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PREFACE

The present volume contains the papers presented at the 4* International Conference
on Sustainable Water Resources Management, held in Kos, Greece in May 2007.
Previous conferences of the series were held in 2001 in Halkidiki, Greece, in 2003 in
Las Palmas, Gran Canaria, and in 2005 in Algarve, Portugal. The fourth conference
was organized by Wessex Institute of Technology, UK and was sponsored by WIT
Transactions on Ecology and the Environment, the ASCE UK International Group,
and the Prince Sultan Research Center for Environment, Water and Desert of Saudi
Arabia.

Nowadays, water consists one of the most important natural resources in the
world. Therefore, population growth and higher living standards will cause ever
increasing demands for good water quality in the future, exerting an extreme pressure
in water resources. Water is essential for supplying domestic, municipal, industrial,
and agriculture needs. Furthermore, while growing populations and increasing water
requirements are a certainty, it is not known how climates will change and at what
extent they will be affected by man’s activities. Climate changes (both natural and
anthropogenic) are essentially unpredictable, As a direct result water resources
management should be flexible and ready to cope with changes in availability and
demands for water. Integrated water management on a local scale is thus imperative
and all pertinent factors should be considered in the decision-making process. This
integrated approach evaluates supply management demand management, water
quality management, recycling and reuse of water, water economics, public
involvement, public health among many other parameters.

Therefore, effective strategies for integrated water resources management both
on local and national scale should be implemented in every country, taking in mind
the aforementioned factors. This conference provides a common forum for all
researchers specialising in the range of subjects included in sustainable water
resources management.

The scientific topics presented at Sustainable Water Resources Management
2007 conference included:

e Water management and planning

e  Hydrological modelling

e Water quality

e Groundwater flow problems and remediation



Waste water management

Waste water treatment and management
Water markets and policies

Pollution control

Irrigation problems

Urban water management

Decision support systems

Coastal and estuarial problems

The editors would like to thank all the authors for their contribution, as well as
the members of the International Scientific Advisory Committee for their
invaluable help in reviewing the papers.

The Editors,
Kos, Greece

2007
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Incorporating CO, net flux in multipurpose
reservoir water allocation optimization

J. Lopes de Almeida
Department of Civil Engineering, Coimbra University, Portugal

Abstract

Multipurpose hydropower plants play an important role in water resources
management throughout the world. In many cases the water stored in the
reservoir dam can be used for agricultural irrigation or for hydroelectricity
production. From a planning point of view this conflicting, mutually exclusive,
water use can be remedied by judicious water allocation. This can be computed
by a decision model that maximizes global return from both electricity and
agricultural production, as we showed in previous papers. However, the
increasing importance of environmental constraints, especially CO, emission
targets, demands new approaches in order to incorporate these aspects in the
decision model. This paper describes a mathematical model that computes
optimum water allocation taking into account the returns from hydroelectricity
and agricultural production and also the corresponding CO, net fluxes, in order
to achieve a sustainable multipurpose hydropower management. After
formulation the problem is solved using nonlinear programming.

Keywords: multipurpose hydropower reservoir management optimization,
irrigation, CO; net flux, nonlinear programming.

1 Introduction

Reservoir dams are hydraulic structures used pretty well all over the world. Their
multipurpose character, combined with the natural scarcity of water resources,
often leads to complex water management problems. This problem can arise
when multipurpose reservoirs are committed to the two main tasks of agricultural
irrigation, by diverting upstream water, and electricity production. From a
sustainable planning point of view, water sharing should be established, taking
into account both the revenue from the production activities and the

@ WIT Transactions on Ecology and the Environment, Vol 103, © 2007 WIT Press
. www.witpress.com, ISSN 1743-3541 (on-line)
doi:10.2495/WRM070011



4 Water Resources Management IV

environmental aspects. After the Kyoto Protocol [1], several signatory nations
embarked on an extraordinary effort to reduce their CO, emissions to slow down
global warming. The Fourth Assessment Report of the Intergovernmental Panel
on Climate Change (IPCC), released in Paris on 5" February 2007, pointed out
that carbon dioxide is the most important anthropogenic greenhouse gas and that
the global atmospheric concentration of carbon dioxide has increased 35% since
the pre-industrial period.

It is known that hydroelectric power plants can help reduce CO, emissions by
replacing fossil fuel electricity production. The CO, emitted during construction
is a small fraction of the CO, savings during the lifetime of the hydroelectric
power plant. This environmental importance of hydropower was recognized at
the World Water Forum hosted by the World Water Council, 16-23 March 2003,
in Japan. The Forum culminated in the ratification of a formal declaration, which
includes a specific reference to hydropower: “We recognize the role of
hydropower as one of the renewable and clean energy sources, and that its
potential should be realized in an environmentally sustainable and socially
equitable manner.” In the Portuguese electricity system, D-L No. 33-A/2005 of
16" February states that for each kWh of independent hydroelectricity
production 370 g of CO, is avoided.

The irrigation of farmland seems to be another way of reducing atmospheric
CO,, if suitable agricultural management practices are adopted. Extensive
research is presently being done to evaluate the potential of sequestering carbon
by increasing soil organic carbon (SOC) wusing appropriate agricultural
management practices [2—4]. West and Marland [2] analysed the full carbon
cycle in corn crops, computing the CO, emissions associated with agricultural
activities, which included: tillage, seed production and application, planting,
fertilizer production and application, herbicide production and application, and
harvesting. The net carbon flux (NCF) was evaluated considering the carbon
emitted into the atmosphere as a positive flux, while carbon sequestered from the
atmosphere into the soil is represented as a negative flux. Several fertilizer
application rates were considered as well as two tillage practices: conventional
till and no-till. According to these authors [2] the conventional till continuous
corn crop in Kentucky is a net contributor to the atmospheric CO, pool (positive
NCF). However if conventional till is replaced by no-till (when only a narrow
band of earth is disturbed where the seed is to be planted and fertilized) the NCF
can become negative if adequate fertilization is used. If we disregard CO,
emissions associated with farm construction (farm infrastructures last for
decades and are very small compared to the extensive corn fields) we can
compute the following indicative values of CO, sequestration in topsoil per kg of
corn yield from [2]:

- CO; net flux to the atmosphere for conventional till with conventional
fertilization rate : + 146 g of CO, per kg of corn yield;

- CO; net flux to the atmosphere for no-till with increased fertilization
rate: - 53 g of CO, per kg of corn yield. This carbon sequestration can
be expected to last from 20 to 50 year according to [3] and [5].

@ WIT Transactions on Ecology and the Environment, Vol 103, © 2007 WIT Press
. www.witpress.com, ISSN 1743-3541 (on-line)
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We would like to stress that West and Marland [2] focused exclusively on CO,
emissions. Yet other greenhouse gases emissions like N,O and CH, may have a
considerable impact on global warming [4].

The production of a given type of plant depends on many different factors,
like the soil characteristics, the climate, and particularly on the availability of
water during the vegetative life cycle.

In order to reproduce the agricultural production of a corn crop analytically,
Cunha et al. [6] developed an agricultural production function based on models
taken from, Doorenbos and Kassam [7],

Ya, ETa,
1-—— | =Ky |1-——
( Ym‘.] y’( ETmi] M

Ya=actual production in period i; Ym=maximal production (when no factor
limits production) in period #; Ky;=yield response coefficient in period i;
ETa=actual evapotranspiration in period i; E7m/~=maximal evapotranspiration in
period i (if there is not an irrigation deficit), and Bowen and Young [8],

Ya v Ya,
M—H[Ym,) @

Ya=actual production ; Ym=maximal production (when no factor limits
production). This agricultural production function was applied to a corn crop in
Turkey.

If we combine the agricultural production function with the indicative values
of CO, net flux per kg of corn yield, we will get a simplified model for carbon
dioxide sequestration estimation. It should be pointed out that this model derived
from different data obviously cannot reproduce a specific situation. However, it
analytically reproduces a simplified mechanism linking irrigation policy to CO,
sequestration, allowing the mathematical development and computation of a
decision model that can later be adapted to specific data.

In order to achieve sustainable multipurpose hydropower management we
should try to maximize the monetary return and minimise CO, emissions. This is
typically a multiobjective problem. According to Revelle and McGarity [9],
these problems can be solved by two approaches:

- A multiobjective approach. In this case we can maximize the tangible
monetary return from hydroelectricity and agricultural production and at the
same time minimise the intangible monetary value of CO, emissions.

- A single objective approach. If it is possible to reduce all tangible and
apparently intangible aspects to monetary values (benefits and costs), we can
transform a multiobjective problem in to a single objective problem that
maximizes overall net benefit function. “This is the basic logic behind benefit-
cost analysis, which has been the dominant analytical tool for civil and
environmental problems for 60 years” [9: 515].

At the moment CO, emissions tend to have a very precise monetary value.
The European Union Emission Trading Scheme (EU ETS), the largest multi-
national greenhouse gas emissions trading scheme in the world, came into
operation on 1 January 2005, although a forward market has existed since 2003.

x WIT Transactions on Ecology and the Environment, Vol 103, © 2007 WIT Press
.. www.witpress.com, ISSN 1743-3541 (on-line)



6 Water Resources Management IV

Other countries like Canada and Japan will establish their own internal markets
in 2008 and may well link up with the EU ETS. Even in the countries like the
USA that have not ratified the Kyoto Protocol, voluntary organizations are
establishing CO, credits markets.

Since a tangible monetary value can be attributed to the CO, emitted or
avoided, the problem can be formulated as a single objective optimization
decision problem.

2  Formulation of the problem

Figure 1 gives a schematic layout of the multipurpose reservoir.

QAi V; QD i (river) (QDi+ QTI)
— (reservoir)
OT,; (hydraulic circuit) &L
_»
A (agricultural plant) ‘6] R;
Figure 1: Schematic layout of inflows and outflows.

The problem can be stated as follows:

For each of the i=1 fo 12 fortnights of the 6 month crop period: how much water
shall be allocated to agriculture production (QIR;), to hydroelectric production
(OT;) and released downstream (OD;) in order to maximize global return, taking
in to account the CO, net flux and satisfying the problem constraints.

Inflows are represented by QA,, stored reservoir volume by V;, agricultural area
by A, and the downstream required outflows are represented by (OD; + OT,).

The objective function is:

N
Ya,
max R = Hyal Ym-A-(Py+CAF -P.,,)+
=1 A7, 3)

N

20, -y-OT, -H, -(Pe, + CHF - P.,)

i=l1
R=global remuneration; N=number of time steps (ex.: fortnights); i=integer that
represents the time step period; Py=unit price of agricultural production; CAF=
CO, net flux per unit of corn yield; Pcps=unit price of CO, in agriculture;
n=overall efficiency of the hydropower plant during period 7; y=constant that
depends on the water density; OQT=volume of water to be used by the turbines
during period i; H=Gross head during period i; Pe~tariff price of the
hydroelectricity production during period i; CHF= CO, net flux per kWh;
Pcpy=unit price of CO, in hydroelectric production.
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The constraints of the problem can be divided into four main types:

The constraints associated with agricultural production that give corn
yield as a function of the irrigation policy. Figure 2 shows minimum
and maximum corn yield associated with the least and most efficient
distribution of total irrigation by the three bimonthly vegetative periods
of the agricultural production function. This function, reproduced by
equations (1) and (2), was adopted in the application examples.

The constraints associated with hydroelectric production that provide
the physical and technical restrictions of the hydroelectricity generation
process, as well as the tariff for production remuneration. In Figure 2
we can see an arbitrated tariff based on the Portuguese tariff for
independent producers. According to D-L No. 33-A/2005 of 16"
February, each ton of avoided CO, is worth 20 €. Hydroelectricity is
paid taking in to account the peak and average consumption hours, the
off-peak consumption hours, as well as the average monthly
hydroelectric power. Figure 2 was computed by arbitrating a
management policy to transfer inflows from low consumption hours to
peak and average consumption hours.

The constraints associated with water use that provide minimum and
maximum limits for: reservoir water surface levels, outflows, required
energy production, and initial and final stored reservoir volumes,
throughout the 12 fortnights.

The constraints associated with the hydraulics of the problem, such as
the mass balance equation in the reservoir, the elevation-storage curve
at the reservoir, the elevation-flow curve at the end of the hydraulic
circuit, and the stationary condition for initial and final reservoir stored
water volumes.

X ®
X XXX 2 (6%
0,8 % X X X S
X ¥ =
¥ £
061 «x %
X X O X8
X = B = 2
04 13 5 x X XXX XX 52 y =-2,353x2 + 2,281x + 8,1887
0.2 1 S
% YalYm (0-1) 5 (x)
0 . . . . T r 7 T . . T
500 600 700 800 900 1000 1100 0,0 0,2 04 06 08 1,0
Total irrigation (mm) Monthly production/Maximum monthly product.
Figure 2: Production functions: Agricultural production (Ya/Ym) versus most

efficient (upper values) and least efficient (lower values) irrigation
policy, and hydroelectric tariff as a function of monthly production.

The analytical expressions that reproduce these constraints can be found in
Almeida and Cunha [10].

