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Abstract: We have an urban wastewater conveyance and treatment network that requires the assets to
cope with the peak system loading, even if for just a brief period of time per day. This results in an
underutilised asset base, and unbalanced inflow into the treatment plant; the latter results in suboptimal
conditions for the systems that treat the water. We propose to use the vast, existing wastewater network and
reticulation as an ‘equalizer tank’ in order to smooth the demand at the treatment plant. The purpose is to
achieve improved performance of our existing assets without further investment. In this paper, we describe a
proof-of-concept algorithm to demonstrate the ability to control the diurnal load pattern of wastewater
conveyance in a live network, along with results from a live pilot.

The benefits of such capability are two-fold: potential deferral of capital investment for asset upgrades, and
improved operating conditions and costs. Equaliser tanks are commonly used to both improve operating
conditions at the treatment plant and to provide a mechanism to control high volume events. However, these
benefits could be achieved using the network itself. By controlling the flow and effectively flattening it
across the day, the requirement to handle the peaks in flow diminishes and reduces the need to increase
capacity of pipes, pumping stations and the treatment plant itself to meet the peak demand.

The problem of deciding how much flow to permit from each pumping station is fairly trivial. However, in
our network setting we only control the pumping station flow indirectly via level set-points in the well. That
is, the pump will only activate when the water reaches a cut-in set-point, and will stop pumping when the
water reaches the cut-out set-point. The pump rate is usually fixed-speed, and is not expected to change
during or between pump cycles. Additionally, we have only indirect measurement of the flow itself, either by
the hours of pumping and pumping rates or by the levels and pumping times. Furthermore, the control system
is limited to 12 settings per day and 4 settings per year, restricting us to a static solution for a stochastic
problem.

In this paper we present an algorithm for obtaining a complete network set-point solution in efficient runtime.
The algorithm guarantees finding feasible solutions when they exist, and is guided by the optimal solution for
the deterministic version of the problem. We have modelled the wastewater network in a hydrology
modelling tool which provides some basic simulation functionality. We present the results of a pilot we
conducted on a subset of our wastewater network. We monitor asset performance and H,S levels and report
the differences. We demonstrate that flattening of the diurnal curve is possible to achieve in a controlled
manner.
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1. INTRODUCTION

The daily inflow of wastewater into an urban wastewater treatment plant typically follows a bi-modal curve,
sometimes referred to as diurnal peaks (see Figure 1) (see, e.g. Czachorski 2017). The problem is to achieve a
flattened inflow through flow balancing. Flow balancing is an industry standard strategy for smoothing the
inflow to treatment plants and is typically achieved through the use of storage tanks (e.g. see Demey 2001;
Aeration Industries International 2019). In this paper, we propose to smooth the inflow at treatment plants by
performing flow balancing within the network itself, through the design and implementation of a data-driven
optimisation algorithm to control the safe storage and discharge of waste water. We present the results of a
pilot study on an isolated branch of the network (see Figure 2).

The key driver for this work is the total
cost of the assets for the conveyance and
40- treatment of wastewater. The capacity of
0 the entire network, including the
treatment plant, must be scaled to meet
the peak demand. Thus the network is
underutilised for over 85% of the day,
representing an opportunity to attenuate
the impact of peak wastewater inflow by
Figure 1. A typical daily inflow curve depicting bi-modal  storing it in residual capacity within the
behaviour. network itself. By smoothing the inflow
we can defer installation of larger assets.
In one case study we can defer capital investment in the order of $60 million dollars for at least 10 years. A
secondary driver is the benefit obtained through the smoothed diurnal curve at the treatment plant itself,
which leads to a more efficient and cost-effective biological process (e.g. see Aeration Industries
International 2019, Goel 2005).
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However, the problem is not trivial. While the
inflow pattern follows a predictable shape, it
is stochastic (Penn, 2017) and can vary
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significantly from day to day, even after

T J controlling for wet weather. For our

. — wastewater network system in current state
r— ® ysie e,
) the control system used in transfer pumping

stations is limited to a static (i.e. fixed)
Figure 2. A schematic of the network considered in our  profile. Furthermore, the profiles are also
pilot study. Four pumping stations pump via pressure  fixed to a small number of implementable
main (red) to a gravity main (black) to a treatment plant.  seasons. This leaves us with a static day-to-
Users of wastewater services in the catchment feed into day solution for a stochastic problem' A
the pumping stations or gravity main directly via  second challenge arises from the nature of the
reticulation network. pumping  stations  themselves,  which
predominantly have fixed speed pumps that
are controlled by levels in the well. In this setting, each pump operates only when the wastewater level
reaches the so called ‘cut-in’ level, and pumps at a fixed speed until the wastewater level is reduced to the
‘cut-out’ level. As a result, the outflow rate, quantity and timing of the pumping stations can only be
controlled indirectly by altering the cut-in and cut-out levels. Adding to this challenge is the fact that the
controller is limited to only 12 cut-in and cut-out levels per day (fixed per season).

