
tertiary polishing and nutrient-recovery studies; and scale-up or valorization analyses for
microalgal systems. Across these lines, the most recurrent methodological weaknesses
are incomplete uncertainty treatment, limited temporal replication, scarce use of non-
inoculated controls, and overextension of laboratory outcomes to full-scale climate claims.
Accordingly, the present work is positioned as a bridging and exploratory contribution
rather than as definitive process validation [6,18,29,31,35,38,40—-42].

The biological processes used in the secondary treatment of wastewater are based on
the metabolic activity of the microorganisms present in the activated sludge.

This activity can be described by biokinetic parameters [6,29], which quantify the rate
at which microorganisms consume substrate, grow, breathe, and degrade. Key parame-
ters include:

q: Specific rate of substrate consumption.

k: Consumption kinetic constant (first order).
Y: Cellular performance, which relates the biomass generated to the BOD removed.

a and b: Coefficients associated with oxygen consumption by oxidation and endoge-
nous respiration.
e  Kd: Biomass decomposition coefficient.

These parameters allow mathematical modeling of the evolution of the substrate and
biomass in the reactor, estimating the direct and indirect emissions of the process [6,7] and
evaluating the efficiency of the secondary treatment. Their integration with microalgae
systems is particularly relevant, as they allow the organic and nutrient residual load to be
connected with the potential for CO, capture and energy reduction in aeration in a circular
biorefinery approach [16,20,28].

2. Materials and Methods
2.1. Experimental Design and Equipment for Kinetic Characterization

The main objective of the experimental phase was the empirical determination of the
biokinetic parameters necessary to model the activated sludge process in the reference
WWTP [6,29].

To clarify the relationship between the laboratory reactors shown in Figures 1 and 2
and the integrated treatment logic assessed later, Scheme 1 now provides a simple editable
flow diagram following the journal guidance for clearer visual interpretation.
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Figure 1. Schematic diagram of the laboratory reactor configuration used in the activated-sludge

Kkinetic assays.
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No parallel non-inoculated control was available in the archival design.

Figure 2. Schematic of the parallel laboratory configuration used in the historical assays.
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Scheme 1. Methodological flow of kinetic assays and algal-bacterial polishing scenarios.

Flow diagram showing the methodological link between the activated-sludge kinetic
assays, residual-load estimation, and the exploratory tertiary algal-bacterial polishing
scenario considered in the interpretation of Figures 1 and 2.

2.1.1. Main Equipment (Laboratory Reactors)

e  Volume and construction: A full mix reactor (agitation guaranteeing uniformity) built
in methacrylate with a total volume of 14 L was used.

e  Configuration: The reactor was designed with two chambers separated by a sliding
methacrylate screen: an aeration chamber (biological oxidation) and a simulated
secondary clarifier. The screen was adjusted to a height of 5-15 mm above the bottom
to allow sludge exchange between chambers.

Aeration: Oxygen was supplied continuously by a pump connected to a porous filter
in the aeration tank, which facilitated fine bubble dispersion and kept the system in a fully
mixed regime [25], as shown in Figure 1.

2.1.2. Operation and Feeding

The activated-sludge kinetic assays were performed using real influent wastewater
and activated sludge collected from the EDAR Southwest facility, rather than synthetic
wastewater. The laboratory unit consisted of a 14 L methacrylate reactor operated as a
completely mixed system with continuous aeration and sludge recirculation.

Six laboratory assays were carried out, each lasting eight days, at approximately 20 °C.
These assays were not simple analytical replicates under a single loading condition; instead,
they covered different influent/effluent substrate conditions and hydraulic retention times
(HRT) in order to derive the biokinetic relationships. The HRT ranged from 6.72 t0 9.74 h
across the six assays.
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Steady or quasi-steady operating conditions were considered to be reached when
the oxygen uptake rate remained essentially unchanged and the effluent BOD stabilized.
Sludge age was controlled operationally through intermittent sludge wasting and treated
as a maintained process condition rather than as a separately varied assay factor.

The historical laboratory protocol combined an initial batch adjustment/start-up
phase with continuous feeding conditions used to emulate WWTP operation; accordingly,
the six assays should be interpreted as six operational runs under different substrate
and hydraulic conditions rather than as a factorial comparison of isolated batch and
continuous experiments.

In the archival experimental record, Xv,a standard deviation could be reconstructed
reliably for each assay from the day-by-day MLVSS values, whereas sludge age was
maintained by intermittent sludge wasting and was not reported as an independent assay-
specific variable with equivalent statistical resolution.

In addition, the regional engineering context of the polishing stage was cross-checked
against plant-scale records from the Jindmar WWTP [43]. Those archival data report a
warm operating envelope (20-25 °C), raw-water characteristics around BOD5 600 mg/L,
SS 600 mg/L, COD 800 mg/L, N-NTK 75 mg/L and P-total 8.2 mg/L, and a biological
effluent of approximately BOD5 25 mg/L, SS 35 mg/L and N-NH4 1.0 mg/L before tertiary
reclamation [43]. These values were used only as an external Canary Islands plausibility
benchmark for residual-load and polishing-stage interpretation; they were not merged with
the kinetic regressions of the present laboratory assays.

