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• System dynamics modeling provides a
tool for downstream nutrient load management.
• A system dynamics model was used to
assess output nutrient loads at rural
WWTPs.
• Intentional struvite recovery reduced
efﬂuent P discharge almost completely.
• Incorporating struvite recovery increased biosolids N:P by reducing P content.
• Efﬂuent P and biosolids N:P reductions
can mitigate the impact of WWTP
discharges.
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a b s t r a c t
A system dynamics modeling approach was used to assess the potential impact of intentional struvite crystallization recovery on wastewater treatment plant (WWTP) allocation of N and P in efﬂuent and biosolids outputs.
Struvite crystallization has been used to recover wastewater N and P and produce valuable fertilizer. However, it
is often overlooked whether additional beneﬁts may be realized by diverting N and P from other fates. A system
dynamics model was used with operational data from three activated-sludge WWTPs in North Florida. Incorporating struvite crystallization reduced the efﬂuent P load by 37 to 100%, dependent upon the WWTP. This may
translate into substantial savings for systems facing severe restrictions in efﬂuent P release outside the plant. Additionally, biosolids P load reductions ranged from 17 to 46%. The model also predicted a 37% average increase in
the biosolids N:P ratio. Increasing the N:P ratio may allow for greater biosolids land-application rates where P fertilizer restrictions exist. In comparison, the N load reductions were much less dramatic, i.e. below 10% reduction
from the efﬂuent and 14% from the biosolids. Most N inputs into an activated-sludge type WWTP are likely lost
through denitriﬁcation during wastewater processing and struvite does not appear to be a signiﬁcant means of
recovering N from small WWTPs. However, incorporating struvite recovery into even the simplest WWTPs reduces efﬂuent post-treatment needs and results in a more useful biosolids product.

1. Introduction
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In recent years, phosphorus (P) loads to the world's rivers have doubled because of deforestation and soil erosion, fertilizer runoff, and sewage discharge (Filippelli, 2008). Land-applied P from soluble mineral or
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organic fertilizers (e.g., manures, litter, biosolids) can often move P offsite via runoff and leaching, leading to eutrophication and subsequent
degradation of water bodies (Elser and Bennett, 2011; Hendriks and
Langeveld, 2017).
Capturing excess municipal wastewater P through struvite
(MgNH4PO4·6H2O) precipitation is an attractive option for P recovery
and its re-use as fertilizer, but the technology has been largely limited
to anaerobic wastewater treatment systems. However, Hallas et al.
(2019) demonstrated that small rural wastewater treatment plants
(WWTPs) with activated-sludge systems can also beneﬁt from struvite
precipitation and recovery methods, with little to no co-precipitates, if
pH control and reaction chemistry (typically magnesium (Mg) augmentation) are addressed. They maintained digester pH through degassing,
while Mg augmentation was supplied by adding a soluble Mg salt. Magnesium is often supplied as MgSO4 or MgCl2 salts (Lahav et al., 2013;
Romero-Güiza et al., 2015; Zhao et al., 2019). However, the unconsumed SO2−
4 can increase wastewater corrosivity, as well as emit odor
(Wiener et al., 2006). When wastewater efﬂuent is used for crop irriga−
tion, the additional SO2−
4 and Cl may also negatively impact soil solid
and aqueous phase nutrient/metal balances (de Sousa et al., 2014;
Khalid et al., 2018).
Without struvite crystallization, the WWTP inﬂuent P (~70%) is primarily incorporated into the sludge, which is separated from the
activated-sludge process for further treatment to reduce volatile
suspended solids and thereby decrease the sludge volume, reduce pathogens, and achieve vector attraction reduction (Wang et al., 2007;
Hallas et al., 2015a, 2015b). Once treated, this material is designated
as biosolids. Small WWTPs most often stabilize biosolids through aerobic processes that rely upon biochemical oxidation (Nowak, 2006). As a
result, the aerobic digester is the major sink for P until its removal as
biosolids. A relatively smaller proportion of P, approximately 30% or
less, leaves the WWTP as efﬂuent. It is unclear how intentional struvite
precipitation affects the conventional P output streams, which is important from the standpoint of excessive P in one or more alternative output streams (efﬂuent and biosolids).
For example, P reductions in efﬂuent output are typically achieved
through chemical precipitation with materials such as aluminum sulfate
and treatment costs average $309 per m3 of wastewater (U.S. EPA,
2015). Although biosolids are a viable source of nitrogen (N) and P fertilizer (Elliott et al., 2005; Barbarick et al., 2017; Silveira et al., 2019), the
N:P ratio is lower than plant demand. Over time, if biosolids applications
are based on N requirements (which is the convention for many places),
soil P accumulates and outpaces crop needs (O'Connor et al., 2004). Reducing biosolids P content therefore has the potential to improve biosolids marketability.
There is a long history of using struvite formation models to enhance
controlled struvite precipitation and recovery, or to mitigate nuisance
struvite formation in WWTP wastewater streams (Snoeyink and
Jenkins, 1980; Loewenthal et al., 1994; Ohlinger et al., 1998). However,
to date, there have not been reports of mass balance models that
demonstrate how struvite precipitation impacts N and P in the other
WWTP downstream outputs, in particular, N and P loads destined for
discharge to the environment through treated wastewater efﬂuent
and biosolids. Although Venkatesan et al. (2016) developed a P mass
balance model, it was limited to a single WWTP design with enhanced
biological P removal and anaerobic biosolids digestion.
In this study, we used a system dynamics modeling approach to assess the impact of intentional struvite recovery on the proportioning of
N and P to wastewater efﬂuent and biosolids, using wastewater loading
data from three activated-sludge WWTPs. Chloride and sulfate from
magnesium augmentation (used to increase struvite yield) were also
modeled, since these anions at high concentrations may pose operational or environmental risks. The system dynamics approach provides
solutions to real-world systems having complex interactions, where linear and other traditional analytic approaches often prove inadequate
(Martinez-Moyano, 2018).