In this paper, we propose an algorithm that:

e automatically scales to larger and other networks,

e is guaranteed to find a feasible solution if one exists,

e is guaranteed to determine if no feasible solution exists,

e is conservative against stochastic fluctuations, and

o safely discharges the stored wastewater such that no new peaks are formed.

We present the results from a proof-of-concept where we implemented the algorithm and tested the result in
both a simulation and real-world, practical pilot. But first, we describe the necessary background in the
following section. Then, we formally define the problem and describe the results of the literature survey,
followed by a description of the algorithm.
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2. BACKGROUND

Metropolitan Perth wastewater is transferred from customers to treatment facilities via a network of
reticulation pipes, gravity mains and pressure mains (e.g. see Figure 2). Wastewater pump stations receive
inflow via gravity-fed reticulation pipes into local well-storage with defined pump start (cut-in) and stop (cut-
out) level set points. The pumped wastewater is transported via pressure mains to the next part of the
network, cascading through the network of mains and pump stations towards the treatment plant.

Assets for the wastewater treatment network must be designed to be capable of handling the peak flow and
total daily volume. The characteristic diurnal flow profile across the network has an overnight minimum and
two peaks: one in the morning and one in the late-afternoon. The requirement to handle these peaks means
that for the majority of a day, the capacity of the system is underutilised; while for only two short time
periods the system is under strain. It has been demonstrated that if the load across a day could be smoothed
out, this would benefit the wastewater treatment operation and allows asset capacity upgrades to be deferred
(e.g. see Aeration Industries International 2019, Goel 2005). This is most commonly achieved through the
use of flow balancing or equalising tanks, which can be very large (~50-200ML) and store the bulk of the
daily peaks. However, we could not find instances of this being achieved using the existing network as
storage.

70 ENVIRONMENT Pump stations are equipped with instrumentation for

; 1\ wastewater level sensing, programmable logic

OVERLOY 10 THE ENVIRONMENT ALRM | { ’T—LFi— controllers (PLC) for local control of the pumps

P W ot e L Emmm;o based on the level sensing, as well as external
e STORAGE control and configuration through Supervisory

o e s o e e o, Control and Data Acquisition (SCADA). Most

% ”" pumps in the network are not variable speed, and

5 are therefore operated as either on or off, alternating

between pump units (where installed in a dual

] / e configuration). A pump turns on if water in its wet
_ FW well reaches the ‘ultimate cut-in’ level, and turns off
A LTMATE COL N if water reaches the ‘cut-out’ level (see Figure 3).

Dt To pRoVID: i cPERATIIG Control and configuration of these cut-in and cut-
PG . G 6 NN out levels is limited (in our system) to 12 diurnal

J— | level control set points. Our SCADA controller is

[ MIVIMUAL_SUCTION LEV limited to four seasons, which effectively limits the

Ny T ——— / solution to four settings/modes per year. Our

' analysis of the seasonality confirms that the best use

Figure 3. Schematic of pumping station,  of these seasons is to cover wet and dry, weekday

illustrating the inflow inlet, outflow to emergency and weekend.

storage, and standard cut-in and cut-out levels . . .
(Water Corporation 2019). As part of the network design planning, a key metric

used is time to overflow (TTO), which is a

calculation based on the remaining storage in the
system in combination with the characteristic inflow curve, and is used to ensure sufficient capacity is
present in the system (translated to time) for operations crews to react to and resolve faults.

3. METHOD

Our approach to the flow-balancing problem is to perform the balancing within the existing network where
possible. This leads to our formal problem definition:

Given
e aset of pumping stations (and associated wet-wells),
e aset of gravity mains and pressure mains that make up the wastewater reticulation network,
e clevation level to volume mapping for the reticulation network upstream of each pump station,
e the maximum level associated with each wet-well such that the maximum does not violate time to
overflow requirements, and
e the expected, worst case ‘demand’ (i.e. inflow curve) into each pumping station in the network for
the given season;
determine the cut-in and cut-out levels for each pumping station such that the maximum flow capacity is
minimised at the wastewater treatment plant such that:
e the frequency of pumping is not increased,

300



Burt et. al., Flow balancing in wastewater networks

the overflow time limit associated with the catchment area is not violated,
minimum flow constraints are met,

flow equilibrium throughout the network is consistent, and

no use is made of emergency storage.