WIT Transactions on Ecology and the Environment, Vol 103, © 2007 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)



8 Water Resources Management IV

The nonlinear character of the objective function and some constraints
indicated that nonlinear programming was the appropriate method to use. The
model was solved using the GAMS/MINOS software [11, 12].

3 Examples

The computational feasibility and the dynamic behaviour of the decision model
were analysed by means of several tests. Real data was mixed with artificial data
to create extreme illustrative situations. The agricultural area was 4=600 ha and
the maximum agricultural production per hectare was Ym=6 t/ha. Three
bimonthly vegetative periods were considered with Ky;=0.4, Ky,=1.1 and
Ky;=0.4. Based on information from Portuguese regional agriculture market we
adopted a unit base price for corn yield of Py=182 €/t. Irrigation, with a
hydraulic efficiency of 70%, occurs during the 6 month crop period from March
to August. Further data associated with the agricultural production function
presented in Figure 2, like for instance, soil moisture conditions, effective
precipitation and evapotranspiration, can be found in Cunha et al. [6].

Table 1 gives the inflows to the hydropower plant reservoir. The installed
capacity was PINST=10 MW, reservoir bottom altitude was 500m, and bottom
altitude at the end of the hydraulic circuit was 234.5m. The hydroelectric tariff
was given by the expression from Figure 2 where maximum price is 8.9 cts/kWh.
As mentioned above, the base formulation of the problem allows the imposition
of several multipurpose constraints. However, given that we are interested in
analyzing the full impact of CO, emission in the water allocation, we will adopt
illustrative examples with minimum constraints in order to provide a high degree
of freedom to the decision model. The minimum and maximum surface water
levels in the reservoir were set to 517 m and 536 m respectively. Outflows were
not limited by minimum or maximum values. No obligatory hydroelectric power
production was imposed. Further data can be found in Almeida and Cunha [13].

Table 1: Inflows to the hydropower plant reservoir.
i 1 2 3 4 5 6
QA,~(m3) 2443890 | 2118140 1624010 1513950 1234500 671630

i 7 8 9 10 11 12
QA; () 259130 76570 122200 39550 28390 30830

We considered 3 illustrative scenarios:

1) In scenario 1, water allocation optimization is computed without any
considerations about the monetary evaluation of the CO, net flux. In this
case, the application of D-L No. 33-A/2005 of 16" February leads to a
mean depreciation of about 45%. The corn yield is evaluated with the
base unit price of Py=182 €/t.
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Water Resources Management IV 9

2) In scenario 2, the water allocation optimization is computed considering
the hydroelectric tariff presented in Figure 2, and considering a
conventional till corn crop. As a conventional till corn crop is a net
contributor to CO, emissions, the unit price is depreciated to a final
value of Py=179 €/t. To compute this price, the +146 kg of CO, per ton
of corn yield are multiplied by the 20 € per ton of CO,. A final
depreciation value of 3 € per ton of corn yield was adopted.

3) In scenario 3, the water allocation optimization is computed considering
the hydroelectric tariff presented in Figure 2, and considering a no-till
corn crop. As a no-till corn crop is a non conventional technique, we
estimated the monetary value of the avoided CO, emissions using
exactly the same criterion as for the independent hydroelectric
producers. This criterion basically increases the monetary value of the
ton of CO,; by a factor of 4.5. Using the -53 kg of CO, per ton of corn
yield, a final increase of 5 € per ton of corn yield was adopted, which
gives us the final price of Py=187 €/.

Examples were computed with a monthly time steep. Figure 3 and 4
present results in each scenario.

800000
@ 600000 m Hydroelectricity
“é 400000 -
@ 200000 0 Corn crop
0
Scenario 1 Scenario 2 Scenario 3
Figure 3: Benefit in each scenario.
Scenario 1 Scenario 2 Scenario 3
6 6 6
©® 5 @ 5 o5
IS
£ £ 4 £ 4
w 3 ® 3 o 31
3
s 2 S 2 g 2]
> 1 > 1 > 1 4
(@] ]
© 0 ‘ 0 : L1 0 ‘ ‘
T 2T 2o 2o R
£8 88 &3 §8 88 &3 §8 88 =3
O o O o [ [ [ O o [ O O [
o O o O o 0 o O o 0 o O o 0O o O o 0
o QO O Qo O Qo v QO 0o O Q o Qo O Qo O Q
> > > > > > > > >
[]- Corn [l - Hydroelectricity
Figure 4: Water allocation in each scenario.
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10 Water Resources Management IV

3.1 Scenario 1

We can observe that in scenario 1 the decision model gives priority to
agricultural production because the hydroelectric tariff is low. The optimum
solution implements an irrigation policy without water deficits that leads to a
maximum agricultural production of Ya/Ym=1.00. Irrigation during each
bimonthly vegetative period, next to the plants, is /,=615mm, I,=314mm,
I;=151mm (which corresponds do the upstream diversion from the reservoir of
OIR;=5.269hm’, QIR,=2.688hm’ and QIR;=1.292hm’ respectively). The
agricultural yield is 644400 €.

The optimum solution only implements hydroelectric production when
surplus water is available after priority agricultural use. The outflow to the
turbines is O7,= 0.914hm’. The hydroelectric production benefit is 25221 €.
Global benefit in scenario 1 is 669621 €.

3.2 Scenario 2

In scenario 2, the hydroelectric production tariff increases and the unit price of
corn yield slightly decreases relative to the corresponding values of scenario 1.
The decision model correctly identifies that hydroelectric production becomes
more lucrative and responds to this modification by reallocating considerable
volumes of water from agricultural use to hydroelectric use. The optimum
solution implements an irrigation policy with water deficits which reduces
agricultural production to Ya/Ym=0.74. The irrigation during each bimonthly
vegetative period, next to the plants, is /;=236mm, /,=392mm, and /;=57mm
(which corresponds do the upstream diversion from the reservoir of QIR,=
2.022hm’, QIR,= 3.364hm® and QIR;= 0.488hm’ respectively). Since the yield
response coefficient in the second vegetative period is almost triple the yield
response coefficients in the remaining vegetative periods, the decision model
adopts an irrigation policy that favors this period. The agricultural yield is
482463 €.

The optimum solution implements a hydroelectric production policy that
allocates the initial high natural inflows to hydropower production, rather than to
ensuring a no-deficit agricultural irrigation in the first vegetative period, as
occurred in scenario 1. The outflow to the turbines is Q7,= 4.290hm’.

The hydroelectric production benefit is 221378 €.

Global benefit in scenario 2 increased to 703841 €.

3.3 Scenario 3

In scenario 3, the hydroelectric production tariff and the unit price of corn yield
increase relative to the corresponding values of scenario 1. The decision model
correctly identifies that hydroelectric production becomes more lucrative and
responds to this modification by reallocating considerable volumes of water from
agricultural use to hydroelectric use.

The optimum solution implements an irrigation policy with water deficits that
reduces the agricultural production to Ya/Ym=0.80. The irrigation during each

@ WIT Transactions on Ecology and the Environment, Vol 103, © 2007 WIT Press
. www.witpress.com, ISSN 1743-3541 (on-line)
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bimonthly vegetative period, next to the plants, is /,=236mm, /,=392mm,
I;=151mm (which corresponds do the upstream diversion from the reservoir of
QIR;=2.022hm’, QIR,=3.364hm’ and QIR;=1.292hm’ respectively). The
agricultural production in scenario 3 is higher than in scenario 2 because an
increase of irrigation in the third and driest vegetative period occurs. The
agricultural yield is 538560 €.

The optimum solution implements a hydroelectric production policy that
allocates the initial high natural inflows to hydroelectric production, rather than
to ensuring a no-deficit agricultural irrigation in the first vegetative period, as
occurred in scenario 1. The outflow to the turbines is OT,= 3,485hm’.

The hydroelectric production benefit is 179332 €.

Global benefit in scenario 3 increased to 717892 €.

With respect to scenario 2, it is clear that the adoption of the no-till corn crop
increased the competitiveness of the agricultural production relative to the
hydroelectric production. Consequently, the decision model slightly rearranged
the water allocation increasing agricultural water use and decreasing
hydroelectric water use.

4 Conclusions

Comparing scenario 1 with scenarios 2 and 3 we can conclude that the
incorporation of the monetary evaluation of the CO, net flux can have a
considerable impact on optimum multipurpose water allocation.

From scenarios 2 and 3 we can conclude that the replacement of a
conventional till by a no-till corn crop has a low impact on optimum
multipurpose water allocation, when a CO, net flux monetary evaluation
approach is adopted.

From a conceptual, mathematical and computational point of view, the
approach presented above was able to incorporate the CO, net flux in a
multipurpose reservoir water allocation optimization model for agricultural
production and hydroelectric production.

In the examples presented above the decision model showed a logical
response, from a dynamic point of view, to the modifications made to the data.
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Integration of water resources modelling
approaches for varying levels of
decision-making
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Abstract

Within government organisations there is a hierarchy of decision making ranging
from broad, strategic decisions taken at top management level, through detailed
planning, to the routine operational decisions. Due to the complex nature of
water resources management, some form of water resources model is required to
determine how much water is available, and to balance this against water
requirements, taking the variability in assurance of supply to different users into
consideration. In South Africa, as in many other countries, the trend has been to
develop different models aimed at advising different levels of decision making.
While this has proved successful, it has led to multiple models and hence
multiple databases, and inevitably to inconsistencies in the conclusions reached
by adopting different scales of modelling intensity and complexity. This paper
describes an approach to water resources modelling which seamlessly deals with
several levels of complexity, from broad-scale, strategic planning through
detailed planning (or systems analysis), to the short to medium term operation of
reservoirs (including hedging strategies) to deal with droughts and unexpected
situations such as over-abstraction. The initial model setup commences at a
broad strategic (or reconnaissance) level. As the model user progresses to higher
levels of modelling intensity he is prompted to provide the data required by these
higher levels. The core of this modelling system is a database of water user and
monthly naturalized hydrology, rainfall and evaporation which is used
throughout all levels of modelling. The fundamental concepts of reservoir
behaviour analysis forms the basis of the modelling procedure, commencing with
a single iteration cascading monthly time-step simulation for strategic planning
purposes and progressing to a multi-iteration solution using up to 500
stochastically generated hydrological sequences, including curtailment rules for
each user, to solve complex reservoir operation problems. Comprehensive testing
and application of this system has not yet been undertaken, but preliminary
observations are made in this paper based on a trial application in a test
catchment.

Keywords: water resources modelling, reservoir simulation, database
structures, reconnaissance modelling, systems analysis, reservoir operation.
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14 Water Resources Management IV

1 Introduction

The trend in water resources model development today seems to be towards the
optimization of increasingly complex systems. Optimization of systems in
developed countries is undoubtedly necessary as available water resources
become increasingly stressed. However, in developing countries it is important
to first gain a fundamental understanding of the water resources of the country or
region as a whole before embarking on detailed and costly optimisation analyses.
This broad or strategic level of understanding is needed by high level decision
makers who are, however, unlikely to have the required expertise in water
resources modelling. Simpler models are therefore required to support this
strategic level of understanding.

A frequently overlooked but important aspect of modelling is that when
model developers strive to solve increasingly complex problems, their models
tend to become correspondingly more difficult to understand and use, often
leaving the decision maker behind in the process. There is therefore a niche to be
filled by simpler models, which may be less accurate and unable to deal with
complex problems, but which can at least provide a broad level of understanding
to the decision maker at a higher level of management within an organization.

There is, therefore, a trade off between simple, easy to use models, which do
not adequately address the complexities of the actual operation of a catchment,
and the more complex models capable of addressing these issues but which are
not accessible to higher levels of management or decision makers.

AA— .

Level 1: Reconnaissance

Prioirtise users

1Ep UOwW
uoprerd yowwo))

)

Figure 1: Hierarchical modeling: conceptual layout.
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This paper discusses the integration of modelling approaches at various levels
(Reconnaissance, Systems Analysis, and short-term Reservoir Operation) onto a
single platform in order to allow organizations (or individuals) to progress
seamlessly from simple strategic modelling through to more complex operational
modelling using the same underlying data and model structure. The objective of
such a modelling platform is to improve efficiency. Training and support costs
could be substantially reduced through the use of such a system, since many of
the supporting tools such as graphics and GIS interfaces are the same regardless
of the level at which the model is being used. This hierarchical modelling
concept is presented in Figure 1.

2 Principles of deploying and managing a common database

An obvious but often neglected prerequisite to achieving consistent and
defendable decision—making, from the broad strategic level through to detailed
operation of complex systems, is the use of a common data source for both the
hydrology and the water use data within the region under consideration.
Furthermore, in order to achieve the objective of reconnaissance level or
strategic planning, models must be sufficiently flexible, and able to function
rapidly enough to run in a workshop environment. It is argued that this can only
be achieved by setting up a sub-catchment reference system in which all the
required information is referenced to the sub-catchments in which they occur.
It is also essential to use the same sub-catchment reference system for all levels
of modelling if the results are to be comparable as increasing levels of modelling
sophistication are added.