Table 1
WWTP location operational data from 2013 to 2018.
Parameters

Location 1

Location 2

Location 3

Design type

Complete mix

SBR

SBR

Treatment capacity (m3 d−1)
Average treatment rate (m3 d−1)
Filtrate ﬂow rate (m3 d−1)
Inﬂuent P (kg d−1)a
Inﬂuent N (kg d−1)a
Efﬂuent P (kg d−1)a
Efﬂuent N (kg d−1)a
Biosolids P (kg d−1)a
Biosolids N (kg d−1)a
P to biosolids conversion ratio
Struvite (g m−3 d−1)b

2650
2445
53
17.6 ± 4.1
117.8 ± 27.7
7.0 ± 1.3
24.5 ± 5.8
10.6 ± 0.8
27.5 ± 1.3
0.60 ± 0.09
353.1

1893
976
37.9
7.0 ± 1.3
47.0 ± 5.6
2.3 ± 0.4
9.8 ± 1.5
4.7 ± 0.5
9.0 ± 1.5
0.67 ± 0.08
74.4

946
518
18.9
3.7 ± 0.7
25.0 ± 4.8
2.7 ± 0.5
5.2 ± 1.0
1.1 ± 0.1
0.7 ± 0.1
0.28 ± 0.06
93.8

a
b

Data represent means ± standard deviation (n = 256).
Adapted from Hallas et al. (2019).

2. Materials and methods
The software package Structural Thinking Experimental Learning
Laboratory with Animation (STELLA) V9.0 (isee systems Inc., Lebanon,
NH, USA) was used for this study. STELLA offers a means for addressing
changes in P and N outputs at WWTPs using four basic building blocks.
These are comprised of stocks, ﬂows, converters and connectors:
1) stocks represent material accumulations, 2) ﬂows are the rates that
represent inputs and outputs to stocks, 3) converters are equations
used to generate output values over each time interval and are used
by other variables, such as ﬂows, and 4) connectors represent dependencies between converters and ﬂows, thereby regulating ﬂows.
−
Wastewater treatment plant N, P, SO2−
4 , and Cl concentrations and
their respective allocations to struvite, efﬂuent, and biosolids were simulated as a function of wastewater input and struvite precipitation. Struvite
formation rate data originated from three North Florida WWTPs, as reported by Hallas et al. (2019). These and other relevant operational data
(Table 1) were input to STELLA system dynamics models.
The WWTPs represented two commonly used variations of
activated-sludge wastewater treatment processing (Grady et al.,
1999). Location 1 WWTP was a complete-mix reactor, with the activated sludge returned throughout the entire active sludge processing
(Tchobanoglous et al., 2014), while the other two WWTPs (Locations
2 and 3) were sequencing batch reactors (SBR), with the activatedsludge process carried out in a single tank (Hallas et al., 2019). Among
the three WWTPs, processing capacities ranged from 946 to 2650 m3
wastewater d−1. The inﬂuent, efﬂuent, and biosolids data used to populate the models were compiled from operational data collected weekly
from 2013 through 2018 (n = 256).
2.1. Sample analyses
Total N was calculated using standard methods SM-4500-NH3, SM4500-NO3 E, SM-4500-Norg E (AWWA et al., 2012). Filtrate NH4-N was
measured using standard method SM-4500-NH3 (AWWA et al., 2012);
PO4-P was measured using standard method SM-4500-P E (AWWA
et al., 2012). Additionally, Cl− and SO2−
4 sampling were not part of the
Table 2
Measured Cl− and SO2−
4 loads.
Parameters (kg d−1)

