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How does SARS-CoV-2 virus appear in the wastewater?

Credits: 

1. COVID-19 virus image is from https://phil.cdc.gov/details.aspx?pid=23312

2. Calumet WRP image is from https://legacy.mwrd.org/irj/portal/anonymous?NavigationTarget=navurl://1e47bf16ca721c69e2e239f32ce809ca

Contracting SARS-CoV-2 virus Shedding SARS-CoV-2 virus

SARS-CoV-2 virus flows through wastewater pipelines Wastewater Treatment Plant 

Collecting wastewater sample 

Motivation:  
We want to know how many people are sick.

Solutions:  
Use wastewater to estimate how severe the 
pandemic is. 

Challenges: 
It is not straightforward to connect 
wastewater to prevalence because of flow 
rate, temperature, chemical composition, 
population changes, etc.

https://phil.cdc.gov/details.aspx?pid=23312
https://legacy.mwrd.org/irj/portal/anonymous?NavigationTarget=navurl://1e47bf16ca721c69e2e239f32ce809ca


Relating RNA in wastewater to public health (Leisman, et al., 2024)

Person Sheds 
SARS-CoV-2 RNA 
into WW system

Viral RNA travels sewer system to 
WWTP

Sample is 
collected at 

WWTP

Sample analyzed 
& reported as 

GC/L
Sample taken to lab

Person is infected 
with SARS-CoV-2

Dependent on symptomology & 
COVID attitude

Person is tested 
or hospitalized & 
data reported to 

DPH

Fecal load indicator 

Pepper mild mottle virus 

(PMMoV)

Lab recovery control

attenuated bovine coronavirus

(BCoV)

Flow rate

at WWTP

Leisman, Katelyn Plaisier, et al. "A modeling pipeline to relate municipal wastewater surveillance and regional public health data." Water Research 252 (2024): 121178.
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Mitigate a future surge of the pandemic

Model the pandemic (i.e., how a disease spreads, 

how public interventions may affect the outcome of the pandemic)



Outline

• SARS-CoV-2 virus in the wastewater 


• Staged-alert system and SEIR-V model  

• Basic SEIR-V Model 

• Finite-Difference Equations of SEIR-V Model 

• High-Fidelity Model 

• Threshold Optimization Problem 

• Retrospective analysis of staged-alert system with a wastewater signal



How does the staged-alert system work?

Critical Stat  threshold 1?≥  threshold 2?≥  threshold 3?≥

Stage 1 Stage 2 Stage 3

Stage 4
Yes

No No

Yes Yes

No

Inputs

Low Risk Moderate Risk High Risk

Very High Risk

Low Transmission Reduction Moderate Transmission Reduction High Transmission Reduction

Very High  
Transmission Reduction

Question: How do we model the performance of the staged-alert system?

Examples: Hospital Admissions



Applications of the Staged-Alert System
Example: Staged-Alert System used by Austin, Texas



Applications of the Staged-Alert System
Example: Staged-Alert System used by UK



Applications of the Staged-Alert System
Example: Staged-Alert System used by CDC
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SEIR-V Compartmental Model
Deterministic SEIR Model

Susceptible 
St

Exposed 
Et

Infectious 
It

Recovered 
Rt

Daily exposed individuals: S(t + 1) − S(t) = −ΔS(t) = − S(t)[ (1−κ(t))β
N

I(t)]
Daily change in the compartment E: E(t + 1) − E(t) = S(t)[ (1−κ(t))β

N
I(t)] − λE(t)

Daily change in the compartment I: I(t + 1) − I(t) = λE(t) − γI(t)

Daily change in the compartment R: R(t + 1) − R(t) = γI(t)



SEIR-V Compartmental Model
Stochastic SEIR Model

Susceptible 
S

Exposed 
E

Infectious 
I

Recovered 
R

Daily exposed individuals: S̃(t + Δt) − S̃(t) = − ξ̃1, ξ̃1 ∼ Binomial (S̃(t),
(1−κ(t))β

N
Ĩ(t)Δt)

Daily change in the compartment E: Ẽ(t + Δt) − Ẽ(t) = ξ̃1 − ξ̃2, ξ̃2 ∼ Binomial(Ẽ(t), λΔt)

Daily change in the compartment I: Ĩ(t + Δt) − Ĩ(t) = ξ̃2 − ξ̃3, ξ̃3 ∼ Binomial (Ĩ(t), γΔt)