In South Africa, a standard sub-catchment reference system, referred to as
quaternary catchments, was established in the early 1990’s. (Midgely et al [1]).
This data set, which consists of monthly streamflow and rainfall time series as
well as mean monthly evaporation data are readily available in Midgely’s suite
of reports as well as on the SPATSIM database (Hughes [2]). Other South
African databases, such as the Information Management System (IMS) (Nyland
and Watson [3]) or the WSAM (Schulze and Watson [4]) either do not use the
accepted catchment definition as described in Midgely et al [1] or else only
contain annual mean data rather than the entire time series. In the case of the
modeling system described in this paper, referred to as the Water Resources
Modelling Platform (WReMP), Midgely’s quaternary catchment names are used
a reference to create a simple Paradox database in order to make it readily
available for modelling. Simply by referencing the sub-catchment name, the
natural flow and rainfall time series data are loaded into the model at run time.
Spatially referenced data such as this also lends itself to easy deployment on
GIS, an important feature in any water resources model.

Water use data is more difficult to manage than hydrological data since it is
constantly subject to change. Water use data was collected in South Africa for
the whole country in preparation for the development of the National Water
Resources Strategy (NWRS) (Department of Water Affairs and Forestry [5]) and
is readily available as mean annual values through the WSAM model
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(Schulze and Watson [4]). However, a mechanism to manage and update this
data, together with the monthly distribution of these water demands is still
lacking. This is important for efficient modelling and has been dealt with in the
development of this modelling platform through the concept of data mapping.
Data mapping entails the creation of a sub-set of a National database for each
scenario to be modelled. As a default operation, the relevant quaternary
catchment data is copied from the National database into the sub-set database
which can then be edited and saved by the user without over-writing (and hence
corrupting) the National database.

The objective of structuring these databases was to strive for the minimum
amount of data which is required by a monthly time step model. Water demands
that are largely independent of rainfall events can be described adequately by the
annual average demand in each sub-catchment as well as by twelve monthly
factors which distribute the annual requirement realistically into twelve monthly
values. The water demands have been categorized into user sectors, namely,
rural, strategic, industrial, mining, urban and irrigation. Due to the limited water
resources in South Africa, the priority and assurance of supply differs across user
sectors. An important outcome of any water resources modeling is a strategy or
operating rule which ensures that the various water use sectors will receive their
water at the levels of assurance specified in the NWRS. These user sectors are
therefore modeled separately so as to give a sectoral breakdown of water
requirements and supply as required by the NWRS.

The water requirements of the irrigation sector, as well as those for the
ecology are highly dependant on rainfall events. A separate irrigation database is
used which contains crop areas and crop factors for each sub-catchment, again
copied from a National database. Crop requirements are then calculated at each
time step taking account of the estimated rainfall in each month. Ecological
water requirements (EWR) are determined on a month by month basis using a
pre-defined relationship between the natural flow and the EWR, which is
provided by ecological specialists. Currently there is no complete database of the
EWRs in South Africa, which is a limitation on the application of the modeling
techniques described in this paper. The data that is available is stored as text
files, which are accessed by the model via the catchment reference name.

3 Level 1: Reconnaissance level

The reconnaissance level modeling proposed by this paper does not read water
use data from a time series file but rather minimizes user input by calculating it
at every time step using the annual average requirement and the monthly
distribution information provided by the water use database. See Eqn (1). Water
requirements are calculated in order of priority and then checked to see how
much of the requirement can actually be supplied either from storage or from the
available flow in the river, before proceeding to the next user sector.

Requirement[j,i,t] = (AAR[j,i])(DF[j,i, mnth]) )
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where: Requirement [ 7,1, t] = Water requirement of user j and node i at time

step ¢

AAR [ Jbi ] = Average annual requirement of user j at node i.

DF | j,i,mnth] =Monthly distribution factor for user j and node i for

month mnth.

Should the situation occur, where there is insufficient storage or flow to meet
the requirement of user j then all users of lesser priority, i.e. j+1, j+2, etc, will
not receive any water. In a well managed system, users would be restricted in
times of drought with the aim of supplying all users with some water, a strategy
which is modeled in more detail in the Reservoir Operation mode.
Reconnaissance mode however makes the simplifying assumption of pre-defined
prioritization of use at each node.

The result of the simplification presented in eqn (1) is that while there is
monthly variation in the water requirement, the requirement is constant from one
year to the next. The actual supply can however vary since if water is not
available the supply will be less than the requirement.

Irrigation requirements are calculated every month during model run time
using a typical crop requirement equation which takes into account effective
rainfall and the efficiency of the irrigation method used. For brevity, these
equations are not repeated here. The reader is referred to website of the Food and
Agricultural Organisation [6] for more details on this aspect.

The output from a reconnaissance level simulation is a summary of all
requirements and actual supply, expressed as annual average values as well as a
calculation of the yield that is theoretically obtainable from each sub-catchment,
also referred to as a node, within the model.

Yields are expressed in the following forms, as described in detail in
Mallory [7].

e Cumulative yield expresses the yield that could be obtained at a particular
node given all inflows (and hence taking into account all upstream
abstractions and accumulating all inflows up to the node) but not taking into
account abstraction from the node under consideration.

o [Incremental yield expresses the yield that could be obtained if the calculated
upstream yield was abstracted. The concept of incremental yield is useful in
that it gives a good indication of the relative ability of each sub-catchment in
a system to generate utilizable yield, without clouding the issue of what
abstractions are already taking place within the catchment. Incremental
yields can also be summed, to give an indication of the total yield available
in a catchment if operated in a simple cascading fashion.

e The yield balance indicates the yield remaining at each node in the system
after all abstractions at the node. This is a useful indicator of catchment
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stress: if the yield balance is zero, it is very likely that not all the water
demands at the node can be met.

4 Level 2: Systems analysis modelling (for detailed planning)

The reconnaissance level modelling proposed above assumes a cascading
priority of water use in a catchment, which is not necessarily always the case.
The sectoral water supply priorities defined in South Africa’s NWRS are not
related in any way to a user’s location within a catchment. Hence, a high-priority
user at the downstream end of a catchment poses a challenge, both in terms of
the actual operation of the catchment as well as the modelling of this operation.
Numerous models are available which deal with these complexities, popular
methods for solving such systems numerically being linear programming and
dynamic programming. South Africa’s Water Resources Yield Model (WRYM)
is based on the Canadian ACRES model which uses the out-of-kilter algorithm -
essentially a form of linear programming (Department of Water Affairs and
Forestry [8]).

The modelling system proposed in this paper for Level 2 modelling or
systems analysis uses an iterative cascading solution similar to that used in the
HECS model (Hydrological Engineering Centre [9]). It is described in more
detail in Mallory and van Vuuren [10]. The shortages or deficits experienced by
high priority downstream users are calculated in the first iteration. In the second
iteration the shortages are released from storage or allowed to flow past upstream
users by imposing curtailment rules. This method closely duplicates the actual
method used by catchment managers to meet high priority downstream demands.
This is an advantage over linear programming methodologies, which are based
on subjective weighting factors or penalties, which are then minimized by the
model, without necessarily providing any insights as to how the catchment is
actually operated. Determining operating rules for a large number of users can
however be time-consuming in stressed catchments using curtailment rules. Until
such time as this process can be automated there is still a place in water
resources modelling for linear programming models.

The advantage of the iterative cascading solution described in Mallory and
van Vuuren [10] is that it is a simple extension of the proposed reconnaissance
level model described above. To advance the reconnaissance level model to
systems analysis mode requires the following input from the modeler:

Multiple sources of water supply: In most water supply systems, water users can
obtain their water from more than one source although they may not even be
aware of this. For example, an irrigation scheme typically makes use of run-of-
river flow as its principal source of water, but when required, this run of river
flow is supplemented by releases from upstream dams. In the Systems Analysis
mode described here this would be defined as multiple source of supply, with the
priority source being the run-of-river flow.

Curtailment rules: In catchments where no dams are available to supply
downstream users, the catchment manager could impose water restrictions on
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upstream users in order to ensure that water earmarked for high-priority
downstream users does actually reach them. These restrictions can either be
described as a function of actual river flow, or natural flow, or the water level in
a reservoir. Currently within WReMP, these curtailment rules are determined
through trial and error which can be a time-consuming and inefficient exercise in
large, water-stressed catchments.

User-defined time series: While the reconnaissance level model makes use of
readily available information through an indexed database, the modeler may
have access to better, more detailed information. By opting for time series input,
the modeler can use other models to generate these time series if he so wishes or
use time series provided by others with expertise in specific fields such as
irrigation. The Systems Analysis mode therefore switches from “on-the-fly”
calculation of demands as defined by eqn (1) to user-defined time series of all
water demands. Utilities are also provided within the WReMP modelling
framework to generate these time series from the database.

Return flows: The systems analysis mode allows the user to specify the node at
which return flows accumulate, as well as the percentage of the flow that is
returned.

Stochastic hydrological sequences: Stochastic analysis is introduced at the
Systems Analysis level of modelling, allowing the modeler to source stochastic
hydrological sequences from his preferred stochastic hydrological model.
WReMP allows up to 500 hydrological sequences for every node in the system.
Advancing to Systems Analysis mode, the following additional output is ouput
is provided:
e time series plots of releases made from dams to meet downstream demands.
e So called long-term yield curves (Basson et al [11]). These curves are useful
to estimate the degree of reliability associated with the historic yield.

S Level 3: Reservoir operation modelling

The objective of Reservoir Operation mode is to ensure that users obtain some
water all of the time rather than all of their water for some of the time. In arid
countries such as South Africa, which have highly seasonal and erratic rainfall, it
is common practice to progressively curtail abstractions from reservoirs as the
storage is progressively depleted. This type of operation, also referred to as
hedging, may seem to indicate a lack of faith in the planning process which has
already determined the yield that can be obtained from a dam, as well as the level
of assurance of that supply. The reality is, however, that hydrology is not an
exact science and there is no guarantee that the next drought will not be worse
than all the previous droughts that were used as the basis of planning.

The strategic level water resources planning that has been carried out in South
Africa (Department of Water Affairs and Forestry [5]) is based on a drought
recurrence interval of 1 in 50 years, which implies a 2% risk of the water supply
system failing in any one year. When it comes to the actual operation of a bulk
water supply system, the objective is that it must never fail. This is achieved by
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curtailing the water use as the reservoir progressively empties. Therefore, while
such curtailments actually reduce the water supplied from the yield determined
in Systems Analysis mode, the assurance of supply (or at least partial supply)
increases to 100%.

In order to model this type of reservoir operation, a curtailment rule is
required for every source of supply to every user. The data structure for this is
already provided in the Systems Analysis mode, since it is necessary to curtail
users in line with the defined priorities. The additional information required to
advance to Reserve Operation mode is as follows:

Curtailment rules: Required for each user abstracting from each reservoir.
Currently these are established through trial and error until a scenario is reached
in which the reservoirs do not fail.

Starting storage: This enables the modeller to take into account the actual
storage in each reservoir in the system when making decision relating to
curtailments.

Analysis length: This must be specified in years and should be a year or two
longer than the critical period of the reservoir.

Number of stochastic sequences: As the number of hydrological sequences used
in the model is increased, the probability of failure occurring in practice
decreases provided that the curtailment or operating rule is adhered to. However,
with increasing number of sequences, the model run time increases and hence a
balance between accuracy and modelled intensity needs to be found.

The output from the Reservoir Operation mode of simulation would typically
be a probabilistic plot of storage in the reservoir over time.

6 Application of hierarchical modelling to a trial catchment

The three modelling modes described in this paper have been applied
individually to numerous systems in South Africa, notably during the
development of the so-called Internal Strategic Perspectives (Department of
Water Affairs and Forestry [12]), the Algoa Systems Analysis (in progress) and
the modelling of the Letaba System (Department of Water Affairs and Forestry
[13]). However, the concept of progressing seamlessly from Reconnaissance
mode through to Reservoir Operation mode still needs to be thoroughly tested
and documented. A trial run carried out in South Africa’s Mgeni System, (which
is Durban’s source of water), has been carried out but space limitations of this
publication prohibit detailed publication of the results of this trial run.
Preliminary conclusions from this analysis are, however, as follows:
Reconnaissance level modelling tends to underestimate the yield of the
system as a whole. This is not surprising since it is well documented (McMahon
et al [14], Ndiritu [15]) that conjunctive use of reservoirs, and the conjunctive
use of run-of-river flow and reservoirs can substantially increase system yield.
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Systems Analysis over-estimates assurance of supply when compared with
the results of the Reservoir Operation mode. Systems Analysis is also a poor
indicator of when the yield of a system needs to be augmented.

Reservoir Operation seems to be the most realistic modelling mode and
should be used more extensively for important decision-making such as the
allocation of water to users in stressed systems and in determining time frames
for augmentation of the supply system. This operation mode is however the most
complex and time consuming.

7 Conclusions

A hierarchical water resource modelling system has been developed which
enables modelers or organisations to progress easily from the simple modeling
required for large catchments to make broad strategic decisions, through to the
detailed modeling of reservoir operations and curtailment of water supply to
users in response to drought conditions. This modeling system, referred to as the
Water Resources Modelling Platform, offers efficiency through the use of a
common database of hydrological and water use information which is used at all
levels of complexity, as well as through the use of a common interface. The main
advantage of such a system is that it allows decision makers to make reasoned
decisions backed by scientifically sound analysis as to which water supply
systems should be advanced to higher levels of modeling detail and intensity.