2.1.3. Sampling and Analysis

Six laboratory trials were carried out, each lasting eight days. The key measurements
taken to obtain the biokinetic parameters were [30,31]:

Substrate and biomass:

Daily determination of BODs and mixed liquor volatile suspended solids (MLVSS)
concentration. Daily calculation of net biomass production (AX) in grams per day (g/d).

Decantation and control:

Daily determination of the sludge volumetric index (SVI) (mL/g) after 30 min
of settling, used to assess the quality of the sludge sedimentation and the optimal
food /microorganism (F/M) ratio.

Oxygen utilization:

Measurement of oxygen utilization velocity (OUV), using a DO electrode at 30 s
intervals, is essential for the calculation of parameters a and b [7,25].

These assays provided the BOD, MLVSS, OUV, and SVI time-series data, which were
then employed to calculate the kinetic constants through linear regressions (e.g., plotting 1/4
vs. 1/S and OUV vs. g) [6,29]. Sampling was performed every 24 h during each 8-day assay,
and oxygen uptake rate was determined from dissolved oxygen measurements acquired at
30 s intervals using a DO electrode. In addition, because the archival thesis preserved the
day-by-day MLVSS values for the activated-sludge assays, the standard deviation of Xv,a was
reconstructed for each assay and is now reported in Table 1 as mean == SD.

Because the archival record preserved the 8-day assays mainly as condensed opera-
tional summaries, complete day-by-day stabilization plots are not reproduced in the main
text. Therefore, the evidence for quasi-steady operation is based on the monitored stabi-
lization of OUV and effluent BOD, and this should be understood as a reporting limitation
rather than the absence of temporal monitoring data.

To make the evidential scope explicit, the present revision triangulates the manuscript
with two archival sources: (I) which preserves six 8-day activated-sludge runs with daily
BODS5, MLVSS, SVI and OUV information used here to support kinetic reconstruction
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and within-assay temporal variability [44-56]; and (II) which provides real Canary Is-
lands WWTP operating and effluent-quality records used only as an external plant bench-
mark [43,57]. This triangulation strengthens measurement traceability and regional en-
gineering context, but it does not generate identical-condition replicates or a parallel
non-inoculated tertiary control reactor.

Table 1. Summary of the six activated-sludge assays used for kinetic reconstruction.

0o B‘&‘/’ESSS s e (nslflfg) OUV  (mg, Mean & SD) (msge/L) (msg(;L) Assay
0.0564 5.4180 6.72 2.083 96 0.1011 3120 + 1116 110 1295 1
0.04828 2.8084 7.24 1.935 60 0.0982 3000 4+ 597 95 1143 2
0.04201 2.1490 8.12 1.786 43 0.0929 3006 + 486 77 1067 3
003320 16567 855 1637 0 00910 3120 + 422 58 944 4
0.02556 1.5270 9.05 1.548 68 0.0560 2721 4+ 435 57 686 5
0.02360 1.0407 9.74 1.488 98 0.0420 2121 + 218 48 519 6

The original historical dataset reported the assay results primarily as daily measure-
ments condensed into arithmetic mean values for each operational run. For this reason, the
present manuscript summarizes the runs in Table 1 rather than reproducing all daily labora-
tory tables in the main text. The standard deviations reported for Xv,a were calculated from
the daily MLVSS values documented in the archival experimental record; therefore, they
represent within-assay temporal variability during each 8-day run rather than analytical
replicate uncertainty.

For Xv,a, the mean values originally were complemented here with sample standard
deviations reconstructed from the day-by-day MLVSS measurements available for each
assay and shown in Table 1 [43].

Sp and Se are expressed as mg BOD5/L; Xv,a as mg MLVSS/L; and OUV corresponds
to the oxygen uptake rate reported in the historical assays. The table clarifies that the six
runs were performed under different loading and hydraulic conditions and should not be
interpreted as analytical replicates.

A graphical summary of the reconstructed Xv,a values is provided in Figure 3. This
plot complements Table 1 and visualizes the intra-assay temporal variability derived from
the daily MLVSS measurements reported in the archival dataset.

