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Abstract

Under the WFD the UK water companies are responsible for providing effective treatment methods
which will reduce the level of phosphate, a key nutrient in river eutrophication, in their respective
waterways. The selection of effective treatment methods poses a sustainability problem as there are
anumber of economic and social aspects which must be balanced with the environmental standards
set down by the WFD. This choice becomes even more complex as all of the stakeholders involved,
the companies, the local government, local industry and the general public must be engaged in
the decision-making process if they are to fully support whatever solution is chosen. This paper
describes a sustainability assessment and visualisation toolkit, PhiZ, which has been designed to
allow the assessment and communication of the sustainability of phosphate management scenarios.
The PhiZ system takes the approach of combining a number of computational models covering the
economic, social and environmental aspects of the scenarios with a unique visualisation based on
3D rendering techniques derived from the computer games industry, through which the results of
the models can be communicated. This unique visualisation not only allows the ecological state of
the river to be assessed over time but also allows a non-expert user to interactively investigate the
impact of different management techniques on sustainability of the river catchment. PhiZ does not
define sustainability but does provide a method for all the stakeholders involved to compare the
relative sustainability of a number of management scenarios.

Introduction

Under the Water Framework Directive the UK water
companies are responsible for providing effective treatment
methods which will reduce the level of phosphate, a key
nutrient in river eutrophication, in their respective waterways.
The sustainability assessment of any treatment method or
management option adopted for the control of river phosphate
is an extremely complex issue. This complexity derives from
the fact that any assessment must draw criteria from the three
aspects of sustainability (Figure 1) (Sahota and Jeffrey, 2005)
to ensure an effective and efficient service, maintain public
health and welfare and reduce resource usage (Foxon et al.,
2002)

Treatment Costs

Industry Impact
Resource Transport

Social
Equity

Sustainable

Social Management

Acceptabilivy,
Amenity Value

It is also clear that this process is made even more
difficult by the need to include a diverse range of stakeholders
in the decision-making process when these management
options are planned. To be effective, the decision-making
process is dependent on all the stakeholders being genuinely
involved, but the current prevailing practice is for decision-
makers to seek agreement for proposals once the key
decisions have been made (Geldof, 2005). Involving all the
stakeholders presents a major challenge. Communicating the
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sustainability in general and its implication for the decision-
making process is extremely difficult due to the inherent
complexity of the data involved. Coupled with this, for any
decision to be truly sustainable, all stakeholders must be

able to understanding the short and long term implications of
alternative courses of action (Beierle and Cayford, 2002).

Kapelan et al. (2005) suggest that this
communication barrier can be overcome through the use of
3D visualisation. It is suggested that using 3D visualisation
will enable more effective communication between experts
and non-experts and thus allow the inclusion of a wider range
of stakeholders. This view that visualisation aids stakeholder
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involvement in the decision-making process has been
reinforced by a number of other studies (Ball et al., 2007,
Miller et al., 2008b; Hamilton, 2005; Hamilton et al., 2001;
Salter et al., 2009; Gill ef al., 2010; Wu et al., 2010; Bishop
and Stock, 2010) where visualisation has been used in public
consultation for a variety of planning decisions. However, all
of these examples concentrate on the physical appearance of
the decision being made and were not designed to confer any
quantitative information to the stakeholders.

GIS (Geographic Information Systems)have been
used to provide the quantitative information in a graphical
way, providing the user with an interactive data-exploring
interface which allows them to overlay a number of different
maps onto a 2D surface and then to conduct complex
geospatial analysis (Salter ef al., 2009). However, it has
been shown (Lowe, 2004; Lowe, 2003) that many non-
expert stakeholders have great difficulty in deciphering
and understanding scientific displays and maps. Due to its
complexity and high learning curve, GIS requires the user
“to think like a geographic information scientist” (Clarke,
2001) and is still considered to be a difficult-to-use, expert
tool (Traynor and Williams, 1995). Its use in decision-making
has made it difficult for non-expert stakeholders, especially
the general public, to participate fully in planning decisions
(Salter et al., 2009; Al-Kodmany, 2002).