While the individual modeling modes described in this paper have been
thoroughly tested and applied in practice on numerous projects, thorough testing
and application of the integrated system is still required.
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Impact of climate change on the water
resources of the Auckland region of

New Zealand — a case study
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Abstract

In this century, global warming is one of the biggest environmental problems
which is always puzzling human being. The focus of this study was to determine
the potential impact of climate change on water resources in the Auckland
Region. The results showed that the total amount of CO, in the air is increased
by 16.6% since 1970. It is estimated to increase to 400 ppm by 2020 in the
Auckland Region. The amount of CH4 and N,O were 1739 and 322 ppb (parts
per billion), respectively, in 2006. The mean temperature has increased by 1.5°C
over the last century. It is estimated that the future temperature of the Auckland
Region will increase by 0.15°C by 2020. The results also showed that the
average annual rainfall in the Region varied between 1241 and 1276 mm since
1925. Overall trend in sea level rise is 1.4 mm per year and it is estimated that it
would increase to 1928 mm by 2020. From water resources perspective, the
study showed no cause for alarm. Possible impacts that may especially affect
water planning and project evaluation include changes in precipitation and runoff
patterns, sea level rise, and land use and population shifts that may follow from
these effects.

Keywords: global warming, climate change, water resources, Auckland.

1 Introduction

Global warming is caused by greenhouse gases which warm the atmosphere by

absorbing some of the thermal radiation emitted from the Earth’s surface.
Incoming solar radiation is transmitted through the atmosphere to the Earth’s

surface. The energy is retransmitted by the Earth’s surface as thermal radiation.
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Some of the thermal radiation is absorbed by the greenhouse gases instead of
being retransmitted out to space, and so there is a warming of the atmosphere.
The important greenhouse gases which are directly influenced by human
activities are carbon dioxide (CO,), methane (CH,), nitrous oxide (N,O),
chlorofluorocarbons (CFCs) and ozone. Increased amounts of greenhouse gases
in the atmosphere will absorb more thermal radiation, and the earth’s surface and
the lower atmosphere will warm [7]. The warmed Earth emits radiation upwards,
just as a hot stove or bar heater radiates energy. In the absence of any
atmosphere, the upward radiation from the Earth would balance the incoming
energy absorbed from the Sun, with a mean surface temperature of around -
18°C. The presence of “greenhouse” gases in the atmosphere, however, changes
the radiation balance. Heat radiation (infra-red) emitted by the Earth is
concentrated at long wavelengths and is strongly absorbed by greenhouse gases
in the atmosphere, such as water vapour, carbon dioxide and methane. As a
result, the surface temperature of the globe is around 15°C on average, 33°C
warmer than it would be if there was no atmosphere. This is called the natural
greenhouse effect [7, 8]. In short, the greenhouse effect is a warming of the
earth’s surface and lower atmosphere caused by substances such as carbon
dioxide and water vapour which let the sun’s energy through to the ground but
impede the passage of energy from the earth back into space.

1.1 Have greenhouse gas emissions caused global temperatures to rise?

Many scientific studies carried out illustrate that Earth’s climate has been
changing over the last century. Climate change is held responsible for a global
increase in surface temperature, a decrease in snow cover and overall an increase
in sea level [6]. The 2004 record of global average temperatures as compiled by
the Climatic Research Unit of the University of East Anglia and the Hadley
Centre of the UK Meteorological Office [3] showed that the global mean surface
temperature has increased by between 0.3 and 0.6°C since the late 19th century,
a change which is unlikely to be entirely natural in origin. The balance of
evidence suggests a discernible human influence on global climate. Much of the
10-25 cm rise in global average sea level over the past 100 years may be related
to the rise in global temperature [3]. NIWA reported that the greenhouse gases
have continued to increase in the atmosphere [7]. This is due largely to human
activities, mostly fossil fuel use, land-use change, and agriculture. About 64% of
the warming effect of greenhouse gas increases over the last 200 years is due to
carbon dioxide. The second most important greenhouse gas produced by human
activities is methane which accounts for about 19% of the increased warming.
(This is an important aspect of New Zealand’s greenhouse gas emissions since
sheep and cows produce methane). Greenhouse gas growth in global atmosphere
slowed during 1991-1993 but has since picked up again. NIWA research
suggests that low methane growth rates were due to a temporary reduction in
agricultural burning in the tropics [7]. Warming by greenhouse gases is offset in
some regions by a cooling due to small airborne particles generated by burning
fuel. These are concentrated around areas of industrial activity in the Northern
Hemisphere and in developing countries. The cooling effect of aerosols over the
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New Zealand region is expected to be small. The global warming in New
Zealand (NZ) may have an impact on aspects that are related to the changing of
water resources and climate change is expected to change rainfall patterns over
the country. Therefore, the focus of this study was to determine the potential
impact of climate change on water resources in the Auckland Region. This paper
covers the definition of natural greenhouse effect, ‘has greenhouse gas emission
caused global warming?’ the available water resources in the Auckland Region,
and how these might change in the nearer future. A brief discussion of climate
change impacts in New Zealand and globally is also covered in the paper.

2  Methodology

2.1 Auckland region weather and data collection

Auckland’s sunniest days occur during anticyclonic conditions in a light south-
casterly flow. Due to minor causes (e.g. sea breeze convergence zones or an
anticyclonic subsidence inversion) local variations in wind direction and cloud
cover may occur, but fine weather predominates. Over twelve hours of sunshine
in Auckland City. Auckland’s heaviest rainfalls occur when there is a depression
to the north or north-west with a strong north to north-east wind flow over the
city, and a front embedded in the flow. The two most important parameters for
the determination of climate change are temperature and rainfall. In mountainous
areas of the Region, these are both modified substantially by the prevailing
winds, but in a relatively flat region changes in wind direction do not induce
much change in the weather unless they are associated with pronounced pressure
systems or fronts. Another important factor is the proximity of the sea, which
affects the smaller scale weather systems in the Auckland Region. In each of the
two most common wind directions, south-west and north-east, air passes over an
extensive sea path before reaching a narrow strip of land, and thus air
temperatures remain comparatively low in summer and mild in winter under
windy conditions. Also, converging sea breezes in summer may cause heavy
showers which remain very local, but which often alleviate the dry conditions
associated with anticyclones. Thus the Auckland Region is partly protected from
climatic extremes because of its physical situation.

The CO,, CH4 and N,O concentrations or mixing ratios (measured in ppm —
by volume, which is micromole of trace gas per mole of dry air) were measured
by NIWA at Baring Head, which is near Wellington Harbour. This site was
chosen as a clean-air site, and for winds from the southerly sector the sampled air
is representative of the south Pacific basin, unaffected by emissions from NZ or
any nearby territory. The data colleted from Baring Head is representative of the
air from the surrounding southern ocean so applicable to the area around NZ
(87 metres above sea level). Baring head is a part of a global network of stations
for determining trends in GHG — greenhouse gases concentrations. Because of
the unavailability of the data for the Auckland Region, the Wellington data was
used in this study. None of the above gases have a significant latitudinal gradient
in the extra-tropical Southern Hemisphere, so they can be taking as applying to
clean air over Auckland. It should be noted that the mixing ratios of these gases

@ WIT Transactions on Ecology and the Environment, Vol 103, © 2007 WIT Press
. www.witpress.com, ISSN 1743-3541 (on-line)



26 Water Resources Management IV

for the Auckland Region will be essentially identical to globally averaged mixing
ratios of these gases since, because they are so long lived, there is very little
regional heterogeneity (Pers. Communication with Greg Bodekar, NIWA,
November 30, 2006). The CO, concentrations were measured continuously in
situ (along with meteorological parameters), but for the other gases the discrete
samples were collected approximately weekly and analysed in the laboratory.
CO, was measured by non-dispersive infrared spectroscopy, CH, and N,O by
gas chromatography (using flame-ionisation and electron-capture detection,
respectively). The daily historical data for carbon dioxide, methane and nitrous
oxide (GHG) was available for the periods 1970-2006, 1989-2006, and
1996-2006 respectively. The annual mean gas mixing ratios were determined
using the daily GHG data for the reporting years. The annual mean temperature
and rainfall values were estimated using the daily temperature (1900-2005) and
rainfall data (1925-2005) collected at 28 sites located in the Region. The details
on these sites can be found in [2]. The annual mean seal level data was also
obtained from NIWA for the period 1899 to 2000. Future estimation of GHG
concentrations, temperature, rainfall and sea level rise were made using the rate
at which these have increased over the past years. The Auckland Regional
surface and groundwater resources use and allocation data was obtained from
Auckland Regional Conference (ARC). The 30 years average temperature and
rainfall data were also collected from the Albert Park weather station of
Auckland city for comparison purpose.

3 Results and discussions

3.1 Concentrations of CO,, CH,, and N,O Gases

The results showed that the concentrations of CO, increased steadily by 16.6%
(i.e. from 325 ppm in 1970 to 379 ppm in 2006) at an average rate of 1.50 ppm
per year. If it continues to increase at the same rate then it is estimated that the
amount of CO, will increase to 400 ppm by 2020 in the Region (Figure 1). The
concentrations of CH, and N,O were 1739 and 322 ppb in 2006. From 1989 to
now, the CH, concentrations has risen about by 4.5% (i.e. 1663.4 to 1739 ppb in
2006) at an average rate of 2.1 ppb per year. The amount of N,O has increased
on average by 3.4% at an average rate of 0.3 ppb per year, since 1997. It is
estimated that the level of these two gases (i.e. CH4 and N,O) would increase to
1768 and 326, respectively, by 2020.

The increasing concentration of CO, is caused by the burning of fossil fuels
(such as oil, gas and coal), increasing number of cars on the road, and the
destruction of forests. These activities release large amounts of CO, into the
atmosphere. The main natural source of CHy is from wetlands. A variety of other
sources result directly or indirectly from human activities, for example from
ruminant animals (sheep and cows), rice paddies, leakage from natural gas
pipelines, and from the decay of rubbish in landfill sites. These emissions
continue to increase atmospheric CHy4 concentrations. Figure 1 showed that the
level of these three gases has gone up at a significant rate over the past years.
If extra amounts of greenhouse gases are added to the atmosphere, such as from
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human activities, then they will absorb more of the infra-red radiation.
The Earth’s surface and the lower atmosphere will warm further until a balance
of incoming and outgoing radiation is reached again (the emission of infra-red
radiation increases as the temperature of the emitting body rises). This extra
warming is called the enhanced greenhouse effect. As the Auckland population
is increasing, the energy use from fossil fuels will increase that will continue to
lead to dramatic increase in the amount of CO, in the atmosphere. Similarly, CH,4
and N,O emission may also increase. It should be noted that about 55% of NZ’s
emissions are methane (37.5%) and nitrous oxide (17.4%), largely of agricultural
origin, which makes NZ GHG profile unusual among developed countries
(Ministry for the Environment, 2003).
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Figure 1:  Carbon dioxide, methane and nitrous oxide concentrations for the
reporting years. (Source: NIWA).

3.2 Temperature and rainfall

The results showed that the mean temperatures of the Region have an unstable
increase in the past years. Although there were some temperature decreases but
the value has increased from 14.95°C in 1900 to 16.3°C in 2000 (nearly 1.5°C
increase over a century). The two temperature decreases were observed in the
beginning 20 years and 1970s to 1980s of the 20™ century. The highest mean
temperature was 15.95°C in 1970 and the lowest mean temperature was 14.75°C
in 1920. It is estimated that the future temperature of the Auckland Region will
increase by 0.15°C by 2020. It should be noted that the updated 100 years
(1906-2005) linear trend of global temperature showed an average increase of
0.74°C (0.56-0.92°C) [4], which is larger than corresponding trends reported by
UK Meteorological office [3]. The results showed that the annual mean rainfall
varied between 1235 and 1283 mm. In the last century, the average annual
rainfall was over 1200 mm. The annual mean rainfall may increase up to
1300 mm (Figure 2) by 2020.
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Figure2: = Auckland Region’s mean decadal temperature 1900 to 2020) and
rainfall (1925-2020) data. (Source: ARC).