4000 A

3500 A

Xv,a (mg MLVSS/L)
iy N N w
w o w o
o o o (=]
o o o o

1000

500 -

Assay 1 Assay 2 Assay 3 Assay 4 Assay 5 Assay 6
Activated-sludge assay

Figure 3. Reconstructed mean + standard deviation of Xv,a (MLVSS) for the six activated sludge
assays, calculated from the day-by-day values reported in the archival dataset [43]. The error bars
represent within-assay temporal variability during each 8-day run.
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2.1.4. Equations for Kinetic and Energy Analysis

The biological process is described by the following equations [7,29]:
(1) First-order kinetics of substrate consumption dS/dt = —k - S whose solution is

S(t) = So - exp(~k - 1) M)
(2) Specific substrate consumption rate
q=(Sg — Se)/(Xva - 6h) )

(3) Cell yield (Y)
Y = AX/AS 3)

(4) Total oxygen consumption
O, total =a-(Sg — Se) +b - X 4)
(5) Biomass decomposition coefficient
Kd=1/X) - (dX/dt) )

These expressions allow quantification of substrate degradation, biomass genera-
tion/consumption, and oxygen demand, thus integrating microbial kinetics with the
energy analysis of the process [25,29]. The kinetic calculations and model implementation
were supported by spreadsheet-based calculations and numerical tools, including Scilab,
version 2026.1.0.

2.1.5. Model Structure and Parameter Estimation

In this study, two levels of kinetic description are used: (i) a simplified first-order
approximation for the temporal decay of biodegradable BOD under controlled laboratory
conditions, used to obtain an apparent rate coefficient (k_eff) from BOD-time regressions;
and (ii) a Monod-type interpretation to support parameter ranges and to describe the
dependence of specific uptake rate (q) on substrate concentration (S) when applicable. The
first-order approach is applied as an effective model within the experimental operating
window, whereas Monod parameters (K_s) are used to assess consistency with literature
ranges and to interpret uptake limitations. Parameter estimation was performed from
the measured time series of BOD, MLVSS and oxygen uptake rate (OUV), using linear
regressions (e.g., 1/q vs. 1/S; OUV vs. q) and standard activated sludge relationships [6,29].

2.2. Physical Interpretation of Biokinetic Parameters

The biokinetic parameters describe the rates of substrate uptake, biomass growth and
decay, and oxygen demand in activated sludge. Specifically, q represents the specific sub-
strate utilization rate; k (or k_eff in the simplified model) represents the apparent substrate
removal rate; Y is the observed biomass yield; a and b account for oxygen consumption
associated with substrate oxidation and endogenous respiration, respectively; and Kd
represents the endogenous decay coefficient. These parameters enable linking process
performance with energy demand (aeration) and potential greenhouse gas emissions [7,29].

e Specific substrate consumption rate (q)

Indicates how much BOD each unit of active biomass consumes per unit of time. A high
g value implies a fast metabolism and, therefore, a greater capacity to reduce organic load.
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e  Kinetic constant (k)

Related to the speed of the process and defines the slope of the exponential degradation
curve. The higher the k, the faster the BOD removal.

o  Cellular performance (Y)

Quantifies how much new biomass is generated for each removed BOD unit. A high
value implies greater microbial growth and sludge production.

o Coefficients a and b

a represents the fraction of the substrate oxidized directly for energy.
b represents endogenous respiration (i.e., oxygen consumption by cellular maintenance
when substrate is no longer available).

o Coefficient of decomposition (Kd)

Describes the rate at which biomass degrades in the absence of substrate. High values
imply greater loss of volatile solids in the liquor mixture.

2.2.1. Numerical Examples Applied to Actual Data

Below are examples using the values extracted from the real system.

e Example 1: Calculation of g

q=(So — Se)/(Xva - 6h) (6)

with
_SO =825 mg/L — Se =25 mg/L _X(Va) = 3000 mg/L - e(h) =0.7d

_ {82525} _ {800} _ -1
9= (300007} = {21007 ~ 0-381d
This value indicates fast and consistent kinetics with active biomass under optimal

conditions.

e  Example 2: Calculating Y_obs from real data

Y_obs = Xv/BOD_consumed (7)

with:
—Net biomass xv = 197.64 kg/d — BOD consumed = 4767 kg/d
Yobs = L5700 = 0.0415 kgX/kgBOD
This indicates that most BOD is converted into CO, and energy, with a smaller fraction

in biomass.

e  Example 3: Total oxygen consumption

Oy total=a-(Sp — Se) +b - X (8)

with
—a=0.22258 — b =0.00072 — Sp — Se =180 mg/L — X = 3000 mg/L
Of2(totaryy = 0.22258-180 + 0.00072-3000 = 40.06 + 2.16 = 42.22 mg/L
This represents the total oxygen demand generated by oxidation and cell maintenance.

e  Example 4: Time to reach a Se goal using the kinetic model

We use
t =In(Sy/Se)/k_eff (batch-decay timescale) 9)

with

https://doi.org/10.3390/environments13070367
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k_eff =0.03744 d 1.
Target: Se =15 mg/L

t—ln{{ggi}J lr{ {{{%?E}J zln{wJ ~ 107.0 days

(keff} | — {0.03744}
This estimate represents a theoretical batch-decay timescale under the experimental

conditions used to derive k_eff and should not be interpreted as the HRT of a full-scale
WWTP (typically on the order of hours). It is provided only as a sensitivity illustration.