Location 1

Location 2

Location 3

Inﬂuent Cl−
Efﬂuent Cl−
Biosolids Cl−

116 ± 13.3a
112.7 ± 36.4
3.5 ± 0.6

30.6 ± 5.2
29.7 ± 15.8
0.9 ± 0.3

27.6 ± 2.0
26.7 ± 3.3
0.8 ± 0.2

Inﬂuent SO2−
4
Efﬂuent SO2−
4
Biosolids SO2−
4

16.7 ± 9.2
6.7 ± 2.5
10 ± 0.8

13.8 ± 6.5
5.5 ± 1.5
8.3 ± 1.3

1.1 ± 0.3
0.45 ± 0.1
0.7 ± 0.1

a

Data represent means ± standard deviation (n = 10).
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original operational data set but were measured as composite samples
collected biweekly (April to June 2019) at the three locations, using
SM 4500 Cl− C (AWWA et al., 2012) and ASTM D516-90 (ASTM
International, 1995) respectively. The Cl− and SO2−
4 data are given in
Table 2.
2.2. Phosphorus model
Eq. (1) represents the P loading at the three WWTPs.
Influent P load ¼ Effluent P load þ Biosolids P load

ð1Þ

To account for P following the separation of efﬂuent from suspended
solids, a biosolids P conversion ratio was calculated, based on the quotient of biosolids P load and inﬂuent P load (Eq. (2)). Eqs. (1) and (2)
were used to populate STELLA model stocks, ﬂows, and rates (Fig. 1).
Biosolids P conversion ratio ¼

Biosolids P load
Influent P load

ð2Þ

The location operational data (Table 1) were used to validate the P
model. Subsequently, the struvite P load (output) was then added to
the model, using rate data from Table 1. The experimentally determined
rates were measured from a separate series of laboratory experiments
where wastewater ﬁltrates from each of the three WWTP locations
were used to determine P removal rates due to struvite formation
(Hallas et al., 2019).

3

2.3. Nitrogen model
A second model was used to determine the effect struvite production has on biosolids N loading and N:P ratios. Since
activated-sludge WWTPs were designed for biological N removal,
there is a large proportion of N input targeted for denitriﬁcation.
To account for this potential loss, a total nitrogen (TN) balance
was calculated, using the Activated Sludge Model 3 (ASM3)
(Henze et al., 2002) (Eq. (3)). The original P model (Fig. 1) was
modiﬁed for N (Fig. 2). Nitrogen data from Table 1 were used to validate the N model.
NTOT ¼ SNH4 þ SNOx þ SN2 þ iNSI SI þ iNSS Ss þ iNXS X s þ iNBM ðX H þ X A Þ
þ iNXI X I
ð3Þ
where,
SNH4 = ammonium plus ammonia nitrogen (g N m−3)
SNOX = nitrate plus nitrite nitrogen (g N m−3)
SN2 = nitrogen (g N m−3)
iNX = fraction of nitrogen incorporated in substrate X
SI = inert soluble organic material (g chemical oxygen demand
(COD) m−3)
SS = readily biodegradable organic substrates (g COD m−3)
XS = slowly biodegradable organic substrates (g COD m−3)
XH = heterotrophic organisms (g COD m−3)
XA = nitrifying organisms (g COD m−3)
XI = inert particulate organic material (g COD m−3).