3.3 Sea level rise

The results showed that the annual mean sea level has risen from 1710 mm in
1900 to 1900 mm in 2000. Overall annual mean sea level has risen by 0.19 m per
century at Auckland port and 0.17 m per century on average across four main
ports of New Zealand. The results showed that the overall trend has been 1.4 mm
rise in sea level per year and it is estimated that it would increase to 1928 mm by
2020. Higher sea levels and increased storm surges could adversely impact
freshwater supplies in some coastal areas of the Region. Saline water profiles in
river mouths and deltas would be pushed farther inland, and coastal aquifers
would face an increased threat of saltwater intrusion. The intrusion of saltwater
into current freshwater supplies could jeopardize the quality of water for some
domestic, industrial, and agricultural users. The sea level rise would aggravate
water-supply problems in several coastal areas in the Auckland Region,
including Manukau Harbour and Hauraki Gulf. It may also adversely affect the
Regional groundwater levels. Changes in groundwater levels may damage
drainage network and septic tank operations due to changes in groundwater
pressure beyond design specifications. This may have negative public health
effects, especially if groundwater wells become contaminated. Sea-level changes
may also alter pressures within storm water and sewerage systems. And sea-level
rise may also pose a threat to wastewater treatment facilities (e.g. oxidation
ponds) located on the coast. The global average sea level rose (over the 20th
Century) between 0.13 and 0.23 m, with a central value of 0.18 m per century.
The total 20™ century rise is estimated to be 17 cm [4]. Longer overseas records
from stable ports in Europe indicate that modern sea levels began rising
noticeably in the early to mid-1800s, after a 3,000-year period of relatively slow
rise of 0.01 to 0.02 m per century [10]). The rise in sea level could be due to
thermal expansion of the oceans and increased melting of glaciers and land ice.
The Auckland sea level increased 19 cm during the past century (as mentioned
earlier) which was largely due to the melting of land-based ice sheets and
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glaciers. The IPCC 1995 assessment report suggests that average sea level might
rise another 15 to 95 cm by the year 2100, with a best guess of about 50 cm [9].
Whereas, IPCC 2007 projected globally a sea level rise between 18 and 59 cm
(over the 21% century) under different model-based scenarios [4]. These
projections were assessed from a hierarchy of models that encompass a simple
climate model, several Earth Models of Intermediate Complexity (EMICs), and a
large number of Atmosphere-Ocean Global Circulation Models (AOGCMs).

3.4 Water resources of Auckland region

The surface water of Auckland Region is composed of rivers, small streams,
small lakes and wetlands. There are approximately 10,000km of streams in the
Region, mostly are the small tributaries (less than two meters wide) found at the
heads of catchments. This is because the catchments of the Region tend to be
small and short. These streams are more sensitive to abstraction and reduced
flow and so need to be closely monitored to make sure that flows are maintained
at levels that do not adversely impact on their resident flora and fauna. This is
particularly important during the summer when flows are at their lowest and
demand for water is at its highest. Whereas, groundwater is directly abstracted
for water supply and is well used in the Auckland Region. Most groundwater is
abstracted from aquifers in the Franklin and Bombay basalts, Waitemata
sandstone, Auckland Isthmus basalts, Pleistocene sands and Kaawa shell beds.
The region also has two geothermal fields at Waiwera and Parakai. The ARC has
defined those stream catchments that are under pressure from high water use as
“high use stream management areas”. The details of the high use streams and
high use aquifers are not given here because of the length constraints of the
paper, but can be found in [1]. Water (both surface and ground water) is
allocated and used for a range of purposes in the Auckland Region. These are
grouped into five categories; (i) irrigation: including pastures, market gardens,
orchards, hot house and nurseries, (ii) community: facilities such as golf course,
bowling greens, sports fields and also small community supply, (iii) industry:
including quarry dewatering, industrial plants and food processing (pigs and
poultry), (iv) municipal: reticulated supplies to the metropolitan area serviced by
Watercare Services Ltd. and larger urban centers supplied by Franklin and
Rodney District Councils, (v) other: including monitoring, emergency, stock and
domestic consents, geothermal and other uses. The results showed that
136 million cubic meters (Mm?®) of water (106 Mm? of surface and 30 Mm® of
groundwater) is allocated each year for all purposes (as mentioned above). The
main use of the allocated water in the Region is within domestic households. It is
calculated that 77.5 million cubic meters of water is used by 1.23 million people
in Auckland households for uses such as drinking, cooking, washing and
cleaning, and flush toilets. That equates to 173 litres being used by every person
every day. This compares favorably with other cities in New Zealand with
average domestic water use closer to 250 I/p/d. The Auckland population is
rising at a rate of 18,000 people per year. It is estimated to increase to 1.7 million
by 2020 (at a rate of 2.4% increase per annum). 92% and 5% of the allocated
surface water is used for municipal and irrigation purposes, respectively. The rest
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is used for community, industry and other purposes. The results also showed that
the amount of groundwater used by different groups varies between 38 and 72%
of the allocated groundwater. The overall average water demand remains just
below 54% of the total allocated groundwater and 93% of total allocated surface
water (overall less than 74% use of total water allocated). This shows that the
available groundwater resources are sufficient to meet the water demands in the
Auckland Region. Thus it is expected that there will be no shortage of water over
the next few decades. There is a broad agreement that climate change will have
major impacts on water resources. Possible impacts that may especially affect
water planning and project evaluation include changes in precipitation and runoff
patterns, sea level rise, and land use and population shifts that may follow from
these effects. Warmer temperatures will accelerate the hydrologic cycle, altering
precipitation, the magnitude and timing of runoff, and the intensity and
frequency of floods and droughts. Higher temperatures will also increase
evapotranspiration rates and alter soil moisture and infiltration rates. It is
expected that the future climate change (in terms of increase in temperature and
CO; level) may lead to increased surface water resources of the Region, with
high rainfall in the west and less in the east of the region.

3.5 General discussions

3.5.1 Potential impact of climate change in New Zealand and globally

New Zealand is likely to experience climate changes such as higher
temperatures, more in the North Island than the South, (but still likely to be less
than the global average); increasing sea levels that are expected to rise (globally)
between 18 and 59 cm by 2100 [4], compared with an average rise of 18 cm in
the 20th century); more frequent extreme weather events such as droughts
(especially in the east of New Zealand) and floods; a change in rainfall patterns —
higher rainfall in the west and less in the east. In the long term, if unchecked,
climate change increases the risk of major and irreversible changes to Earth. For
example even for relatively moderate warming, the Greenland ice sheet is
expected to melt completely over the next several thousand years, which would
lead to a sea-level rise of as much as 6-7 m [1]. The cost of doing nothing about
climate change could be severe and the impacts on our environment, economy
and society are likely to get steadily worse if greenhouse gas emissions are not
reduced significantly over the coming decades. Impacts of climate change will be
distributed unevenly around the world with developing nations the most
vulnerable. Many leading scientists tell us that there will be both positive and
negative consequences of climate change, at least in the short term (their findings
are summarised in IPCC reports [1, 4]. New Zealand is heavily dependent for its
economy and therefore on the climate. The severity of climate change impacts
will depend on what we and the rest of the world do now to reduce greenhouse
gas emissions and how we plan and prepare for the impacts of climate change.
While New Zealand only accounts for 0.2% of greenhouse gas emissions
globally, our climate will be affected by the total emissions of all countries not
just our own. It is expected to see the flow-on effects of climate change through
changing overseas market demands and competition, as well as environmental
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disasters such as droughts and storms becoming more severe. This could lead to
increased demands on us for development aid and an increase in environmental
refugees. This means it is important for us, and the rest of the world, to
encourage and participate in a global agreement like the Kyoto Protocol which is
aimed at reducing global greenhouse gas emissions [1].

3.5.2 New questions

The debate about climate change has moved from “is it happening?” to the much
harder questions of “how many emissions are too much?”, “how much is it going
to cost?”, “what to do about it?”, and “who should pay?” On average, New
Zealand is already at a concentration of 425 ppm of carbon dioxide equivalent
(including the effect of other greenhouse gases) and climbing at more than 2.5
ppm per year. How much more is too much? The size of response of the climate
to greenhouse gases is uncertain, so we cannot say what level of emission is safe.
However, that uncertainty has been well studied and we can say that, for
example, a rise of greenhouse gases to 500 ppm will imply a 70% chance of
exceeding the 2°C target. A rise of 450 ppm will mean a 50% chance [9]. These
percentages are themselves uncertain, but it is clear that there are big risks with
any increase of emissions. A final note — delaying actions means that by the time
we start cutting emissions, there will already be more carbon in the atmosphere.
Thus delay requires much harsher cuts.

4 Summary and conclusions

It is clear that the Auckland Region water resources planning now and in the
foreseeable future will face continued uncertainty about climate change and its
impact. However, although planning under an uncertain climate is unavoidable.
By identifying the likely climate changes (e.g. rise in temperature, sea level and
CO; level) in the Region, this study provides guidance to planners in terms of
possible extremes, best guesses, and more likely direct of change. For example,
the greenhouse gases emissions results showed that the level of CO,, CH,, and
N,O increased, and will continue to rise as more and more energy being used.
The total amount of CO, in the air is increased by 16.6% (at a rate of
1.5 ppm/year) since 1970, and this may increase to 400 ppm by 2020 in the
Region. The amount of CH4 and N,O were 1739 and 322 ppb (parts per billion),
respectively, in 2006. It is estimated that the level of these two gases may
increase to 1768 and 326, respectively, by 2020. The results showed that a
significant shift in the climate of the Region has occurred over the last century.
The mean temperature increased by 1.5°C over the last century (i.e. from
14.95°C in 1900 to 16.3°C in 2000), and it is estimated that it may increase by
0.15°C by 2020. The average annual rainfall in the Region varied between 1241
and 1276 mm since 1925, and it may increase to 1300 mm by 2020. It is known
that when climate is warmer, rainfall tends to be heavier because there is more
moisture in the atmosphere. The sea level at Auckland port increased by 19 cm
during the past century at a rate of 1.4 mm rise per year and it is estimated that it
may increase to 1928 mm by 2020. The results showed that 136 million cubic
meters (Mm?®) of water (106 Mm?® of surface and 30 Mm?® of groundwater) is
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allocated each year for all purposes. The main use of the allocated water in the
Region is within domestic households. The overall average water demand
remains just below 54% of the total allocated groundwater. This shows that the
available groundwater resources are sufficient to meet the water demands in the
Region. From a water resources perspective, the results suggested no immediate
cause for alarm. So, although it is reasonable to conclude that future climate
change may lead to increased surface water resources in the Region. The scale of
the climate impact may vary from negligible to significant by 2020 (depending
on the catchment characteristics and climate change). Thus, it is expected that
there will be no substantial decrease in water supply over the next few decades,
and even maximum plausible changes to 2020 are unlikely to be critical —
potential benefits in terms of increased water resources availability seem more
likely.
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A case study for the Ecovillage at Currumbin —
integrated water management planning, design
and construction

C.J. Tanner
Bligh Tanner Pty Ltd, Australia

Abstract

This paper will present a case study of the planning and development of the
multi-award winning the Ecovillage at Currumbin, Queensland. The paper will
focus on the integrated water management systems that have been implemented
at the Ecovillage. The case study will present the vision, objectives and
implementation of the Ecovillage including tracing the vision and objectives
through the life of the development, comparing the outcomes to the objectives.
The Ecovillage is a new type of development in which the objectives address the
triple bottom line — economic, social and environmental — and result in new
forms of development, for example reversing the usual ratio of private land:
community land.

The integrated water management systems are described briefly as follows.

e There are no connections of either water or wastewater to municipal
supplies, and it is understood that this is the first residential
development in Australia to achieve this.

e  All rainwater falling on house roofs is collected in rain tanks and used
to supply all potable water needs to the householder.

e All site stormwater is managed by a system of swales, bio retention
filters and ponds so that the development does not change either the
water quality or water quantities of site runoff from pre to post
development. Site stormwater collected in ponds is available for re-use
to agricultural areas of the development.

e All wastewater is collected via a low infiltration sewer reticulation
system, treated to Class A+ and recycled for site irrigation, household
toilet flushing and household external uses eg car washing.

The lessons learned are wide ranging and include the need to develop a strong
process based delivery from concepts through to construction, the need for
systems thinking in design, with complex analysis supporting detailed design,
and innovative construction management to achieve a world’s best practice
development.

Keywords:  subdivision, planning processes, water sensitive urban design,
integrated water management.
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1 Introduction

Located on Currumbin Creek in the Gold Coast of Queensland, the Ecovillage at
Currumbin is a sustainable development in the fastest growing region of the
OECD in the world’s most urban nation, which is also the driest inhabited
continent. The Ecovillage is a 144-lot subdivision with no mains connections to
water or wastewater. The developer, Landmatters, aims to adopt world’s best
practice and to create the world’s best Ecovillage. Sustainability objectives direct
all aspects of the development. The site is self-sufficient for water supply and all
wastewater will be beneficially recycled. The site has achieved a 20%
residential: 80% community open space ratio — the reverse of most conventional
developments. Dwellings are clustered around community greenways;
substantial areas are set aside for food crops, recreational open space and
conservation areas. Recycled building materials have been used wherever
possible. An on-site recycling centre will be provided. A resource management
system, Ecovision®, monitors and manages resource use [1].

In Australia it is clear that a more sustainable approach to the management of
urban water resources is needed: the pressure of growing population, limited new
water sources and climate variation all demand change. Nowhere are these
factors more keenly felt than in South-East Queensland. The purpose of this
paper is therefore not to discuss the need to promote sustainable integrated water
management design in urban development, but rather to report on a unique
project in the region that is substantially completed and demonstrates what can
be achieved. The Ecovillage at Currumbin recently won the Queensland
Environmental Protection Agency Award for Most Sustainable Development
2006 and the Urban Development Institute of Australia’s (Queensland) Best
Sustainable Development and Best Small Subdivision in 2006. This project is
significant for several reasons: rainwater is used as the primary source of
drinking water supply; wastewater recycling provides water for residential toilet
flushing and garden watering; water sensitive stormwater design is incorporated,;
and it demonstrates what can be achieved where community title allows for
common ownership and mutual responsibility [1].

