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Summary of key findings
An on-line catchment model predicts the runoff, combined sewer overflow (CSO), tunnel water levels and
discharges to the wastewater treatment plant (WWTP) in Gothenburg. A 4-day forecast is updated hourly, or on
demand from an interactive web interface. Simulations indicate that yearly CSO’s may be reduced by 65 %, and
bypass volume at the WWTP by 85 %, simultaneously, by dynamic operation of major CSO sites and increased
utilization of the tunnel volumes by installing additional sluice gates in the tunnels. Implementation of such
operation strategies, i.e. stretching the limits, requires reliable rainfall data and weather forecast in order to
utilize the full potential. It also requires robust control strategies, considering the probability of the forecast, in
order to secure against the risk of flooding.

Backgrounds and relevance
The Rya WWTP, in Gothenburg, Sweden serves around 800 000 people. Wastewater is transported through a
tunnel system with a total length of 132 km. About 40% of the sewers connected to the tunnel network are
combined which results in large variations in hydraulic loading to the plant, from 190 000 m3/d to 1 425 000
m3/d. The plant is only manned part time and outside of regular workdays standby crews monitor and adjust
plant performance from their homes. Flexible and fast access of information and decision support for control
and operation is crucial. The inlets to the tunnel network are statically throttled in order to reduce flow
variations to the plant during heavy rain.
Historically severe CSO’s could occur, even though capacity remained in both the tunnel network and at the
WWTP. The yearly CSO volume is about 3-4 % of the total WWTP inflow. This is not acceptable as it may be
harmful for local recipients and even jeopardize recreation possibilities, including bathing water.

On-line forecast and control model
An on-line catchment model (RAOM) has been developed in the MIKE URBAN package, which describes the
hydrological and hydrodynamic processes in the catchment and the tunnel network connected to the Rya
WWTP (further details below). RAOM was originally formulated over 25 years ago (Gustafsson et al, 1993), but
recent software and hardware developments have opened new application possibilities (Lumley et al, 2015).
RAOM predicts the runoff, combined sewer overflow (CSO), tunnel water levels and discharges to the
wastewater treatment plant (WWTP). At present predefined 4-day forecast simulations, based on weather
forecast from the Swedish Meteorological and Hydrological Institute (SMHI), are performed each hour and the
operator may execute additional forecast simulations at any time via an interactive web interface, allowing the
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operator to test various control strategies during high flow wet weather situations and thus help find the best
compromise strategy for a given situation.
Recently, RAOM has been used to evaluate alternative operation strategies of the plant’s pumping station, the
utilization of the tunnel volume through existing and planned additional sluice gates, and dynamic control of
the major tunnel inlets and connected CSO structures. Simulations indicate that yearly CSO’s may be reduced by
65 %, and bypass volume at the WWTP by 85 %, simultaneously, by dynamic operation of major CSO sites and
increased utilization of the tunnel volumes (Nivert et al, 2017). These control strategies are now implemented in
the on-line forecast model. In each forecast run, the strategies are evaluated and suggest how to operate the
pumps and controllable gates, at all times.
The control actions are rule based. A number of variables from the latest 24-hour forecast are used to choose
between predefined control functions for pumps and gates. In Figure 1 an example is shown, in this case
predefined pump curves at the WWTP (i.e. relations between pump flow and water level in the tunnel).

Figure 1.

Predefined pump curves at the WWTP, where the choice depend on the latest forecast. A number of variables
(imported from the SCADA system at the WWTP) are used to adjust to the present state of the treatment
processes at the plant (flows in m3/s, levels in m).

Interactive web interface
Operators now have access to an interactive web interface showing:







Simulated and observed data for the last months, as well as historical events during the last years
State variables and actual conditions (i.e. inflow, CSO, water volume and levels)
Forecast for all state variables and conditions (over the next 4 days) automatically updated hourly
Forecast with predefined control strategies (as well as user defined on demand control strategies)
Rain data quality assurance, visualization and automatic statistical analyses
Flow component analyses
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Most components of the web interface are public, as part of the open communication strategy set by the City of
Gothenburg.
Figure 2 show a screen dump of a view showing the actual state and last forecast conditions. Important objects
in the map view indicate the conditions by different colours. The bars to the left are dynamic and continuously
updated with regard to actual and forecasted conditions for important discharges, water levels and tunnel
utilization. Detailed graphs (Figure 3) can be viewed by clicking an object in the map, or one the bars.