Daily change in the compartment R: R̃(t + Δt) − R̃(t) = ξ̃3



SEIR-V Compartmental Model
Viral Load Model

Daily exposed individuals: S(t + Δt) − S(t) = −ΔS(t) = − S(t)[ (1−κ(t))β
N

I(t)Δt]
Daily viral load: V(t) =

N

∑
i=0

ϕiΔt:(i+1)Δt(ω)ΔS(t − iΔt)

Viral Shedding Function: ϕiΔt:(i+1)Δt(ω) = ∫
(i+1)Δt

iΔt
f(t; ω)dtf(t; ω) = 10

ω1t
ω2

2 + t2
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Recovered 
Rt
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An Illustrative Example: , daily weight of feces = 1gΔt = 1
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SEIR-V Compartmental Model
An Illustrative Example

0

7.5

15

22.5

30

Days
1 3 5 7 9 11 13 15 17 19

Daily Exposed Inviduals

0.00E+00

1.75E+11

3.50E+11

5.25E+11

7.00E+11

Days
10 11 12 13 14 15 16 17 18 19 20

Daily Viral Load

Peak Date: 14 Peak Date: 18

ω1 = 80, ω2 = 4



SEIR-V Compartmental Model
High-Fidelity Model



SEIR-V Compartmental Model
General Model: Ordinary Differential Equations

Susceptible 
S

Exposed 
E

Infectious 
I

Recovered 
R

dS(t) = − S(t)[ (1−κ(t))β
N

I(t)] dtDaily exposed individuals: S(t + 1) − S(t) = −ΔS(t) = − S(t)[ (1−κ(t))β
N

I(t)]
Daily change in the compartment E: E(t + 1) − E(t) = S(t)[ (1−κ(t))β

N
I(t)] − λE(t)

Daily change in the compartment I: I(t + 1) − I(t) = λE(t) − γI(t)

Daily change in the compartment R: R(t + 1) − R(t) = γI(t)

dE(t) = [S(t)[ (1−κ(t))β
N

I(t)] − λE(t)] dt

dI(t) = [λE(t) − γI(t)] dt

dR(t) = γI(t)dt



SEIR-V Compartmental Model
General Model: Ordinary Differential Equations

Susceptible 
S

Exposed 
E

Infectious 
I

Recovered 
R

dS(t) = − S(t)[ (1−κ(t))β
N

I(t)] dtDaily exposed individuals: S(t + 1) − S(t) = −ΔS(t) = − S(t)[ (1−κ(t))β
N

I(t)]
V(t) = ∫

T

0
S(t − s)[ (1−κ(t − s))β

N
I(t − s)] f(s; ω)dsDaily viral load:

Viral Shedding Function: f(t; ω) = 10
ω1t
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Threshold Optimization Problem
How to find the optimal thresholds in the Staged Alert System

Daily exposed individuals: S(t + 1) − S(t) = −ΔS(t) = − S(t)[ (1−κ(t))β
N

I(t)]
Transmission reduction is controlled by the threshold and critical stat (e.g., hospital admissions, wastewater signals):

Minimize social-economic-cost(history-of-stages)

Subject to  history-of-stages from SEIR-V(thresholds)    

ICU is not overwhelmed from SEIR-V(thresholds)  

Threshold Optimization Problem
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Experiment 
Wastewater Policy versus Hospitalization Policy (Guyi Chen)

Critical Stat

7-Day Moving Average of 
Hospital Admissions

Hospitalization Policy

7-Day Moving Average of 
Viral Load per Person

Wastewater Policy

Scope: 
Population served by Calumet, O’Brien, and Stickney wastewater treatment 
plants is considered.


Goal: 
Find the thresholds that have least socioeconomic costs while maintaining 
occupied ICU beds below the associated capacity. 

Stages Transmission 
reduction Economic cost

Red 80% 1000

Orange 72.5% 100

Yellow 65% 10

Blue 57.5% 1

Remark: Special thanks for Guyi’s great contribution for numerical experiment and later retrospective analysis. Also, thanks to the IDPH/DPI data team for providing the clinical data.



Wastewater Policy Versus Hospitalization Policy
More Details

• We consider the following two time periods for 
the policy optimization and evaluation. 