Bligh Tanner is the principal consultant for the Ecovillage and has been
instrumental in the development and delivery of the water management systems.
The significant contribution of other consultants is also acknowledged, in
particular Andrew King (EECO) and WBM Oceanics (part of the BMT Group).

2 Objectives and the planning process

A rigorous approach to the planning and design process was adopted. The first
step was the definition of a vision and objectives specific to the development.
The vision adopted was ‘To create the world’s best Ecovillage’ [2]. To support
the vision, the developer and consultant team brainstormed objectives called
Desired Environmental Outcomes (DEOs) [3]. Furthermore, the DEO’s reflect a
number of the objectives of the local shire planning scheme, some of which are
listed below:
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The local Shire Council town plan required, among other things, the
following:

to minimise disturbance to natural landscape and wildlife habitats;

to protect areas of nature conservation, buffers, separation of areas and
continuity of open space should be established around these regions;

to minimise disturbance to surface drainage, water courses, tidal and
ground water movement;

to conserve land and soil resources;

to protect marine and freshwater habitats and water quality;

to link areas of habitat and provide corridors for wildlife movement.

The DEO’s relate to the requirements outlined above, and specific objectives
of the Developer. They encompass both local and global considerations and are
expected to be sustained over the full life of the development.

2.1 Ecological objectives

Ecol. 1

Ecol. 2

Ecol. 3

Ecol. 4

Ecol. 5

Restore, maintain and enhance biodiversity through the protection and
enhancement of existing significant habitat;

Minimise initial and continuing consumption of resources and energy
through the application of energy efficient design principles; the
reduction of private motor vehicle usage; optimizing local food and
production opportunities; and the reuse and recycling of water, wastes
and other materials;

Minimise impact and change to air, soil and water, thereby ensuring
equity for all elements of the natural environment whether living or
inanimate;

Promote awareness and understanding of sustainability, including
ecological issues and reduced energy consumption. and reduced
materials consumption;

Minimise impact on global environment by optimising local
ecological food and material production opportunities.

2.2 Social objectives

Soc. 1

Soc. 2

Soc.

Soc. 4

&

Respect and honour Indigenous and other cultural, historical and
spiritual values of the land and its surrounds;

Enable social equity and diversity, honouring differences and catering
for the needs of individuals through the different stages of life;
Maximise health, safety and comfort in the built environment to
provide enduring quality of life;

Foster and promote social cohesion within the village community and
a deep sense of human connection to and interdependence with the
land;

Utilise aesthetic sensitivity to create a continuing sense of place and
beauty;
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Soc. 6 Facilitate integration of the village with the broader local community
through the shared achievement of common objectives and the
promotion of openness within the village.

2.3 Economic objectives

Econ. 1 Promote initial and ongoing ecovillage economic viability through
excellence of design;
2 Minimise operational and maintenance costs;
3 Minimise obsolescence through enduring component life cycle design;
Econ. 4 Provide for change and re-use at minimal cost / loss;
5 Enable economic productivity and ecological contribution to local and
world systems and economies.

In keeping with the DEOs, in particular Social Objectives 1 and 6, the
developers chose to advertise their intention to develop the land before any plans
or fixed ideas had been determined. The land is located in a sensitive
environment in which lives a close and generally conservative community.
Notifying the community of the developers’ intentions was courageous because
it gave the public far greater opportunity to influence the local authority and
other community members against the development. The developer hosted a
community meeting at which the vision and DEOs were explained, and a week-
long public consultation was held. The open consultative approach succeeded
extremely well, with most community input aimed at positively influencing the
outcomes. Community members were comforted by the vision and DEOs
because they understood how these would help protect the environment in which
they lived. In addition, many members of the public were interested in the water
cycle, in understanding the innovative approaches which were being discussed
and in public health issues. For example, there was widespread support for UV
disinfection rather than chlorination of water because it was recognised as a
healthier outcome that was also better for the environment.

Finally, the objectives have been significant in the management of the entire
development, not only the planning process because the DEOs underpinned the
strong direction of the development processes. At all stages of the design
process, ie concepts through to construction specifications, the DEOs have been
used to guide the overall outcomes. For example, consider how the use of
rainwater tanks relates to the three DEOs below (one from each category: Ecol 3,
Soc 3 and Econ 2):

e minimise impact and change to air, soil and water, thereby ensuring
equity for all elements of the natural environment whether living or
inanimate;

e maximise health, safety and comfort in the built environment to provide
enduring quality of life;

e minimise obsolescence through enduring component life cycle design;

The use of rainwater tanks with appropriate treatment satisfies all three of these
objectives in these ways:
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e reducing the directly connected impervious area, which benefits stream
flow;

¢ reducing the amount of runoff needing to be treated to manage the water
quality impacts of urbanisation;

e by using with appropriate filtration and disinfection rain water provides
a safe and healthy water source for the users;

e arainwater tank has a relatively high capital cost, (although not much
more than the costs of providing trunk water supplies to lots) but
maintenance costs are low, and replacement life cycles are long, so life
cycle costs are comparable to alternatives.

3 Design outcomes — IWM initiatives

3.1 Integrated water management systems description

This section describes the integrated water management systems. The Ecovillage

has no municipal water or wastewater connections — probably the first residential

development in Australia to achieve this. The decision not to have these
connections has significantly influenced the site water management strategies.

e All site stormwater is managed by a system of swales, bio retention filters
and ponds so that the development does not change either the water quality
or water quantities of site runoff from pre to post development. Site
stormwater is collected in ponds from where it is available for re-use on
agricultural areas of the development. Coupled with natural vegetation, the
ponds provide a highly aesthetic environment for a residential development.

Figure 1: Stormwater pond.

e All rainwater falling on house roofs is collected in rain tanks and used to
supply all potable water needs to the householder. Each domestic tank will
also provide a 5 kL fire-fighting volume and a stormflow attenuation zone.
The water will be filtered and UV disinfected prior to use. A range of tank
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sizes has been determined based on house bedroom numbers: approximately
20 kL for a 1-bedroom house to 40 kL for a 3-bedroom house. These tanks
will provide 99% of potable water requirements. If the tank runs low then
the householder will need to purchase water by tanker. Householders will be
encouraged to use water wisely and a comprehensive range of water
efficient devices will be required in each house. Ecovision® will provide
quick access to household water consumption data and allow the Body
Corporate to restrict supply to individual gardens if use is exceeds
parameters set by the Body Corporate.
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Flushing & Open Space
Garden Irrigation
Watering
R
< - e
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Tank y
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Figure 2: Integrated water management schematic.

All wastewater is collected via a low infiltration sewer reticulation system
(heat welded PE pipes; ‘Poo Pit’ access chambers instead of manholes),
treated to Class A+ and re-cycled for site irrigation, household toilet
flushing and household external uses such as car washing. Secondary
wastewater treatment is provided in an Orenco Advantex® textile filter
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system incorporating primary pre-treatment and an anoxic zone for de-
nitrification. Final polishing is provided by Memcor micro-filtration, UV
disinfection and residual chlorination. There will be no direct discharge of
recycled water from the site. The design allows for 98% beneficial reuse
with the balance dispersed by over-irrigation on the site. The water and
wastewater system is illustrated below.

3.2 Significance of the IWM systems used

The integration of the water systems is a key innovation. Traditionally these
systems have been designed and constructed as separate systems, with
stormwater and wastewater treated as disposal items and water to be sourced
externally from independent systems. This approach fails to recognise the
potential of each of these water systems as a resource. An IWM system is more
complex to understand and model during the design process than the traditional
model. It requires experienced engineering and environmental input in terms of
systems and detail design.

The stormwater conveyance systems were all modelled in XP-SWMM. This
model provides for hydrological routing based on synthetic or historically
recorded rainfall patterns, through complex urban systems incorporating houses,
rain tank systems, swale and piped drainage, bio retention filters, wetlands and
the like. It also has the capability to model water quality (although that was not
used in this case). The stormwater model must properly account for detention
and retention in the system, because the accumulation of many small storages, in
rain tanks, swales and bio retention filters is significant.

The MUSIC model was used to design the water quality management
systems. This model simulates rainfalls and pollutant decay using exponential
decay rate equations empirically calibrated to match experimentally measured
results. The model tallies daily rainfall and evaporation, determines runoff and
routes this through the water quality devices.

The MEDLI model was used to simulate the mass balance of water and
nutrients for irrigation of land using recycled water. This also provided an
estimation of likely frequency of discharge to the environment and the water
quality of the discharge, which was then used in the MUSIC model.

Bligh Tanner developed an Excel spreadsheet to undertake a water balance
for households using rain tank systems and for the overall site water balance.

During the concept design stage Multi Criteria Analysis, including life cycle
cost components, was undertaken to review options in the systems against the
DEO:s.

3.3 The costs of IWM

The up front costs of water infrastructure are generally greater at the Ecovillage
than for more traditional subdivision. However, these costs do not consider any
of the benefits that the self-sustaining, environmentally sensitive systems of the
Ecovillage provide. Nor do they take into account an environmental cost of the
traditional systems. In the Pimpama Coomera Strategic Stormwater Study [4] a
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rigorous assessment of Business as Usual (BAU) costs compared to an integrated
water management (IWM) approach found that the ITWM costs were only
marginally higher than BAU on a life cycle basis.

The water management system adopted for the Ecovillage has wide ranging
benefits. It is self-sufficient, it provides the Ecovillage Community with water
for agricultural uses, it provides aesthetic benefits, and it provides all the
drinking water for the community. The environmental impact is considered to be
low, and nutrients consumed by the community will be recycled to grow food for
the same community.

4 Contracting and construction innovations

Infrastructure for the Ecovillage is two-thirds completed. Several major

construction contracts have been let and completed during this process.

Satisfying the Vision and DEOs, while maintaining quality and cost control of

contracts and providing sufficient flexibility to accommodate site led

modifications to works has required an alternative approach to standard
construction contracts. The key innovations in this regard have been:

e  Short-listing suitable contractors (to 2 or 3) by an extensive review
facilitated by a comprehensive Expression of Interest process;

e Preliminary tender pricing by short listed contractors to select a
preferred contractor;

e Negotiated contracts with the preferred contractor;

The negotiations with the preferred contractor have been extensive including
reviews of:

e All works required detailed discussions of proposed work method
statements, including consideration of alternatives, sometimes at greater
monetary cost, but lower environmental impact;

e All material supplies, again including consideration of alternatives;

e Environmental and administrative management systems;

e Contractors Site personnel with a focus on the key site people being
personable and flexible, and obviously competent at their work;

e  Pricing of any unusual job scope items;

These negotiations have been completed prior to signing contracts and

commencing work. However, at the time the preferred contractor is selected, a

strong commitment has been made to them, so that they have felt comfortable

proceeding with the time consuming, hence costly negotiations.
Key outcomes from this process have been:

e High site attendance by the owners, or senior management of the
construction companies to allow quick decisions on matters of costs, timing,
resources and alternative work methods. This has been specifically required
and separately costed in the construction contracts;

e Introduction of a system of hold points to allow the developer and
consulting team input to the procurement of materials, and work methods for
the construction phase. This has enabled wide-ranging discussion of
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alternative designs not necessarily considered during the design process, or
of construction methods and materials to obtain better environmental
outcomes.

An example of this is the construction of gravity sewer reticulation. The
design (and local authority guidelines) generally called for sewers to be
constructed at a Im offset from allotment boundaries. This location often fell on
land with relatively steep side slopes. Preliminary work method statements for
the construction had been submitted, reviewed and approved by the developer.
This was reviewed on site and alternatives were determined to shift the sewer off
the side slopes, often up to 10m clear of the allotment boundaries, and to use low
grade geo-fabrics over existing grass cover to protect it during machine
operations. Shifting off the side slopes reduced the volume and surface
disturbance of earthworks and the geo-fabrics protected the underlying grasses
and demarcated an area in which the construction vehicles were to work.
Protecting grasses reduced the potential for erosion and sediment transport to the
creek to almost nil.

5 Conclusions

The conclusions are wide ranging and include the following points.

e A strong process is essential to maintain the direction and integrity of an
ecovillage development, in particular when complex inter-related issues
arise;

e Using an integrated water management system it is possible to develop a
community that has a very low impact on the environment, on local and
regional sources of water, and on local waterways. To achieve this designers
must be systems thinkers and capable of detailed design using complex
analysis;

e A flexible approach to construction contracts is required, recognising the
costs and benefits to both parties (Contractor and Developer) of a
collaborative approach;
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Innovative design and solutions for mine water
management on an alluvial floodplain

B. Tite' & T. Reedman®
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Abstract

The Curragh North coal mine is located on an alluvial floodplain of the
Mackenzie River, in central Queensland, Australia. The catchment area at the
mine site is 50,000 km? and the site had been inundated during previous floods.
Until recently, development of the site had not proceeded due to flooding and
water management risks and the difficulties involved in overcoming these risks.
PB’s innovative design provided solutions to two problems which were
deemed critical to the project’s viability, namely a sustainable water supply for
the mine and cost-effective flood protection. A holistic design approach was
used to address the project’s water supply and water management challenges:

e daily water balance modelling of the mine water management system to
maximise on-site water harvesting;

e design of a two-way pipeline to enable exchange of water to and from
an existing final void, reducing evaporative losses and on-site dam
infrastructure requirements;

e creation of dams within reshaped spoil piles to maximise the water
harvesting potential as the mine expands;

e design of controlled release points to allow spills to the Mackenzie
River only when the river flows are between set limits.