People develop the ability to navigate and visually
process 3D representations on a subconscious level
throughout their lives (Charters et al., 2002b), allowing
users to quickly recognise the spatial context of the decision
(Danahy et al., 1999). This subconscious ability suggests that
the user will not have to work to visualise the consequences
of the management options, but can concentrate on the
decision being made. Other visualisation systems used in
decision-making include CAD-based systems and specialised
3D commercial tools such as Autodesk Revit, ArchiCAD
and other 3D CAD drafting environments. The information
visualisation and immersive capabilities of these packages are
currently limited as they are primarily designed for rendering
high quality static images (Drettakis et al., 2007). 3D GIS
has attempted to solve some of these issues but still remains
a complex expert orientated tool which is designed primarily
to show existing data and, as such, it can appear sluggish

due to the large volume of data involved; adding a 3D layer
only compounds this and prevents realtime visualisation
(Ranzinger and Gleixner, 1997).

Modern computer games are able to provide the
user with possible, fantasy or realistic environments with a
large degree of interaction, especially over the control of the
view or camera with which the user sees the environment.
The authors believe that the use of games techniques in
3D visualisation may help the lack of participation and
interactivity available in current visualisation methods such
as CAD and GIS and may allow for greater realism of the
environments being displayed. Game engines are modular
code libraries which handle input, output (3D rendering, 2D
drawing, sound), and generic physics/dynamics for game
worlds, written for a specific game but general enough to
be used for a family of similar games. PhiZ uses a bespoke
rendering engine (SAVE Engine) designed to closely link
underlying scientific data with a realistic virtual environment
while maintaining real-time interaction.

PhiZ methodology

As can be seen from Figure 2, the Phiz System is formed
from four main components, Geospatial Data, Sustainability
Indicators, the INCA P model and the SAVE Engine. These
components and how they are combined are described in the
following section.

Geospatial data
Geospatial data from a number of sources can be used to
recreate the appearance of the real environment being studied.
This includes: digital terrain models (DTM) and digital
elevation models (DEM), commonly sourced from LIDAR or
satellite data; aerial photography, usually from satellite data,
but also from organisational photograph repositories; and
GIS files. These datasets are combined using computer game
rendering technologies to form a realistic representation of the
environment.

These data come in an array of different formats,
structures, scales and resolutions. Some of the datasets can
be extremely large in terms of file size and memory usage,
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especially aerial photography and high detail DEMs. The
challenge lies in combining all these data and ensuring real
time interactivity and overcoming the interaction problems in
existing GIS systems.

Sustainability indicators

It is recognised that there is need to select criteria and
indicators that are appropriate and relevant to the context of a
sustainability assessment and this approach has been adopted
here. A small set of indicators was selected, guided by the
body of knowledge above and the experience of the research
team and based closely on the specification for the research
project. The selected indicators are discussed in more detail
below.

Economic indicators

A number of economic factors were required to establish a
lifecycle management conceptual model, taking account of

a range of management options including source control,
change in fertiliser use and phosphorus removal within
WwTW. Consequently net present value (NPV) costs, mostly
calculated on a per capita basis were required for:

@ [ron dosing at WwTW for phosphorus reduction in effluents

e Construction of BNR for phosphorus reduction in effluents

e Source control of phosphorus to WwTW (including tap
water dosing, removal of phosphorus from food additives
and detergents)

® Replacing the use of inorganic fertilisers with biosolids

e Infrastructure costs (pipe replacement and new/upgraded
treatment works)

® Overall treatment costs

Full details of the economic model used are available
in the UKWIR report (UKWIR, 2011).

Environmental Indicators

As with the economic indicators, a range of management
options were investigated to determine their carbon impact,
i.e CO, arising from the introduction of a particular option.
Consequently carbon costs or savings were calculated for:

e Construction of new treatment plants or infrastructure
® [ ead pipe replacement

® Replacement of imported fertilisers

® Reduction of P addition and removal

The data used by the carbon model were sourced
from UKWIR and Atkins Global; full detail of the carbon
based environmental model is available in the UKWIR report
(UKWIR, 2011).