• First surge of COVID-19:

• from 3/21/2020 to 10/7/2020 (200 days)

• ICU capacity: 950


• Second surge of COVID-19: 

• from 10/8/2020 to 3/13/2021 (156 days)

• ICU capacity: 570


• We generate two sets of 300 Monte Carlo 
simulation sample paths, which we use for cross 
validating the performance of the policies.

Training set

Set 1 sample paths

Set 2 sample paths

Testing set

Set 2 sample paths

Set 1 sample paths



First Surge of COVID-19
Time Span: from 3/21/2020 to 10/7/2020

Threshold 3 value

Explanation: If the critical stat is above threshold 3, we are in the red stage (the strictest stage).

                     Smaller threshold 3 value means more restricted policy.

                     More risky: More relaxed constraint on the ICU violation, Prob(ICU capacity is violated)  5%.

                     Less risky: Prob(ICU capacity is violated)  1%.


≤
≤

Medium Risk

Low Risk

Medium Risk

Low Risk

Critical Stat: Hospital Admissions Critical Stat: Wastewater Viral Load



First Surge of COVID-19
Time Span: from 3/21/2020 to 10/7/2020

Threshold 3 value

Observation: The larger the threshold3 value is, the larger the probability of ICU violation is.

                      Wastewater policy generally incurs less socioeconomic cost. 

                     

Critical Stat: Hospital Admissions Critical Stat: Wastewater Viral Load

Medium Risk

Low Risk

Medium Risk

Low Risk



Second Surge of COVID-19
Time Span: from 10/8/2020 to 3/13/2021

Threshold 3 value

More Risky

Less Risky

More Risky

Less Risky

Critical Stat: Hospital Admissions Critical Stat: Wastewater Viral Load



Evaluation Performance Summary

Training set

Set 1 sample 
paths

Set 2 sample 
paths

Testing set

Set 2 sample 
paths

Set 1 sample 
paths

Cross Validation Experiment I

ICU Capacity: 950 ICU Capacity: 570 ICU Capacity: 950 ICU Capacity: 570

 Low risk: Prob(ICU capacity is violated)  1%≤  Medium risk: Prob(ICU capacity is violated)  5%≤



Training set

Set 1 sample 
paths

Set 2 sample 
paths

Testing set

Set 2 sample 
paths

Set 1 sample 
paths

Evaluation Performance Summary

Takeaway from wastewater policy:

ICU capacity is protected with 
less socioeconomic cost. 

Cross Validation Experiment II

ICU Capacity: 950 ICU Capacity: 570 ICU Capacity: 950 ICU Capacity: 570

 Low risk: Prob(ICU capacity is violated)  1%≤  Medium risk: Prob(ICU capacity is violated)  5%≤



ICU Projection

Hospitalization Policy

Wastewater Policy

Takeaways of 
wastewater policy:  
• There are fewer days in 

red stage. 

• Width of the 

wastewater cloud is 
narrower around the 
peak, which is due to 
the upstream sampling 
(in the SEIR-V model). 



7-day moving average 
of COVID hospital 

admission

VS


7-day moving average 
of SARS-Cov-2 RNA 

viral load in 
wastewater with 

various collection 
frequency



Various Collection Frequency

Prob(ICU Violation) ≤ 1 % Prob(ICU Violation) ≤ 5 % Prob(ICU Violation) ≤ 1 % Prob(ICU Violation) ≤ 5 %



Various Collection Frequency

Prob(ICU Violation) ≤ 1 % Prob(ICU Violation) ≤ 5 % Prob(ICU Violation) ≤ 1 % Prob(ICU Violation) ≤ 5 %

Highest socioeconomic cost



ICU Projection
3 times a week

Twice a week

Once a week

Takeaway: 
Decreasing sample collection frequency may increase 
socioeconomic cost.



Summary & Future Work
• We design a staged-alert system guided by the wastewater signal. 


• We perform a retrospective analysis to compare wastewater policy and hospitalization policy.


• This framework shows great potential in guiding upstream sampling (e.g., ramp up sample 
collection or lab report based on the indicated stage)


• Future work includes 

✦ Using finer grid and lager sample paths to obtain more accurate policy (i.e., thresholds)

✦ Using data degradation to mimic the noise in the streaming data

✦ Designing a staged-alert system guided by the hybrid signals

✦ Designing an adaptive staged-alert system that is able to track the evolution of the virus. 