Keywords: water management, harvesting, hydrologic modelling, mining.

1 Introduction

The Curragh North coal mine is located 200 km west of Rockhampton in central
Queensland, Australia. Wesfarmers Limited won the right to develop the coal
deposit and contracted PB to design the mine’s civil infrastructure.
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The development concept for the mine is an open-cut mine producing up to
7 Mt/a of run-of-mine (ROM) coal over a 25-year mine life. The coal will be
transported from the Curragh North Mine along a transportation corridor to the
existing Curragh Mine for processing and rail load-out.

The mine site is located on an alluvial floodplain of the Mackenzie River
where the catchment area is almost 50,000 km®. The natural floodplain in the
vicinity of the mine site is subject to relatively infrequent flooding during events
in excess of the 1 in 10-year average recurrence interval (ARI) event.

The mine site is protected from flood ingress by a 22-km-long perimeter
levee, designed to provide the dual functions of external flood protection and
management/containment of internal site water. The topographic constraints, the
mine layout and the dual function of the levee combine to effectively provide a
water storage facility located within an area subject to flooding.

This paper describes the water management aspects of the project, including
the design of the water harvesting system, which provides a reliable water
supply, maximises the time when the pits are available and manages
uncontrolled releases of contaminated mine water to the Mackenzie River.

2 Climate considerations

Water is a valuable, yet limited, resource throughout the region. Competing
demands from industry, farming, communities and the environment have led to
the preparation of governmental regulation in the form of water allocation
schemes.

Allocation of water throughout the region must be in accordance with the
water supply scheme for the Fitzroy Basin Water Resource Plan (WRP), the
Fitzroy Basin Resource Operations Plan (ROP) and the Interim Resource
Operations Licence for the Nogoa Mackenzie, all under the Water Act 2000.

Due to these regulations, users cannot simply extract water from rivers and
streams in an uncontrolled manner. Limited availability of water allocations and
the subsequent high costs makes sustainable water management critical to the
success of mining projects throughout this region.

Rainfall in the project area is highly variable and typically unreliable. On
average, almost half the annual rainfall falls during the summer months from
December to February. Based on 100 years of historic data, the average annual
rainfall for the mine site is 590 mm.

Temperatures in the area can range from 0°C to over 40°C, with the summer
averages between 20°C and 31°C and the winter averages between 12°C and
26°C. Evaporation rates vary markedly throughout the year, depending on the
season and the temperature. The average annual evaporation of 2,190 mm is
almost four times the average annual rainfall.
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3 Water management system philosophy

The philosophy behind the water management system (WMS) for the Curragh
North Mine is to retain and re-use as much on site run-off as possible, inside the
levee system. The WMS has been designed to:
e provide a reliable water supply for mining operations, for the entire
25-year mine life
e minimise the volume of run-off entering mine pits, thereby maximising
pit availability for mining operations
e climinate uncontrolled discharge and limit the frequency and volume of
controlled discharge from the project to off-site receiving waters.

Local run-off within the levee system is directed to a series of water storage
dams via overland flow paths and drains. These dams act as both sedimentation
dams and as water supply dams. The water storage dams are located based on
naturally occurring depressions within the mining area.

Four dams are located alongside the flood levee around the perimeter of the
site. These dams collect site run-off and transfer water to a central dam via
pipelines. The central dam is connected by a two-way pipeline to a final void at
the existing Curragh Mine. The final void is used as a balancing storage,
enabling excess water from Curragh North to be efficiently stored at Curragh and
then brought back when needed.

Pit water is collected in pit floor sumps and subsequently pumped to the water
storage dams for storage and site use. Controlled release points are provided at
all water storage dams to ensure that excess water can be safely released to the
river. Pit water is only released after it has been diluted in the water storage
dams, enabling water quality target levels to be met in accordance with the
Environmental Authority (EA) conditions.

4 Water management system layout

The water storage dams have been designed to satisfy the dual functions of
meeting mine water demands and controlling contaminated run-off. The water
storage dams comprise a lower level excavated sump storage component and a
higher level overflow storage component.

The concept of providing sump storage and overflow storage for the dams
was adopted to limit nuisance flooding, by storing run-off from minor events
below the general ground level. Maximum excavated depths for the sump
storages are typically 4 m. This concept also minimises losses to evaporation and
seepage due to the reduced surface area of the excavated storage.

During major events, the sump storage will fill and water will spill out onto
the overflow storage component. The overflow storage comprises the natural
ground beyond the extent of the sump storage and the plan extent of the overflow
storage is constrained by the flood levees, spoil dumps, pit protection bunds and
the access road. Pit protection bunds provide protection to the pits and will be
relocated as mining progresses. The overflow storage areas enable the retention
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of most of the on site run-off within the levee system by providing large storage
volumes above the natural ground level.

The WMS includes five water storage dams. Four satellite dams are located
around the perimeter of the mine site and are connected to a central dam via one-
way pipelines. While most of the storage dams are excavated below the level of
the natural floodplain, some storages are created by ponding against the flood
levee and by ponding against highwall dams.

The central dam is connected by a 15 km long two-way pipeline to a final
void at the neighbouring Curragh Mine. The final void is used as a balancing
storage, enabling excess water from Curragh North to be stored at Curragh and
retrieved when needed. The void’s small surface area optimises on site water
harvesting by minimising evaporative losses. Requirements for additional on-site
water storage infrastructure is also reduced, allowing a smaller mine footprint.

After year five, it is proposed to shape the spoil dumps to provide additional
internal drainage areas, which will allow surface run-off from the spoil dumps to
be captured and stored in dams created within the spoil dumps. These spoil dams
are designed to allow collected water to be harvested, transferred back to the
water storage dams via pipes or chute drains and then reused on site. This
transfer will be controlled with flow valves or stop logs to ensure that flow from
the spoil ponds does not occur when the receiving water storage dam is full.
Seepage from the spoil dams will pass through the spoil and will eventually end
up in the pit sumps, from which it will be pumped to the water storage dams.

The spoil dams are designed as long, narrow storages cut into the batter of the
spoil dumps, with balanced cut and fill earthworks. This shape will minimise the
interference to spoil dump planning, while also allowing maximum use of the
mine area within the levees. This has led to reductions in the mine footprint, the
levee length and the construction costs.

A network of drainage channels direct site run-off to water storage dams
thereby minimising on-site ponding. Highwall bunds are used to divert water to
storages. After year five, spoil will be placed against the flood levee, enabling
drainage channels to be formed in the spoil. As the spoil dumps rise in height,
additional contour drains will be constructed in the batter face to allow the safe
passage of run-off from the top of the spoil batter to the water storage dams

5 Water demands

Water demands for the Curragh North project are satisfied by a combination of
clean water captured from site run-off over undisturbed catchment areas, dirty
water captured from site run-off over disturbed catchment areas and
supplemented clean water pumped from the Mackenzie River. Total water
demands were determined by summing the component demands from dust
suppression, vehicle wash down, potable use and construction requirements.
Water demands were calculated for six snap shots through the mine’s 25-year
life span. The maximum predicted water demand for the mine was calculated as
1,300 ML/a and this was expected to occur during years 2-5 of the mine’s life.
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6 Water sources

Rainfall falling within the perimeter levees is captured, stored and used within
the site as the highest priority water supply. The balance of the water
requirements is satisfied by a supplementary surface water allocation from the
Mackenzie River.

An estimate of groundwater inflow to the pits from the Permian sequence
indicated that the groundwater inflows to the pits would be between 100 ML/a
and 300 ML/a, depending on the assumed radius of influence.

7 Daily water balance modelling

Daily water balance modelling was undertaken to assess the performance of the
WMS. The modelling was used to predict the reliability of supply in satisfying
the estimated water demands, to predict the pit availability and to predict the
frequency and volume of releases from the WMS.

PB have developed an in-house software package called WAMAN (W Ater
MANagement), which performs daily water balance calculations and was written
specifically for WMS analysis. The rainfall-run-off engine of WAMAN is
identical to the well-known AWBM (Australian Water Balance Model).

WAMAN is capable of simulating the long-term behaviour of water
management systems, which include complexities such as surface and
underground water storages, variable water demands, external supply sources,
variable pumping rates and flood harvesting. Model inputs include historic
rainfalls, evaporation losses, seepage losses, water demands, supply sources,
contributing catchment areas and volumes of on-site storages. Model outputs
include catchment run-off, system yield and system spills.

8 WMS reliability

The WAMAN model was used to assess the reliability of the WMS. The
reliability simulations conservatively used lower estimates of catchment yield,
lower estimates of groundwater seepage and higher estimates of water demands.
The model cycled through 75 climate simulations, with each simulation
representing a different 25-year period of historic climate record, the starting
year being incremented by one year for each simulation. If the WMS was unable
to satisfy the total site water demand on any one day in the simulation, the model
recorded a supply failure for that day.

For each 25-year simulation, the model then summed the total number of
supply failure days and the system’s reliability was calculated as the percentage
of failure days over the whole simulation period. Statistical analysis was then
used to identify the WMS reliability corresponding to the fifth percentile historic
driest climatic period. The target reliability for this climatic period was 95%, as
instructed by the mine management.

The WAMAN model was configured to ensure that water demands were
prioritised. Demands were satisfied first with water captured from local site
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catchments, with any shortfall being supplemented by the Mackenzie River
allocation. A sensitivity analysis was undertaken to determine the optimal
volume of supplementary allocation needed to satisfy the target reliability. The
results indicated that a supplementary allocation of 600 ML/a was required,
which is just under half the total water demands for the mine site.

The time dependency of the supplementary allocation throughout the mine’s
life was assessed. This assessment endeavoured to identify trends associated with
the frequency and volume of allocation required from the river and whether the
volume could be reduced over time, as water was stored in the WMS. The results
indicated that while the WMS does reduce the dependency on the allocation, the
volume and frequency of supplementary water is dominated by the prevailing
climatic conditions, with no clear trend being evident.

A sensitivity analysis was performed on the pumping rate from the central
dam at Curragh North to the final void at Curragh. This assessment confirmed
the benefits of using the final void as a large off site holding tank. Pump rates
ranging between 0 and 1,000 L/s were modelled, with the return pump rate set to
match the daily demand. As expected, the system reliability improved with
increased pumping rate, with the optimal rate being approximately 200 L/s.
A pump rate of 80 L/s was needed to satisfy the target reliability.

9 Controlled releases from the WMS

The combination of space limitations within the mine site, large historical storm
events and long distance pumping considerations, meant that it was impractical
to store all local runoff within the WMS. Instead, the WMS is designed to ensure
that controlled releases are infrequent and will not cause environmental damage.
Gated release points are provided at all dams to ensure excess water can be
safely released to the river in a controlled manner. Release conditions were
stipulated by the Queensland Government Environmental Protection Agency’s
Environmental Authority (EA) for the Curragh North project. These conditions
describe the water contaminant levels that must not be exceeded in a release. The
conditions further require that release must only occur while the Mackenzie
River is in flood (to assist dilution).

The WAMAN model was used to assess the frequency and magnitude of
WMS releases to the Mackenzie River. The release simulations conservatively
used higher estimates of catchment yield, higher estimates of groundwater
seepage and lower estimates of water demands. The model cycled through
75 climate simulations, with each simulation representing a different 25-year
period of historic climate record, the starting year being incremented by one year
for each simulation. A supplementary allocation of 600 ML/a from the
Mackenzie River was assumed.

The total number of spill days and spill events from the water management
system were counted for each simulation, with a spill event being defined as one
or more days of consecutive spill. Statistical analysis was then used to identify
the system spills occurring within the fifth percentile historic wettest climatic
period. This climatic period was chosen to represent a conservative situation
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with respect to the potential volume and frequency of releases, as instructed by
the mine management.

The layout of the WMS and the perimeter levee prevent releases during a
major flood in the Mackenzie River, as external river levels will be higher than
internal dam water levels. Attempted releases during a major flood would likely
result in overtopping of the WMS dams and spillage into the pits, due to river
ingress.

Combining the EA release conditions with the release limitations during
major flood events, results in a small window of opportunity for controlled
releases from the WMS, namely when there is a minor or moderate flood in the
Mackenzie River, but not when there is no flow a major flood.

Control of WMS releases at times when river levels are lower than the EA
threshold or higher than dam water levels, can be achieved by careful operation
of the release structures. By monitoring weather forecasts and radar patterns,
mine operators can be aware of expected weather patterns, both for the
immediate local catchment area and for the regional Mackenzie River catchment.
If forecasts show that a large storm is likely to pass over the mine site, then
operators can expect local run-off to the WMS dams within a day. Conversely, if
forecasts show that a large storm is likely to pass over the regional catchment,
then operators can expect river levels to rise within the next three to four days.