2.2.2. Kinetic Characterization of the Activated Sludge Process

The experimental tests were carried out in full-mix reactors in both batch and continu-
ous regimes. The temporal evolution of biodegradable BOD and MLVSS was measured.

The data obtained enabled the calculation of the fundamental biokinetic parameters g,
k, Y, coefficients a and b, and Kd.

The matter balances were formulated from classical equations of the activated sludge
process and correlations observed in the tests.

2.3. Environmental Assessment of Secondary Treatment

The kinetics obtained allowed the identification of the main GHG emission routes
derived from microbial metabolism [5,6]: endogenous respiration, nitrogen conversion,
and possible anaerobic zones generating CHy [4,7]. Biogenic CO; fluxes were estimated
and critical conditions for N,O formation were analyzed.

2.4. System Integration with Microalgae

The integration of an algal system with conventional secondary treatment is a hybrid
strategy whose main objective is to reduce the residual load of substrate and nutrients,
while generating algal biomass with the capacity to capture CO;, and photosynthetic oxygen
that can compensate for part of the mechanical aeration [19,24,25,27].

An autochthonous algal consortium, predominantly of the genera Chlorella and
Scenedesmus, isolated from local environments, was used [32,33]. The culture was main-
tained in a 10 L vertical tubular photobioreactor [17].

It should be noted that the tertiary microalgae stage was operated with secondary ef-
fluent and therefore should not be interpreted as an axenic culture. Although the inoculum
was based on an autochthonous consortium dominated by Chlorella and Scenedesmus,
bacterial coexistence was expected due to the non-sterile nature of the wastewater matrix.
Accordingly, the tertiary stage is more appropriately described as an algal-bacterial pol-
ishing system, in which nutrient removal, carbon transformation, and oxygen production
result from the interaction between both biological components.

The pre-treated secondary effluent (with remaining BOD, S_e) was continuously fed
to the photobioreactor. The operating conditions were: white LED illumination with a
photoperiod of 16:8 h light-dark and an intensity of 150 pmol photons m 2 s~!; temperature
of 25 £ 2 °C; and a pH maintained at 7.5 £ 0.3 by controlled addition of CO; [22,34].

Concentration of algal biomass (dry weight), influent and effluent BOD, nutrients
(N-NH4*, N-NO3 ~, P-PO437), oxygen produced and total organic carbon (TOC) [15,19].

2.4.1. Fundamentals of the Process

After secondary treatment, fractions of biodegradable substrate (BOD), nitrogen and
phosphorus are usually left. These fractions can serve as nutrients and a carbon source for
microalgae, which perform photosynthesis according to [20,38]:

CO; + HyO + light — algal biomass + O,
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The oxygen produced can reduce the energy demand for aeration in the biological
reactor, while the embodied biomass fixes atmospheric carbon. Within an appropriate
residual load range, the remaining biodegradable substrate can support the performance
of the tertiary algal-bacterial stage. However, excessively high residual BOD may also
stimulate bacterial growth and alter the final biomass composition. Therefore, residual
BOD should be interpreted as a driver of mixed algal-bacterial productivity rather than as
a direct linear predictor of purely algal growth.

2.4.2. Calculation of Usable Residual Load

Remaining BOD (Se) is calculated after secondary treatment. The total daily available
for microalgae is [12]:

BOD_remainder (kg/d) = Se (mg/L) - Q (m3/d) - 0.001 (10)
with Q = 6000 m3/d, for example:
—Se=8mg/L — 48kg/d — Se =15mg/L — 90 kg/d — Se =25 mg/L — 150 kg/d
This load constitutes an energy and nutritional resource for algal cultivation.

2.4.3. Algal Biomass Production
The algal yield employed is [15,18]:

Y_algal = 0.5 kg biomass/kg BOD (11)

Therefore:
Biomass_algal = BOD_remainder - Y_algal (12)

Example for Se = 15 mg/L:
Biomass_algal =90 - 0.5 =45 kg/d

2.4.4. CO, Capture

Algal biomass fixes carbon by an average factor [34,36]:
CO;,_captured = Biomass_algal - 1.8(kg CO,/kg biomass) (13)
For Se =25 mg/L:
CO,_captured =75 - 1.8 = 135 kg CO,-d !
This value is significant when compared to the emissions of the secondary process.

2.4.5. Additional Operating Benefits

The additional operating benefits include reduced energy consumption by aeration
due to photosynthetic O, [24,25], nutrient removal (N and P), which contributes to regu-
latory compliance [19], possible recovery of biomass in the form of biofertilizer, biofuels
or compost [16,20], and process stability by reducing residual BOD, lowering endogenous
respiration and associated emissions [7].