Fig. 1. Phosphorus mass balance model. Stocks (rectangle) and ﬂows (pipe with tap) are the model's basic building blocks. Converters (small circles) represent calculations that link the
ﬂows and stock values.
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Fig. 2. Nitrogen mass balance model. Stocks (rectangle) and ﬂows (pipe with tap) are the model's basic building blocks. Converters (small circles) represent calculations that link the ﬂows
and stock values.

2.4. Magnesium augmentation
A Mg model was not included, since the authors previously reported
that under normal operational conditions, Mg concentration did not interfere with P or N balances (Hallas et al., 2019). However, Mg augmentation was used to optimize struvite yield. Two additional models were
created in order to track Cl− or SO2−
4 ions as by-products of Mg augmentation. These originated from either MgCl2 or MgSO4, respectively. The
potential Cl− and SO2−
4 transfer to efﬂuent and waste activated sludge
was calculated by mass balance from the experimental WWTP location
data.

data. Similarly, the N model showed a signiﬁcant correlation of the
modeled results with measured data at the P b 0.05 level, with YModeled
2
N = 1.14XMeasured N − 0.44 (R = 0.96, P b 0.001), and RMSE = 1.9. The
RMSE value was within expected ranges of N, indicating an overall
agreement between measured and predicted data. Likewise, the Mg
augmentation models for tracking Cl− and SO2−
ions showed signiﬁ4
cant correlations of the modeled results with measured data at the
P b 0.05 level, with YModeled Cl = 0.92XMeasured Cl + 0.63 (R2 = 0.99,
P b 0.001) and YModeled SO4 = 0.93XMeasured SO4 + 0.11 (R2 = 0.99,
P b 0.001), and RMSE = 1.1 and 0.3, respectively.

2.5. Statistical analyses

3.2. Phosphorus response to struvite addition

A mixed model method was used (JMP Pro, version 14.1.0, SAS Institute, Cary, NC, USA) for assessing results from the STELLA model runs.
The STELLA model runs were subjected to the standard least squares
method to determine the root mean square error (RMSE), which was
used to evaluate model performance (Bennett et al., 2013).

The experimentally determined struvite production rates from
Table 1 were added to the P model. The resulting P reductions were
somewhat similar between efﬂuent and biosolids but percent

3. Results
3.1. Model calibration and validation
Prior to including the struvite recovery component, calibration of
each model was achieved by adjusting the corresponding conversion
ratio. There was good agreement between measured data and modeled
predictions (Table 3). The P model showed signiﬁcant correlation of the
modeled results with measured data at the P b 0.05 level, where YModeled
2
P = 1.06XMeasured P + 0.01 (R = 0.99, P b 0.001), and RMSE = 0.047,
indicating an overall agreement between measured and predicted

Table 3
Nutrient load comparisons between measured data and modeled results.
Parameters
(kg d−1)
Efﬂuent P
Biosolids P
Efﬂuent N
Biosolids N
Efﬂuent SO2−
4
Biosolids
2−
SO4
Efﬂuent Cl−
Biosolids Cl−

Location 1
Location 2
Location 3
Measured Modeled Measured Modeled Measured Modeled
7.0
10.6
24.5
27.5
6.7
10.0

7.0
10.6
23.5
27.5
7.3
10.9

2.3
4.7
9.8
9.0
5.5
8.3

2.3
4.7
9.7
9.0
5.5
8.2

113
3.5

122
3.8

29.7
0.9

29.7
0.9

2.7
1.1
5.2
0.7
0.45
0.7
26.7
0.8

2.8
1.0
5.1
0.6
0.45
0.7
26.7
0.8
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Table 4
Modeled effect on efﬂuent and biosolids P loads by including a struvite recovery module.