To the best of our knowledge, there is no other published work that addresses this problem or application.
After an extensive literature search in the industrial space, we determined that there are many instances
where equalisation has been achieved through the use of tanks or storage pipes, but not in an integrated
network approach. The former problem provides a trivial optimisation problem, and therefore does not
warrant publication of the solution. We were not able to find a class of problems in the academic literature
that provided a match for the whole or subset of our problem. This is likely to be due to the complexities
arising from limitations and uniqueness in our SCADA set-up, rather than from the network problem itself
(which is trivial).

Our approach for developing an algorithm to solve this problem was based on the need for a computationally
efficient and scalable algorithm, and was guided by the tenets of optimisation: that we can prove if no
feasible solution exists; that if a feasible solution exists, we can find it; and, that we always know the quality
of our solutions with respect to optimality. Since the control system is static, the settings are fixed for a given
mode; we are forced to provide a static solution that accounts for the stochastic and dynamic nature of the
problem while guaranteeing that the new inflow curve does not exceed the height of the characteristic inflow
curve.

The key to solving this problem efficiently

50 = Diimfeollc lies in the decomposition of the network
! problem. We decompose the problem by
a0 observing that a target volume in a peak

corresponds to a target inflow rate, and this
subsequently corresponds to a target inflow
rate at the upstream pumping stations. The
intersection of the target inflow rate and the
characteristic curve gives the start time
from which we should store the water at
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Figure 4. The target volume is highlighted in dark blue. The
light blue line intersects with the y-axis to give the target
inflow rate. The intersection of the light blue line and
characteristic curve gives the corresponding time.

that location (see Figure 4).

As a part of our input data set-up, the
characteristic daily inflow curve (e.g. see
Figure 1) for each pump station was
computed using pump station sensor time

series data for the past two years—data
older than this was considered to be unrepresentative of the current-state system behaviour and would bias
the result. We performed a seasonality analysis of these curves to confirm the seasonality in both the day of
the week (weekday or weekend) and month of the year for the four SCADA settings.

Our Operations Centre provided a time-based constraint, time to overflow, which should not be violated
when modifying the pump station operation parameters in this optimization. Remaining storage, relative to
time to overflow, was calculated by using the storage volume associated with the time to overflow and
solving for when the accumulated inflow of
water matches this storage (assuming no
pump operation). Thus the result is a
nonlinear curve that indicates the critical
times in the operation, corresponding to the
periods of peak inflow (see Figure 5). We
also adopted an additional constraint by
ensuring that our solution did not use the
designated emergency storage, as this would
incur additional cleaning costs. Together,
this curve and limit formed the discharge
limit for each discharge time.

= Remaining storage for 3 hour TTO
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Figure 5. An illustration of how remaining storage
changes over the course of the day, depending on the
inflow.

To begin the algorithm, we first assess the
feasibility of discharging the water in the
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lesser inflow period between the two peaks by first calculating the volume difference to the target inflow line.
Then, starting with the most downstream station in the catchment, we dynamically calculate the starting time
for the storage period for each station in the network by factoring in the travel time for each link. We then
calculate new inflow curves for each station by starting with the leaf nodes and deducting the stored volume;
this change in inflow cascades down the network, with further deductions made at subsequent stations.

We obtain the set-point levels for the storage period by ensuring the cut-out level is above the required
storage volume for that station. We obtain the remaining discharge set-points by solving a linear program for
each station to determine the quantity of volume discharged at nominated time intervals. For the case where
pumping stations connect in parallel to the final pumping station (i.e. the scenario we have for our pilot), the
linear program is defined as follows. Let yg, be the quantity of water discharged at pumping station s at time
t; D*** /DM is the maximum/minimum allowable discharge volume at time ¢; V is the stored volume at
pumping station s; and 6§, p, &; , p; are deviation variables. We minimise the deviation from meeting the
target bounds, while ensuring the total volume of water is discharged.

minp + 6

st Z Vs — 6 < DY v,

ZYst+Pt>Dmm Vi

ZYS,tZVS Vs,

6;—6<0 V¢,
pr—p=<0 V¢,
Ystr O P, 6, p ER

Since a linear program is used to find the remaining part of the solution, we are guaranteed to find a feasible
solution (for the given time intervals and static characteristic inflow curve) if it exists. If no solution is found
for the linear program, then no solution exists for the problem as defined. For the dependent case, we use a
different model, which is beyond the scope of this paper to describe here as it was not used for the pilot.

4. RESULTS

We extracted asset and sensor data from in-house databases and our wastewater network model (see Section
4.1). This data was fed into our algorithm to obtain the set-points. The set-points were tested in a simulation
in the network model. We implemented the algorithm in Python 3.6 using SoPlex v.2.1.0 (Gleixner et. al.
2018) to solve the underlying linear program. The experiments were generated on a standard desktop
machine, using calls to the NEOS Server (Czyzyk et. al. 1998; Dolan 2001; Gropp et. al. 1997) to access
SoPlex. The entire optimisation algorithm runs in under 10 seconds if run locally.