Beyond direct carbon mitigation, recent studies emphasize that biomass obtained
from wastewater-grown microalgae can support broader circular economy pathways, in-
cluding recovery as biofertilizers and soil amendments, anaerobic digestion or biofuel
precursors, and the extraction of high-value compounds such as pigments, antioxidants,
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and biostimulant fractions, depending on downstream processing and contamination con-
straints [16,20,21,31,38]. These alternative uses are relevant because they can improve
the environmental and economic feasibility of hybrid WWTP-microalgae systems, es-
pecially in island contexts where resource recovery and land-use efficiency are strategic
concerns [39,41,58].

2.4.6. Selection of the Type of Algal System
The most suitable systems for WWTPs are:

»  Open carousel photobioreactors: low cost, large surface area [17].
s Closed photobioreactors: higher efficiency but more expensive [34,35].
s Hybrid algae-bacteria systems: especially useful when seeking to reduce aeration [33,40].

The choice depends on the remaining BOD, space availability, and mitigation goals [2,6,28].

2.5. Environmental Assessment and Scenarios Analyzed

Based on the kinetic parameters obtained [29] and algal yield [15], different operational
scenarios were modeled by varying the remaining BOD (Se: 8, 15 and 25 mg/L) for a
reference flow rate (Q = 6000 m3/d). The GHG emissions avoided [4,8], the reduction
in energy consumption by aeration [25] and the net carbon balance of the hybrid system
compared to the conventional system [27,28,32] were estimated.

2.6. Energy Accounting and Sensitivity (Photobioreactor Lighting)

Because the photobioreactor operated under artificial illumination (white LED, 16:8 h),
the net mitigation potential depends on the electricity consumption of the lighting and
auxiliary systems (mixing/pumping), as well as on the local grid emission factor. To
ensure transparency, results are reported in two ways: (I) process-only mitigation (BOD
removal improvement and potential aeration reduction) and (II) a sensitivity-based net
carbon balance including photobioreactor electricity demand. In the sensitivity analysis,
the photobioreactor electricity consumption (E_PBR, kWh-d ') is compared against the
estimated aeration energy savings (E_saved, kWh-d~1). The net CO, balance is computed
as CO,_net = CO,_baseline — CO,_captured + (E_PBR — E_saved)-EF_grid, where EF_grid
is the electricity emission factor (kg COeq-kWh™1).

3. Results and Calculations (Complete Experimental Phase: Kinetics of
Activated Sludge + Mitigation by Microalgae)

3.1. Obtaining Biokinetic Parameters of the Activated Sludge Process

The experimental phase described above allowed determination of the main biokinetic
parameters of the activated sludge system by means of tests in batch and continuous
reactors [6,29], as shown in Figure 4.

Note on figure interpretation: Figure 3 reports reconstructed mean & SD values for
Xv,a (MLVSS) based on day-by-day measurements preserved in the historical dataset [43],
and therefore error bars are shown for this variable. By contrast, Figures 4-7 represent
deterministic outputs derived from kinetic relationships and scenario calculations; therefore,
standard deviation bars are not applicable to those plots. For the experimentally based
comparison summarized in Table 2, the manuscript reports range/mean interval values
reconstructed from the historical assays. Because replicate-level raw datasets were not
preserved in the archival source, standard deviations could not be reconstructed with
sufficient rigor for all variables, and this is acknowledged as a limitation.
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Figure 6. CO; captured by algal biomass (kg/d) using the factor 1.8 kg CO, /kg biomass.

Table 2. Variables before and after the trial.

Variable

Before (Sludge Only) After (Sludge + Microalgae)

BOD final
Total nitrogen
CO, emitted
Aeration requirement

8-14 mg/L
1422 mg/L
100% base
100% base

1-5mg/L

2-9mg/L
—22 to —35%
—15to —28%
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Figure 7. Comparison of average final BOD before (only sludge) and after (sludge + microalgae).

From the time series of BOD, MLVSS, q, it and RO;, the following were obtained:

q=(1/X)- 1dS/dtl (14)
= (1/X) - (dX/dt) (15)
RO2=a-q+b (16)

The experimentally determined biokinetic parameters are presented in Table 3. The
values fall within the typical ranges reported for stable activated-sludge systems, which
supports the internal consistency of the kinetic reconstruction but should not be interpreted
as a substitute for replicate-controlled tertiary validation [6,8].

Table 3. Experimental parameters.

Parameter Experimental Value Meaning
k 21-34d7! Substrate consumption kinetic constant
Ks 24-36 mg/L Semi-saturation process
Y 0.42-0.55 mg VSS/mg BOD Cellular performance
Kd 0.04-0.08 d! Endogenous decay
a 2.6-3.1 mg O, /mg BOD Oxygen oxidation coefficient
b 0.15-0.22 mg O, /(mg VSS-d) Endogenous respiration

These parameters were calculated from the graphs generated:

BOD vs. Time: decreasing exponential trend;

MLVSS Time: growth to stationary phase;

q vs. S: Monod ratio with good fit (R? > 0.93);

RO, vs. q: high linearity (R? > 0.96).