Scenario
– Struvite
+ Struvite
+ Struvite
+Mg

Efﬂuent P (kg P d−1)
Location Location Location
1
2
3

Biosolids P (kg P d−1)
Location Location Location
1
2
3

7.0
0.0
0.0

10.6
8.8
8.2

2.3
1.4
0.9

2.7
1.7
0.0

4.7
3.7
3.6

1.1
0.6
0.4

reductions in the outputs were relatively greater in the efﬂuent (ranging
from 0.9 to 7.0 kg P d−1 or 37–100%) compared to biosolids P (ranging
from 0.5 to 1.8 kg P d−1 or 17–46%) (Table 4).
Hallas et al. (2019) reported that increasing [Mg2+] to 1.5 times the
P concentration approximately doubled struvite yield, and this relationship was used to calculate the amount of Mg2+ augmentation required
for each location. The increased [Mg2+] was used to calculate a new
struvite production rate and this rate was applied to the models. The P
model with the new struvite production rate predicted the P efﬂuent
load would be reduced 22% further at Location 2, and it would be
completely eliminated from the efﬂuent at Location 3 (Table 4). Location 1 was unaffected, as the efﬂuent P load was eliminated without
need for Mg augmentation. Additionally, the P biosolids load showed
further reductions of 6%, 2%, and 18% for Locations 1, 2, and 3, respectively, through Mg augmentation (Table 4).
3.3. Nitrogen response to struvite addition
As with P, the experimentally determined struvite production rates
from Table 1 were added to the N model. Removing N via struvite formation resulted in little to no additional reduction in efﬂuent N for locations 1 and 2 but, with Mg augmentation, efﬂuent N decreased 25% at
location 3 (Table 5). In comparison, biosolids N was virtually unaffected
by the inclusion of struvite production in the model.
The modeled results showed that the biosolids N:P ratio increased
approximately 19% with Location 1 data, when the struvite module
was included, and it increased by 27% if Mg augmentation was also included (Table 6). Location 2 had similar results with increases of 26
and 32%, respectively. In comparison, Location 3 N:P ratio increased
67% with a struvite module and 1.5 times when Mg augmentation was
also included (Table 6).
3.4. Magnesium augmentation source effects
Using the struvite production rate for Mg augmentation, the Cl−
model showed modest percent increases in efﬂuent and biosolids Cl−

Table 5
Modeled effect on efﬂuent and biosolids N loads by including a struvite recovery module.

Scenario
– Struvite
+ Struvite
+ Struvite
+Mg

Efﬂuent N (kg N d−1)
Location Location Location
1
2
3

Biosolids N (kg N d−1)
Location Location Location
1
2
3

24.5
24.0
23.9

27.6
27.1
27.0

9.8
9.2
9.1

5.2
4.7
3.9

9.0
9.0
9.0

0.7
0.6
0.6

Table 6
Modeled effect on biosolids N:P ratio by including a struvite recovery module.
Location 1

Location 2

Table 7
Modeled Cl− loads.
Parameter

Location 1

Augmented efﬂuent Cl− (kg d−1)
% efﬂuent load increase

132.3
17%

Location 2
31.4
6%

Location 3
27.7
4%

Augmented biosolids Cl− (kg d−1)
% biosolids load increase

4.1
17%

1.0
11%

0.9
13%

loads across the three locations (Table 7). In comparison, the SO2−
4
model demonstrated that all three locations had substantial increases
in efﬂuent and biosolids SO2−
4 loads (Table 8).
4. Discussion
When the struvite component was added to the P model, results predicted that efﬂuent and biosolids P would decline at all locations, including a complete elimination of efﬂuent P discharged from Location 1.
Location 1 had greater concentrations of N and P that resulted in proportionately greater struvite precipitation and a concomitant elimination of
efﬂuent P. This is a valuable behavior in terms of helping to address,
cost-effectively, the water quality challenge of mitigating excessive
ortho-P discharge from municipal water treatment. In order to improve
the sustainability of municipal wastewater treatment, efﬂuent nutrient
discharge is a major concern (Roeleveld et al., 1997; Hospido et al.,
2004). For example, reducing efﬂuent P loads will lessen the impact of
P-related eutrophication, which can cause the proliferation of dead
zones, a decrease in aquatic biodiversity, and harmful algae blooms
(Jarvie et al., 2006; Hendriks and Langeveld, 2017; Qi et al., 2020).
Struvite yields detailed by Hallas et al. (2019) were reported to cost
$80 per m3 of wastewater treated. This is akin to P efﬂuent reductions
using chemical precipitation, such as granular activated aluminum
(U.S. EPA, 2015). However, the struvite by-product is relatively pure
and can be a valuable fertilizer product, while other types of chemical
precipitation using metal salts (Al, Fe, and Ca) typically add to the
sludge/biosolids mass and cost of disposal (Bertanza et al., 2013).
There was minimal impact on total N budgets by incorporating a
struvite module. This is not surprising since N removal through biological denitriﬁcation typically accounts for 80% of inﬂuent N
(Tchobanoglous et al., 2014), which represents signiﬁcantly greater
mass than the modeled N removal as struvite (Romero-Güiza et al.,
2015).
The addition of a struvite recovery component to the models increased biosolids N:P ratios over 65% at one location and over 20% at
the other two, principally by reducing biosolids P content. Increasing
biosolids N:P ratios may beneﬁt those who land-apply biosolids as fertilizer. For example, Location 1 biosolids fertilizer analysis was 5.9–5.3-0
(N-P2O5-K2O). Based on the model results, struvite production may
shift this to 5.9–4.1-0. A 20 kg P2O5 per hectare fertilizer application
limit using 5.9–5.3-0 equates to 377 kg ha−1, versus 488 kg ha−1 of
5.9–4.1-0, or 111 kg ha−1 more biosolids can be land-applied.
Bahiagrass (Paspalum notatum Fluggé) pastures and hay ﬁelds represent
over a million acres in Florida and are often major recipients of biosolids
as fertilizer. For every 50 ha of biosolids-fertilized bahiagrass, the producer can apply an additional 5.55 Mg of 5.9–4.1-0. Taken a step further,