Social indicators

A range of potential social indicators were identified in the
literature on sustainability studies of wastewater and solid
waste treatment and disposal options. A common feature of
these studies was that whilst social indictors were identified,
they were not evaluated in quantitative terms due to the
methodological difficulties in the measurement of social
phenomenon. The indicators addressed social aspects at
arange of levels including local impacts that might be
measurable, such and noise and smell, and wider issues
such social equity and environmental justice. Balkema et

al. (2002) provided a comprehensive review of indictors

for sustainability assessment of wastewater systems and the
category of indictors that they provide is appropriate to the
context of this study, where the scenarios cover a range of
individual, corporate and institutional stakeholders. These are:

e Awareness/participation

e Competence/information requirements of stakeholders
® Cultural acceptance

@ Institutional requirements

INCAP

The Integrated Catchments Model for Phosphorous (INCA
P) is a process-based, mass balance model that simulates

the phosphorus dynamics in both the plant/soil system and
the stream. Using a semi-distributed representation, INCAP
simulates the variations in phosphorus resulting from
different land use types within a river system. The model
thus allows the impact of different land management and
wastewater treatment practices on the phosphate levels in
the catchment to be determined. The land phase of INCA-P
includes a simplified representation of direct runoff, soil
water and groundwater flows, and the soil processes that
involve phosphorus, to simulate organic and inorganic
phosphorus concentrations. In addition, the model includes a
multi-reach in-stream component that routes water down the
main river channel simulating total phosphorus (dissolved
plus particulate phosphorus) concentrations in the water.
INCA produces daily estimates of the phosphate soli and in-
stream levels along with a number of other in-stream factors
INCA such as soluble reactive phosphorus concentrations
(determined from the total phosphorus), macrophyte and
epiphyte populations, algal biomasses, sediment size and flow
rate (Whitehead et al., 1998, Wade ef al., 2002).

The SAVE Engine

The SAVE (Sustainability Assessment, Visualisation and
Enhancement) Engine, written in C# and XNA, is a custom
designed rendering engine based on contemporary computer
games and rendering techniques. The engine has been
designed to provide virtual environments which closely
couple a realistic representation of the real world with
underlying scientific models whilst still providing the user
with a real time interactive experience (Isaacs et al., 2011a,
Isaacs et al., 2011b).

The SAVE Engine allows real world to be accurately
represented through the incorporation of geospatially indexed
datasets such as GIS files, satellite images, digital elevation
models (DEMS) and maps (GB Ordinance Survey). The
engine then uses specialised graphical techniques (High
Level Shaders) to render all of these components and into
a recognisable representation of the environment being
studied. As the engine is developed using computer game
technologies, it maintains the highest possible degree of user
interaction allowing the user complete control over how the
environment is viewed.

The SAVE engine’s purpose is not simply to display
a representation of the environment and provide access to the
underlying models but to display the results of the underlying
models to the user in a meaningful way. This is achieved
by using a number of visualisation techniques which enable
the INCA P data, and the sustainability models to be viewed
together over time.

Wensum case study application

The varied nature of river catchments precludes modelling
and evaluation of scenarios on a typical catchment and
therefore the approach taken was to illustrate the application
of the toolkit on one catchment, allowing conclusions to be
drawn on the scenarios in the context of that catchment and to



explore any generic issues that might arise from the exemplar
application. The Wensum catchment was selected for the
purpose of the case study, to represent a mixed catchment
with a variety of land use, point and diffuse source inputs of
phosphorus.

A baseline scenario was established based on
the current AMP4 operation of the treatment works in
the catchment. Three possible management options, in
consultation with the water authorities, were then identified,
namely, the achievement of a 40% reduction in P output
from the works through the introduction of a wide range of
source control measures, in place of P removal systems; the
widespread removal of phosphates at the works using iron
dosing with AMP 5 investments; and the combination of
source control with the replacement of two existing works
by a modern BNR treatment process. Additionally, the effect
of increasing the amounts of bio solids to agriculture to 50%
in each management option was considered. In summary,
the baseline plus six scenarios were modelled and compared
using the sustainability assessment and visualisation toolkit.

These were:

Scenario 1: (Baseline)

Scenario 2: Baseline Plus 40% Source Control.

Scenario 3: Baseline plus 40% Source Control, 50%
Biosolids.

Scenario 4: AMPS.

Scenario 5: AMPS plus 50% Biosolids.

Scenario 6: BNR plus 40% Source Control.

Scenario 7: BNR plus 40% Source Control, 50% Biosolids.

To determine the scenarios’ effectiveness at reducing
the phosphate levels, the current baseline situation and the
impact of each scenario on the phosphate level was modelled

using the INCA-P modelling system. Sustainability indicator
values were also calculated from the baseline for each
scenario, based on the criteria stated on the previous section.
This gave each scenario an INCA P value and the range of
sustainability indictors.