Figure 2.

Screen dump from the web interface, showing the actual state and last forecast conditions through coloured
objects (in the map) and dynamic status bars (to the right).

Figure 3.

Screen dump from the web interface, showing simulated and observed discharges at two selected locations,
including the forecast (to the right of the dotted vertical line).
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Components of the on-line system
The major software components of the modelling platform and online forecasting and control system, include:




MIKE URBAN, RDI module for continuous hydrology
MIKE URBAN, Pipe flow module with data assimilation capabilities
MIKE OPERATIONS, for definition and scheduling of real time tasks

These components are more closely described below.
Continuous hydrology is crucial
The catchment model has been formulated and verified for the 250 km2 catchment to the Rya WWTP using a
deterministic model concept, MIKE URBAN. The hydrological processes are described by the RDI module. This is
a general hydrological model that, in addition to runoff from impervious areas, also consider rainfall induced
infiltration and continuous groundwater infiltration into the sewer system from the surrounding soil (Figure 4,
left). The structure of the RDI module is illustrated in Figure 4 (right).
The fast response component (FRC) include runoff from impervious areas with two optional routing models;
time area method and non-linear reservoir method. The slow response component (SRC) include the infiltration
components which strongly depends on the hydrological history (i.e. preceding events). The model structure for
SRC mimics the soil moisture profile and include snow, surface, root zone and groundwater storages. The model
includes a number of hydrological model parameters describing the storages, the preferred route through the
model and routing time constants. Auto calibration routines are available in the software, but the final
adjustments are normally done manually to make the final tuning against observed discharges. Example of
results are shown in Figure 5.

Figure 4.

Possible sources of inflow and infiltration in sewers (left), and structure of the RDI module within the MIKE
URBAN package (right).
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Figure 5.

Example of verification results using the RDI module on the Gothenburg catchment. Upper graph shows result
from a small sub catchment and lower graph shows the total inflow to the WWTP.

From the (close to) 30 years of experience with hundreds of modelling cases (Sweden and abroad) it can be
concluded that the RDI concept is able to reproduce observed discharge in all relevant types of scale –
small/large areas, different hydrogeological conditions, different climate zones, and not least, long term to short
term temporal variation (several years to minutes):


The output helps splitting discharges into flow components that can be related to physical sources of
inflow/infiltration (Figure 6).



The output can be transferred to performance indicators to be used for prioritization of alleviation
schemes between different sub areas (Figure 7).



Because the concept is based on physics in nature, model predictions are reliable and can be used for
long term seasonal “forecasting”, and in that sense, be used to filter out hydrological patterns from
physical changes in the sewer system itself, i.e. find out the true effects by changes and measures.



Finally, short term forecasting for real time control demands a model concept that works during all kinds
of hydrological events. The RDI-module is a vital component of such a model concept (e.g. proven by the
Gothenburg waste water tunnel online system, Figure 5).
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Figure 6.

Screen dump from the web interface, showing the simulated runoff from a sub-catchment with the RDI
module (red is FRC from impervious areas, blue is SRC from infiltration and brown is the sewerage flow).

Figure 7.

The output from the RDI module transferred to key numbers. In this example showing flow components with
contributing area related to number of inhabitants (PE) in each area.

Hydrodynamic forecasting with data assimilation
The hydraulics of the tunnel system in Gothenburg, e.g. overflows, storages, controllable structures, etc. are
described using the St Venant´s equations in the hydrodynamic pipe flow model in MIKE URBAN. The model
comprises the following major elements:





100 km of tunnels and pipes are included, covering a volume of 700 000 m3.
40 sewer overflow structures, 10 pump stations and 8 valves/gates.
50 sub-catchments with 20 km2 of connected impervious area, in total.
Total drainage area is 250 km2, out of which approx. 50 % is drained to the system through leakage and
infiltration of rainwater and groundwater. The latter is described by the RDI module (previous section).
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Although the model has been calibrated a number of repeated times using new monitoring data at multiple
places, deviations remain when looking at a finer time scale. The major reason for this is lack of spatial rain data
that covers the large catchment area of 250 km2 well enough. At present 9 on-line rain gauges delivers real time
data (Figure 8). An extended network with rain gauges are discussed. At the moment, there are ongoing tests
using the national weather radar network as input. Another innovative new technology that is tested for
temporal and spatially high resolution rainfall monitoring is based on microwave links, which has been
developed as a test site in Gothenburg by SMHI, Ericsson and the mobile operator Hi3G Sweden
(https://www.smhi.se/en/services/professional-services/micro-weather-example-data/). A combination of these
technologies may reduce the deviations between simulated and observed values to a minimum, but a certain
deviation will always remain, as it is still just a model.