Table 8
Modeled SO2−
4 loads.

Location 3

Parameter

Location 1

Location 2

Location 3

−1
)
Augmented efﬂuent SO2−
4 (kg d
% Efﬂuent load increase

28.7
328%

7.4
35%

1.5
231%

−1
Augmented biosolids SO2−
)
4 (kg d
% Biosolids load increase

43
330%

11.1
34%

2.2
214%

Scenario
– Struvite
+ Struvite
+ Struvite +Mg

5

N:P

N:P

N:P

2.6
3.1
3.3

1.9
2.4
2.5

0.6
1.0
1.5

6
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a third of biosolids produced in Florida are delivered to landﬁlls. The
ability to increase biosolids land-application rates over 20%, just by increasing the N:P ratio, may help divert nutrients essential for plant
growth from landﬁlls, while increasing the availability of limited landﬁll
space for other materials.
Struvite itself, can be sold as commercial fertilizer, which might offset some of the WWTP operating costs. This added beneﬁt may be attractive to smaller WWTPs especially, since they are not typically
proﬁtable services. Unlike biosolids, struvite is a completely inorganic
mineral fertilizer, with a typical analysis of 5-28-0-10 (N-P2O5-K2OMg). Although it has a much lower N:P ratio than biosolids, other characteristics increase its fertilizer value. For example, it is inorganic (contains no known organic contaminants), it has greater water solubility
than biosolids and yet is not quite as soluble as most water-soluble P fertilizers. Additionally, this product can be packaged and stored in a manner similar to other conventional mineral fertilizers, thereby avoiding
biosolids hauling costs (Woods et al., 2000).
Magnesium augmentation, used to increase struvite yields, also reduced and, in some cases, eliminated efﬂuent ortho-P. However,
selecting MgSO2−
4 over MgCl2 may result in excess efﬂuent and biosolids
S. Magnesium augmentation as MgCl2 increased system Cl up to 17%
and did not appear to pose any risk, whereas the sulfate from MgSO4
augmentation increased system S up to 328% in some cases. Increased
wastewater S loads might lead to a greater potential for H2S formation
and subsequently increase odor and corrosivity. Struvite production
was equally as effective using MgCl2 and, therefore, may be preferred.
5. Conclusions
Taking a system dynamics modeling approach to address WWTP nutrients led to predictions that incorporating struvite crystallization and recovery can signiﬁcantly reduce or eliminate efﬂuent P, while also
lowering biosolids P content by a relatively smaller proportion. Even so,
incorporating struvite production at small rural WWTPs will likely have
a minimal effect on efﬂuent and biosolids N loads. The resulting increase
in biosolids N:P ratio may provide for proportionately greater biosolids
land-application rates, particularly in locations with P application restrictions, such as Central Florida and the Northern Everglades region. This
systems modeling tool may be utilized by WWTP operators who are considering whether intentional struvite crystallization will beneﬁt their operation through primarily lessening nutrient P discharges into the
downstream environment. Developing countries with limited municipal
wastewater treatment technologies available could beneﬁt from utilizing
dynamic modeling tools to help assess nutrient processing and recovery
options for increasing their environmental protection.
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