These values now serve as a quantitative basis for integrating the behavior of the
secondary treatment with the microalgae system [6,19,20], as shown in Figure 5.

3.2. Calculation of the Residual Substrate (Se) and Its Environmental Impact

The Se value (BOD remaining after the biological process) calculated from the adjusted
kinetic models was the following:

Se =8-14 mg/L

This residual substrate is what feeds the direct emissions in the WWTP:
e  Biogenic CO, by oxidation of the remaining carbon.
e NO due to incomplete nitrification in micro-anoxic areas [4].
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e CHj by decomposition of biomass not fully oxidized [7].

The kinetic model indicates that, without tertiary treatment, the system would emit
approximately the following:

CO, ~ Y_CO, (Sy — Se) 17)

N>O « K_nit (NHy4/Se) (18)

where the increase in the probability of formation of N,O increases almost exponenti-
ally [4,5,7,8].

3.3. Experimental Integration with the Microalgae System
3.3.1. Experimental Coupling with Microalgae (Laboratory-Scale)

The secondary effluent (BOD_e in the range 8-14 mg/L) was fed to a 10 L vertical
tubular photobioreactor operated at 150 pmol photons m~2 s~! (white LED), 16:8 h light-
dark, 25 &+ 2 °C and pH 7.5 & 0.3 controlled via CO, injection. Under these laboratory
conditions, the coupled system reduced final BOD from 8 to 14 mg/L (activated sludge
alone) to 1-5 mg/L, while total nitrogen decreased from 14 to 22 mg/L to 2-9 mg/L.
Relative reductions in aeration requirements (—15 to —28%) and CO; emissions (—22 to
—35%) were observed compared to the baseline activated sludge configuration.

Because a parallel non-inoculated control reactor was not part of the original laboratory
design, these tertiary-stage observations should be interpreted as the combined behavior
of an algal-bacterial consortium under the tested conditions rather than as a direct causal
estimate of the algal effect alone.

Nevertheless, the exploratory tertiary response remains engineering-relevant because
regional plant records indicate that polishing stages are realistically needed in Canary
Islands WWTPs. In the Jindmar case, biological treatment is followed by a tertiary reclama-
tion line that enters service when additional reclaimed-water quality is required, and the
biological effluent still presents residual concentrations compatible with a polishing-stage
rationale [43]. This external consistency supports the relevance of the present tertiary
assessment, but it does not convert it into replicate-based causal validation.

Algal biomass can sequester approximately 1.8 kg CO, per kg dry biomass, as shown
in Figure 6.

Its nutritive kinetics are governed in the first approximation by [19,22]:

p_alga = p_max - (5/(K_s +5)) (19)

When the secondary effluent (with Se of 8-14 mg/L) was coupled to the photobioreac-
tor, the following was observed as shown in Table 2 and Figure 7:

The dispersion observed in the reduction ranges reported in Table 2 reflects the dif-
ferent residual-load scenarios analyzed after secondary treatment. In this context, the
response of the tertiary stage depends on the remaining biodegradable load, the associated
mixed algal-bacterial productivity, and the extent to which photosynthetically generated
oxygen may offset mechanical aeration. Therefore, these values should be interpreted as a
scenario-based mitigation interval rather than as a single fixed operating value. No inferen-
tial statistics are reported for the tertiary-stage outcomes because the available laboratory
dataset does not contain independent replicated runs or a non-inoculated control reactor.

Calculation of the final BOD after microalgae [19,37]:

S_final =Se — q_alga - X_alga - t (20)

Being typically:
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X_alga = 350-600 mg/L
g_alga = 0.6-1.1 mg BOD/(mg alga-d)
Applying the actual values:

S_final ~ 10 — (0.8)(450)(1) = S_final ~ 2.4 mg/L

A value that coincides with the experimental results, as shown in Figure 8.

— S(t)
—=- Se target = 15 mg/L

I u o ~ ®
o o o o o
o o o o o

S(t) (mg/L)

w
o
]

Batch-decay
timescale = 107 d

0 20 40 60 80 100 120
Time (d)

Figure 8. Temporal evolution of S(t) according to exponential model and estimated time to reach
Se =15mg/L.

3.3.2. Scenario-Based Upscaling (Reference Flow Q = 6000 m3-d~1)

To explore the potential magnitude of mitigation at plant scale, Se = 25 mg/L was
evaluated for Q = 6000 m3-d~!. The remaining BOD load is computed as BOD_rem = Se
x Q x 0.001 (kg-d~1), algal biomass as Biomass_algal = BOD_rem x Y_algal, and CO,
capture as CO,_captured = Biomass_algal x 1.8.

e Available remaining BOD: 150 kg-d !
e  Algal biomass produced: 75 kg-d !
e  CO; captured (factor 1.8): 135 kg CO,-d!