Figure 8.

Screen dump from the web interface, showing the location of the 9 rain gauges connected to the system.

Forecasting used for real time control demand a much higher accuracy then other modelling, i.e. scenario
simulations. For these reasons, most of the MIKE modelling packages are extended with data assimilation (DA)
capabilities, to be activated in forecasting applications, which also holds for the MIKE1D engine that is available
in MIKE URBAN. The following DA routines are used in this application:


Up to the time of forecast (ToF) the model state variables are updated to fit observed values at chosen
sites. This updating procedure is based on a constant weighting function that distributes the error
correction at the measurement location evenly over neighbouring grid points in the model.



After the ToF a defined error forecast model is used to forecast the errors at the measurement locations,
meaning that the model is also updated in the forecast period.



At present, the error forecast model is based on a simple linear function where the error correction is
faded out to be half of the value at ToF after approx. 5 hours. This method will be further developed in
coming work, based on evaluation of typical error development during interesting high flow events.

There are in total 13 monitoring sites used for DA in the model. All of them are discharge points. Figure 9
illustrates the positive effects by applying the DA routines.
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Figure 9.

Observed (OBS) and simulated discharge, with (S2) and without (S1) data assimilation. The blue lines show
the discharge to the tunnel system from one of the major catchments (Kodammarna), where data
assimilation is applied, updating the modelled discharge to fit with observed discharge. The yellow lines
shows the total pump flow from the tunnel to the WWTP, where the thicker line (S2) shows the result where
data assimilation is included, which better fit to the dashed line showing observed discharge.

Definition of real time actions with MIKE OPERATIONS
The framework for the online forecasting and control system is based on the software MIKE OPERATIONS. All of
the job tasks are defined and scheduled in this software, for example importing and validating data, execution of
models, forecasting, post processing of results, optimization, sending alarms through e-mail or sms, creating
reports and publishing data and results from model runs to the web. Figure 10 illustrates the structure and
available basic components. The setup with all defined jobs, schedules, registered model(s), and time series data
are stored in a database (Postgres DB). This insures flexibility when moving between servers and also when
building new applications, as previously defined jobs and actions can simply be moved from a city to another.

Figure 10.

Illustration of major components defined in MIKE OPERATIONS (left). The software is built like a puzzle (right)
where different predefined scripts and sub routines can be activated and locally adapted for data
management, analyses, simulations/forecasting, real time operations and control.
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Conclusions and ongoing development
Even though the on-line forecasting system is useful in the daily operation as outlined above, full robust
integration, where the model based system directly controls the pumping rates and control structures, has been
the ultimate, and as yet unrealized, goal of this work. Improvements in catchment modelling have yielded better
simulations but one of the major challenges is still the precipitation input to the model. High resolution spatial
and temporal rainfall data is at most importance, and highest priority is put on this activity, as it doesn’t only
affect the hindcast, but also the forecast due to runoff and routing response time in the system.
Furthermore, the uncertainty of the weather forecast is crucial information. If the weather forecast has a higher
uncertainty, the more robust control strategy is needed. It is therefore planned to include weather forecast
ensembles for continuous analyses of the uncertainty in each forecast, to be used as input in the control
algorithm.
To conclude, high attention should be put on the following aspects when developing an on-line model based
control system, robust enough for automatic control:






Well calibrated hydrodynamic model, based on continuous hydrology and multiple years of data.
High resolution spatially distributed rainfall monitoring.
Include data assimilation with model updating and error forecasting to manage remaining deviations.
Spatial rainfall forecasting including ensembles for uncertainty analyses.
Robust control strategies that consider variable forecast uncertainties, not jeopardizing safety, although
forecasting fails.
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