4.1. Model Validation

We created a hydraulic network model of the catchment in Innovyze Infoworks ICM v.9.5 (Innovyze 2019).
This model is based on physical characteristics, such as gradient and size of pipes, and is therefore capable of
performing an accurate, optimistic simulation of .

wastewater flowing through the network. We added Skt s

our proposed set-points into the network model and
performed this simulation. The primary objectives of \\
this simulation step were to check the flow rates

through the system and if any depth limits or other
constraints were violated. The simulation result
illustrated the performance we could expect from a ‘

real-world pilot, and provided confidence in moving U T o Q‘f”uay T M A W
forward with a pilot. The results indicated that the
set-points were sufficient to reduce the first peak to
the height of the second and that the discharge would
not create a new peak (see Figure 6).

F Imu Rate (L /:3
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Figure 6. Inflow curve generated from
simulation in Infoworks ICM (orange)
compared with the characteristic inflow curve
used in the simulation (blue).
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4.2. Pilot

We implemented our solution in a live sewer district in the Perth Metropolitan region for six operational
days. The district contained six pumping stations, four of which we could control using SCADA and two
which were private pumping stations (where no level is measurable, and as such inflow was assumed to be a
static volume). We obtained the inflow curves for the median of the respective season for optimisation. The
algorithm returned multiple optimal solutions, but we chose to implement the solution that involved only one
pumping station in order to push the limits of that site and get a stronger sense of whether odour would be an
issue. This, however, increases the risk for that particular site by decreasing the time to overflow, while
having no risk change for the remaining stations. In an ongoing implementation we would opt for a solution
that shares the overall risk amongst all pumping stations, where appropriate. The distributed implementation
solution would allow the same amount of flow-balancing but with lessened effects of odour and material
build-up, as suggested by wastewater conveyance engineers.
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Figure 7. The result from one day of the pilot. The result is in blue while the
characteristic inflow curve is in orange (dashed).

In Figure 7, we plot the resulting inflow curve from a single day in the pilot against the characteristic

historical inflow curve. The result shows that we successfully reduced the first peak to the height of the

second peak and safely discharged the stored water in the early afternoon without causing a new peak. The

change in height of the discharge indicates that there is a lot of potential to discharge more water during that
period, and that fewer set-points could be used to
achieve a similar result.

mm Before
08 Pilot

One potential risk is the increase in odour. Increased
odour emanating from the network due to the greater
storage of wastewater than usual was monitored. No
o4 Mg increase was detected upstream from the surcharged
site. The only site showing a potential increase in
hydrogen sulphide gas was the discharge point of the
= ‘ ‘ surcharged site itself. This result is expected since
42 (ppm) b - h the septic conditions in the systems are increased.
However, the control data set was too small to draw
conclusions, and we will collect more data in future
studies. The number of pump starts increased on
average but were less than the maximum number of
starts under normal operations.

Relative frequency

Figure 8. Histogram of odour readings. Blue
results are from the 2 days preceding the pilot,
while the orange are from the 6 day pilot.

4.3. Discussion

The peak reduction in the 6 day pilot ranged from 5 to 19.5%, with an optimal solution of 18% for the
deterministic characteristic inflow curve (weekday) and 12% for the weekend. The fact that we could
outperform the optimal solution (i.e. obtain a better solution than expected from the linear programming
output) is a reflection of the stochastic nature of the inflow, while the optimal solution was calculated using
the characteristic curve. We believe we can obtain a better worst-case performance by optimising over the
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90 percentile characteristic curve instead of the median, and allowing for some ‘cushioning’ on either side
of the peak.

5. CONCLUSION

In this work, we have shown that we can safely displace water from the daily inflow peaks by discharging it
in periods of lesser inflow. From this trial, it is conceivable that we could flatten the peaks further in future
trials. The ability to achieve a better flow-balance in the wastewater network provides alternate opportunities
to asset investment and replacement that are important for a cost conscience organisation. Our solution
considers the existing capability of system and carefully computes the gains that can be made in a controlled
manner that limits any side effects from operating under conditions other than the original design.

This solution provided enhancements in optimising the flow-balancing but analysis of the results indicates
improvements can still be made. A greater number of set points to provide greater control with the storage
and release of wastewater has been proposed, and is set to be enabled in the near future. This will provide
more flexibility and less discretisation error in the optimisation. Importantly, this algorithm is designed to roll
out to a complete network and since the calculations at each step are computationally efficient, the complete
algorithm will roll out in a computationally efficient way. The calculations are fast enough that we could, in a
future version, predict the inflow curve from a limited sample of the day’s data and compute the set-points in
time to reduce the first peak. We are currently developing an algorithm to perform such a prediction.
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