3.4. Integrated Graphical Comparison

The kinetic results obtained in the activated sludge system and the values recorded
after incorporation of the microalgae culture are integrated and analyzed together [15,40,59].
The graphs generated allow a comparative visualization of the effects of the hybrid system,
showing clear differences in the removal of organic matter, the cellular respiration of the
process and the net carbon balance.

3.4.1. BOD Removal

The results obtained show that, in the conventional treatment based only on activated
sludge, BOD removal is between 72% and 85%, depending on the concentration of influent
substrate (Sp), the aeration conditions and the physiological state of the bacterial culture.

However, when applying the integrated system with microalgae, BOD removal
increases to 87-94%, which represents a significant increase over the conventional
method [19,27]. The main reason is that the algal culture directly consumes part of the
remaining soluble BOD (Se), in addition to taking advantage of nitrogen-phosphorus nu-
trients [19], reducing the bacterial biomass in the endogenous phase and thus achieving
almost complete purification.
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The corresponding graph clearly shows this behavior: before microalgae, average
values of 10-12 mg/L are observed, while after algal treatment these are reduced to
24 mg/L.

3.4.2. Biomass Production and Respiration

The system’s respiration, represented by the total oxygen demand (RO;), experiences
a drop of approximately 25% after integrating the microalgae culture. This decrease is
related to the oxygen supply produced by algal photosynthesis, which reduces the need for
mechanical aeration [24,25].

By decreasing the rate of bacterial substrate consumption (g) and the endogenous
respiration rate (b), the hybrid system demonstrates greater energy efficiency, since aeration
represents between 30% and 65% of the total electricity consumption of a WWTP [2,3].

3.4.3. Net CO, Capture

The carbon balance shows even more significant results. The CO, emitted by the
biological system comes from substrate oxidation and endogenous respiration [5,7]. How-
ever, algal biomass captures approximately 1.8-1.83 kg of CO, for every kg of biomass
formed [23].

When comparing both processes, the modeled scenarios indicate the following;:

COy_net = CO,_emitted — CO,_captured

(21)
COy_net<0

Under the modeled operating scenarios, the integrated system may approach net-
negative carbon behavior in the highest residual-load case; however, this should be in-
terpreted as a scenario outcome and not as direct experimental proof of a permanent
carbon sink.

The graphical and analytical integration therefore suggests, rather than conclusively
demonstrates, that coupling heterotrophic sludge kinetics with algal-bacterial polishing
can improve organic-load reduction, reduce aeration demand, and enhance the overall
carbon balance under the evaluated boundary conditions [28,40].

3.5. Overall Results of the Hybrid System

e Sludge kinetics determine the amount of residual carbon and thus the emission
potential [6].

e  Microalgae remove most of the Se, reducing direct emissions and aeration demand [1,5,9].

e The algal biomass generated can be valorized as a biofertilizer, closing the nutrient
cycle [16,20].

e  The coupled configuration should not be interpreted as experimentally proven to
improve total WWTP sustainability by a fixed percentage; rather, the scenario analysis
suggests a potentially favorable environmental response under the specific residual-
load conditions evaluated [1,6,26,39].

4. Discussion

The results demonstrate that the synergy between the heterotrophic kinetics of ac-
tivated sludge and the photoautotrophic kinetics of microalgae generates quantifiable
environmental and operational benefits [33,40]. The 25% reduction in aeration demand
is consistent with the findings of Zhang et al. (2019) on the optimization of aeration sys-
tems [25]. The capture of 135 kg CO,/day in the scenario with the highest residual load is a
notable result, in line with previous studies proposing algal systems as a “carbon-negative”
treatment strategy [28].
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From a critical literature perspective, the main contribution of this manuscript is not
to claim full-scale proof of concept, but to bridge two strands of research that are still often
disconnected: activated sludge kinetic reconstruction and carbon mitigation assessment of
algal polishing. Reviews published in recent years show that the field is moving toward
integrated algal-bacterial systems, life cycle assessment, and resource recovery thinking, yet
robust studies still face recurrent limitations related to scale-up, artificial lighting penalties,
incomplete uncertainty treatment, and the absence of appropriate controls separating
algal and bacterial effects [18,31,35,38,40-42]. In this context, the present work should be
interpreted as an experimentally informed scenario study that contributes to this transition
while still acknowledging the need for pilot-scale confirmation.

The improvement in nutrient removal (N and P) observed underscores the role of
microalgae in advanced tertiary treatment, as reported by Posadas et al. (2017) [19]. This
is particularly relevant for regions such as the Canary Islands, where the discharge of
nutrients to sensitive marine ecosystems is a concern [10].

The success of coupling is critically dependent on the remaining BOD (Se), which
acts as a substrate for the algae [19,41]. Our kinetic model provides a tool to predict
this value and appropriately size the algal system [29]. Constraints to consider include
the seasonality of algal growth, the need for space for photobioreactors [17], and initial
investment costs [35]. Future research should address the optimization of the type of
photobioreactor (open vs. closed) and the valorization of algal biomass produced in
biorefineries [16], maximizing the circularity of the process [39].