A range of techniques exist to combine such data;
these can be categorised as weighted aggregation methods
to reduce the data set to a single comparative indicator or
outranking, or preference-based methods that produce a
rank order of options. In both cases, whilst the decision-
maker is presented with a more readily understood measure
of sustainability, the rich information conveyed to the
decision-maker is lost. Furthermore, the phosphate’s life
cycle is subject to temporal variation and therefore a dynamic
approach to sustainability assessment and communication is
required. This sustainability analysis was undertaken using
the PhiZ system. This produced a dynamic visualisation of
each of the scenarios at the same time, whilst displaying
each of the measured indictors with the discourse on social
indictors along with the INCA P value which thus allowed the
comparison of the scenarios.

Communicating sustainable management options

Combining the sustainability indicators with INCA model
output over time creates an overall dataset of over 1.5
million data points, which would be extremely difficult to
comprehend using traditional means even for the expert
stakeholders involved. Using the PhiZ visualisation

system this data set was transformed into a much simpler
representation of the rivers’ water quality. Figure 3 shows
how the sustainability indicators, the INCA P datasets and
the geospatial data have been combined into a single virtual

Figure 3
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Figure 4  Colours used to represent the EQS on the river

environment.

The main 3D display shows the virtual
representation of the river catchment and surrounding area.
The spatial and temporally variable INCA output can be
viewed and compared for each scenario. A colour scale is
used to represent the environmental quality standard (EQS,
Figure 4) and thus show where the phosphate level exceeds
that permitted.

The economic, carbon savings graphs show the
level of economic and carbon savings the selected scenario
provides, they also show the difference positive (savings) or
negative (costs) each management option provides. The social
indicator box provides an explanation of the social issues
associated with this particular management option.

The model date indicator displays the current day
in the INCA model run being shown on the 3D display. The
stakeholders are able to move forward or backward in time

using the time control, to determine if specific river reaches
or treatments works have a greater impact during different
seasons.

The most important aspect of the PhiZ system is its
ability to indicate, visually, the consequences of the choices
the user makes. Figure 5 shows the application of the PhiZ
system to the six scenarios chosen on the Wensum catchment.
The PhiZ system runs the scenarios concurrently, enabling
the user to flip between the scenarios and identify the impact
of that particular management option, both in terms of the
phosphate level, via INCA P, but also in the sustainability of
that option.

Conclusions

As the PhiZ system was developed in conjunction with a
UKWIR research report, there was the opportunity to test
the visualisation outputs at a number of project steering
groups meetings and the project completion meeting. This
allowed the usefulness of the system to be tested directly
in aiding the discussion and rationalisation of phosphate

a) Baseline

b) 40% Source control
c) 40% Source Control & 50% Biosolids
d) AMP5

e) AMP5 & 50% Biosolids

f) BNR & 40% Source Control

g) BNR & 40% Source control

Figure 5  PhiZ Application to case study scenarios.
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management decisions. The visualisation was well received
by the members of the steering group who believed that the
system would be successful in demonstrating the complex
facets of sustainable management decisions. As a result of
the steering group meetings, the PhiZ system was included
on CD as an appendix to the final project report (UKWIR,
2011). The report also recommended that the tool should

be widely demonstrated and developed to take account of
further sustainability issues and combined with other tools
and data to create a sustainable planning tool for the whole
water industry. Tests of the virtual environment and the colour
scales used have also been performed with various expert
and non-expert focus groups to determine the range of values
which can be identified. Preliminary results of these focus
group tests show widespread acceptance of the use of virtual
environments and also that most users have the ability to
identify data differences of about 2% between the scenarios.
The focus group tests and steering group meetings also
showed that the tool provoked discussion about the issues
surrounding the management options. The steering group
members were also able to identify anomalies and dramatic
occurrences in the data.

The SAVE engine has been developed to allow its
application to any virtual environment based problem. As
Phiz has been developed on this platform it would be possible
to apply the assessment strategy to any river catchment once
the INCA P data and sustainability information had been
collected. Traditional methods such as graphs, tables, maps
and GIS systems are essential in allowing expert decision-
makers to perform their duties. However, the problem arises
when this information has to be communicated to other
stakeholders, experts in other fields or high level decision-
makers. If the consequences of the decision or the underlying
concepts are not fully understood by the person making the
decision or those the decision is going to affect, clearly the
sustainability of the decision cannot be guaranteed. Using 3D
visualisation, coupled with accurate modelling, allows this
barrier to be reduced, allowing all the stakeholders to speak
a common language and influence the decision regardless of
their expertise or background.
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