Although the Canary Islands provide favorable solar radiation and temperatures for
microalgal growth, maintaining laboratory performance at 6000 m3/d would still require
solving full-scale constraints such as light attenuation, reactor footprint, land availability,
biomass harvesting, and the energy/economic penalty associated with closed or artificially
illuminated systems.

Several limitations of the present study should be explicitly acknowledged. First, the
activated sludge kinetics were estimated at laboratory scale, while the tertiary microalgae
stage was assessed under controlled laboratory conditions and subsequently extrapolated
to a 6000 m3/d reference scenario. Therefore, the scale-up analysis should be interpreted
as a scenario-based engineering assessment rather than as a direct demonstration of full-
scale operation.

Second, the performance of microalgae-based systems is strongly influenced by envi-
ronmental and operational conditions, including light availability, temperature, nutrient
availability, and CO, supply. In addition, the practical implementation of these systems
depends on downstream constraints such as biomass harvesting, recovery efficiency, and
broader techno-economic feasibility.

Third, because the tertiary stage operated with non-sterile secondary effluent, the
system should be understood as algal-bacterial rather than purely algal. Under these con-
ditions, residual BOD does not exclusively promote algal growth and may also stimulate
bacterial proliferation, which can influence the final biomass composition and the overall
oxygen demand balance. Overall, the present work should be interpreted as an experi-
mentally informed, scenario-based contribution within a field that still requires further
methodological development, especially in the context of the water-carbon-energy nexus
and full-scale implementation of integrated carbon mitigation strategies in WWTPs.

A further limitation is that a parallel non-inoculated control reactor was not included
in the original tertiary stage experimental design. Consequently, the present study cannot
completely disentangle the separate contributions of algae and bacteria under the tested
conditions, and this point should be addressed in future pilot-scale validation.
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Consistent with these limitations, the present dataset supports kinetic parameter
derivation and the construction of a plausible mitigation envelope, but it does not sup-
port formal inference on effect size, precision, or causality for the tertiary stage. The
manuscript has therefore been revised to avoid causal language implying that algae alone
were responsible for the observed changes.

Taken together, these complementary sources strengthen the contextual interpretation
of the study in two ways. First, they support the description of the kinetic phase as a time-
resolved laboratory campaign, rather than as an interpretation based solely on isolated
endpoint measurements. Second, they place the assumptions used for the polishing-stage
scenario within a realistic operating envelope for wastewater treatment plants in the
Canary Islands [43,57]. However, these sources do not remove the main experimental
limitations in a strict causal sense because they cannot provide missing replicate runs
under identical conditions or a non-inoculated control reactor. Accordingly, the present
manuscript frames the results as an experimentally constrained kinetic reconstruction
combined with a scenario-level interpretation of tertiary algal-bacterial polishing, rather
than as a definitive validation of the tertiary process.

Likewise, future validation should incorporate publication-ready day-by-day time-
course profiles and a parallel non-inoculated control in order to separate stabilization effects
from the specific contribution of the algal-bacterial consortium with greater statistical rigor.

5. Conclusions

This study combined laboratory-based activated sludge kinetic characterization with a
scenario-based assessment of a tertiary algal-bacterial polishing stage in order to evaluate
the potential mitigation of the carbon footprint in wastewater treatment plants. The
activated sludge assays provided an experimentally constrained basis for estimating the
residual biodegradable load after secondary treatment, which was then used to evaluate
the environmental response of the integrated system under a 6000 m3/d reference scenario.

The results suggest that the hybrid configuration may improve final effluent quality,
reduce aeration demand, and contribute to a more favorable carbon balance when compared
with the conventional treatment line. Under the evaluated conditions, final BOD decreased
from 8 to 14 mg/L to 1-5 mg/L, total nitrogen decreased from 14 to 22 mg/L to 2-9 mg/L,
and the expected reduction in aeration demand remained within the scenario-dependent
interval reported in the Section 3.

However, these outcomes must be interpreted in the context of the study limita-
tions, particularly the laboratory scale of the experimental systems, the scenario-based
nature of the full-scale extrapolation, and the algal-bacterial rather than axenic character
of the tertiary stage. Consequently, the present work should be understood as an exper-
imentally informed and exploratory contribution that supports the relevance of hybrid
sludge-microalgae strategies for WWTP sustainability, while also highlighting the need
for further pilot-scale validation, explicit control experiments, and more robust statistical
treatment of repeated measurements.

Complementary archival evidence therefore improves methodological traceability,
supports the temporal characterization of the kinetic phase, and places the polishing-stage
assumptions within a plausible regional wastewater treatment plant context. Nevertheless,
it cannot substitute for the replicate-controlled experimentation required to definitively
validate the tertiary stage [43,57].
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