10 Water quality

The potential pollutant sources from coal mining activities include coal
processing, site maintenance, petroleum storage, acid mine drainage, saline pit
water and saline groundwater inflows through the coal seam. Water quality in
storage dams was predicted using information gathered from groundwater
monitoring at the Curragh North and Curragh mine sites and from direct
measurement of water quality in the Curragh mine existing storage dams.

For Curragh North, the poorest quality water will be derived from pit seepage
from the coal seam and alluvial aquifers. The inflows to the water management
system dams will be sourced from pit seepage, surface water run-off from
contributing catchments and from direct rainfall on the dam surface. Saline pit
water will be diluted by the freshwater in the storage dams. Settlement of
suspended solids will occur in the water storage dams, prior to any controlled
release of waters to the Mackenzie River.

The results of groundwater monitoring indicated that electrical conductivity
(EC) measurements for all bores at Curragh North are less than the EA trigger
level of 4,500 puS/cm, with the exception of one high EC value of 7,600 uS/cm,
which was markedly higher than all other readings from surrounding bores.

At Curragh mine, the water storage dams predominantly receive pit water
inflows and the EC readings match those from groundwater. The EC readings for
Curragh North groundwater are considerably lower, due to the diluting effects of
the nearby Mackenzie River. The EC measurements at both mine sites
demonstrate that the groundwater quality provides a good indicator of the quality
in the water management dams.
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A mass balance model was constructed using a spreadsheet to track the
accumulation of salt in the water storage dams at Curragh North over time.
Inputs to the mass balance model were sourced from the WAMAN modelling,
including daily catchment run-off volumes, pumping volumes, release volumes,
evaporation/seepage volumes and dam volumes. A salt concentration was
applied to each inflow stream and the model tracked the total mass of salt inflow
to the dams on a daily basis. Salt was assumed to gradually accumulate in the
dams over time, with the only reductions in salt content being due to WMS
releases, pumping and dilution. Plots of the salt concentration were prepared to
identify the salt concentration during those critical times during WMS releases.

As a worst-case scenario, the highest recorded EC of 7,600 uS/cm was
assumed for inflows from disturbed spoil catchments, for inflows and transfers
from the out-of-pit spoil dump and for pumping from open pits. An EC of zero
was adopted for all natural catchments. The model results indicated that the
ponded EC is expected to gradually increase throughout the mine life, as salt is
captured in the dams. Towards the end of the mine life, the salt concentration is
shown to approach 4,000 uS/cm, which is within the limits specified in the EA.

11 Pit availability

Pit availability is a significant issue affecting mining operations. Water ponding
at the bottom of the pits can cause disruptions to mining because mining
operations will be delayed while the water is pumped out. It is common practice
to excavate a pit sump in the lowest level of the pit, enabling any water entering
the pit to naturally drain to the sump, thereby keeping the pit floor relatively dry.
The size of this pit sump is critical. If it is too small, then the pit floor will be
inundated on a regular basis, resulting in disruptions to mining operations and
poor pit availability. If the sump is too big, pit availability will be improved, but
pit floor access will be limited, also resulting in disruptions to mining operations.

Pit availability is defined as the proportion of days that the pit sump was not
overtopped over the mine’s life. The target availability for this scenario was 98%
in any one year for all pits, as specified by the mine management.

Pit availability was assessed using the WAMAN model of the WMS. The pit
availability modelling was run for the historical period corresponding to the fifth
percentile historic wettest climatic period. A supplementary allocation of 600
ML/a from the Mackenzie River was assumed. This climatic period was chosen
to represent a conservative situation with respect to the pit availability.

The model results indicated that a 10 ML sump would provide pit
availabilities ranging between 96.7% and 99.2% for all dams. Highwall pumping
rates of 200 L/s were adopted for the water transfer out of the pit sumps to the
adjacent water storage dams. The longest consecutive period that the pits would
be expected to be unavailable ranged between three and six days.

Sensitivity testing was undertaken to optimise the sump volume and the
highwall pumping rate. Sump sizes ranging between 10 ML to 40 ML were
checked and the highwall pump rates were changed from 200 L/s to 100 L/s.
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The results indicated that only nominal increases in pit availability would
result from increased sump size, but the benefits were outweighed by disruptions
to mining. The provision of high rate pumps for the high wall was recommended
due to significant reductions in the longest period of pit unavailability (8 versus
28 days), increasing the time available for mining operations.

12 Conclusions

Water is a valuable, yet limited, resource throughout the region. Competing
demands from industry, farming, communities and the environment have led to
the preparation of governmental regulation in the form of water allocation
schemes. Rainfall in the project area is highly variable and unreliable, with
almost half of the annual rainfall occurring during the summer months. Average
annual evaporation is nearly four times the average annual rainfall.

The philosophy behind the water management system (WMS) was to retain as
much run-off as possible on site, thereby reducing the amount of additional
allocation required to satisfy the mine’s water demands. Total water demands for
the mine were determined by summing the component demands from dust
suppression, vehicle wash down, potable use and construction requirements.

PB’s in-house daily water balance model (WAMAN) was used to assess the
performance of the WMS of the Curragh North Mine, in satisfying the estimated
water demands, in predicting the pit availability and in predicting the frequency
and volume of system releases. WAMAN is capable of simulating the long-term
behaviour of water management systems, which include complexities such as
surface and underground water storages, variable water demands, external supply
sources, variable pumping rates and flood harvesting.

The water management system comprises four satellite dams located
alongside the flood levee around the mine perimeter. These dams collect site run-
off and transfer water to a central dam via one-way pipelines. The central dam is
connected by a two-way pipeline to a final void at the existing Curragh Mine,
15 kilometres away. The final void is used as a balancing storage, enabling
excess water from Curragh North to be efficiently stored at Curragh and
retrieved when needed. This concept optimises the water harvested on site by
storing it in an existing deep and narrow void that minimises evaporative losses.
In addition, storage of water off site reduces the need to provide additional on-
site water storage infrastructure, thereby providing more area for other mining
activities.

System reliability was assessed using a conservative worst-case dry climate
situation combined with higher water demand estimates. The model results
indicated that a supplementary allocation in the order of 600 ML/a was required
to meet the target 95% reliability, as required by mine management.

Reshaping of the spoil dumps will provide additional internal drainage areas,
allowing capture and storage of surface run-off. The spoil dams have been
designed as long, narrow storages cut into the batter of the spoil dumps. This
concept allows maximum use of the mine area within the levees, thereby
minimising the mine footprint and the levee length and, consequently, reducing
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costs. The spoil dams will provide additional water harvesting capacity, while
their storage volume will also attenuate peak flows during major storm events,
resulting in reduced risk of system spills to the Mackenzie River.

Gated release structures were provided at the water storage dams to ensure
that excess water can be safely released to the Mackenzie River in a controlled
manner. The release criteria require that water can only be released from the
mine site only when there is a minor or moderate flood in the Mackenzie River.
This means that there is a small window of opportunity within which controlled
releases are permitted to occur.

Water quality release limits were stipulated in the Environmental Authority
(EA). Dam water quality was predicted using information gathered from
groundwater measurements at the Curragh North and Curragh mine sites and
from direct measurements of Curragh dam water. Mass balance modelling
tracked the accumulation of salt in the storage dams and identified the
concentration during those times when WMS releases would occur. The results
indicated that the concentration will increase throughout the mine’s life, as salt is
captured in the dams. Towards the end of the mine’s life, the concentration is
predicted to approach 4,000 uS/cm, which is still below the EA discharge limit.

Pit availability is a significant issue affecting mining operations and is
defined as the proportion of days that the pit sump is not overtopped. Water in
the pit causes disruptions to mining operations while waiting for water removal.
The target availability was 98% in any one year for all pits, as specified by mine
management. The results showed only nominal increases in pit availability due
to increased sump size. High rate pumps for the high wall were recommended
due to significant reductions in the longest period of pit unavailability.

The project was awarded a high commendation in the Engineers Australia
Queensland Engineering Excellence Awards 2006. The judges were ‘impressed
with the water management system designed to provide a reliable water supply
for mining operations, to minimise run-off entering mining pits and controlling
off-site discharges to meet Environmental Protection Agency requirements’.

References

[1] Boughton, W.C. A Hydrograph-based Model for Estimating the Water Yield
of Ungauged Catchments. Presented at the Hydrology and Water Resources
Symposium, Newcastle, Australia, 1993.

[2] PB. Curragh North Coal Project — Hydrology and groundwater study for
the environmental impact study, Wesfarmers. PB, Brisbane, Australia, 2003.

[3] PB. Curragh North Coal Project — Water management strategy design
report, Wesfarmers. PB, Brisbane, Australia, 2004.

[4] Qld Department of Natural Resources. Water Act 2000 Water Resource
(Fitzroy Basin) Plan 1999. Qld DNR&M, Brisbane, Australia, 1999.

[5] Qld Department of Natural Resources and Mining. Groundwater database
search. Brisbane, Australia, 2004.

[6] Qld Department of Natural Resources and Mining. Fitzroy Basin Resource
Operations Plan (ROP). Qld DNR&M, Brisbane, Australia, 2006.

@ WIT Transactions on Ecology and the Environment, Vol 103, © 2007 WIT Press
. www.witpress.com, ISSN 1743-3541 (on-line)



Water Resources Management IV 53

Water resources management — a possibility
for drought mitigation in wetlands?

O. Dietrich', H. Koch® & S. Schweigert'

!Leibniz-Centre for Agricultural Landscape Research (ZALF) eV,
Institute of Landscape Hydrology, Germany

’Brandenburg University of Technology Cottbus,

Hydrology and Water Resources Management, Germany

Abstract

The water balance of many wetlands in the North-East German Lowland is
dominated by water resources management systems with drainage and sub-
irrigation. These systems are integrated in the water resources management
system of their whole river basin. Scenario investigations show the possibilities
and constraints of different water resources management options within the
wetland and in the basin. For the Spreewald wetland strategies for the mitigation
of negative impacts of climate change are presented as an example.

Keywords: wetlands, water resources management, drainage, sub-irrigation,
water balance model, climate change.

1 Introduction

Most of the wetlands in the North-East German Lowland are fens. After the last
ice age they developed in spite of the climatic conditions with a mean annual
precipitation of approximately 500 mm per year, because they got sufficient
recharge from their basin and the discharge was blocked by natural barriers.
In the last two centuries most of the fens were drained for agricultural land use.
However, because of the low precipitation, the drainage systems were completed
with a number of weirs as a prerequisite for intensive agricultural production in
the 1970s and 1980s. Therefore, these regions have complex water resources
management systems today, which are often integrated in the water resources
management system of the whole river basin.
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The last decade, with dry summers and hot temperatures, shows that there is
an increasing risk of droughts in these wetlands. Climate models forecast an
additional threat, with increasing temperatures and decreasing precipitation in the
summer months for the next few decades in north-east Germany. On the other
hand, there are a lot of ways of enabling these areas to be used once more with
groundwater levels more typical for wetlands. To do so, it is necessary to
develop new water management strategies taking changing climatic conditions
into account. This process can be successfully planned with the help of
numerical models. The model systems WBalMo Spreewald (Dietrich et al [1])
for the Spreewald wetland and WBalMo Spree/Schwarze Elster (Kaltofen et
al [2], Koch et al [3]) for the Spree River basin are suitable tools for such a task.
They were developed, tested and used for scenario investigations in the context
of global change within the research project GLOWA-Elbe (www.glowa-
elbe.de). In this paper some scenario results will be presented and discussed.

2 Study region

The Spreewald wetland is situated about 70 km south-east of Berlin, located
within the Spree River basin (Fig. 1). It is one of the most significant wetlands in
Germany. The lowland region has an area of 320 km?. It is characterized by a
low mean annual precipitation of about 530 mm for the period 1961-1990
(HAD [4]) and rather high potential evapotranspiration (FAO grass reference
evapotranspiration) of about 610 mm for the same period.
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Figure 1: Running water system (classified for the water balance model
WBalMo Spreewald) with weirs, main inflow and outflow of the
Spreewald (left) and location of the Spreewald wetland south-east
of Berlin in the Spree River basin (right).
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The wetland soils are dominated by groundwater-influenced sands (49%),
fens (33%) and loamy soils (18%). The land use of the wetland area is
characterized by extensive grassland (44%), fields (23%) and forests (20%).

The wetland has a very dense stream and ditch system of about 1,600 km in
length with more than 600 weirs to regulate ditch water and groundwater levels
(Fig. 1, left). Therefore, the water balance of the Spreewald region is strongly
influenced by the water management system within the wetland.

The Spreewald wetland is supplied with water from the Spree River
(2,535 km?), the Malxe River (345 km?) and the southern sub-basins (1,160 km?)
(Fig. 1, right). The water balance in these basins has been influenced by a
number of opencast mines for more than 100 years. In the 1980s the pumping
rates of mine discharges increased up to 30 m*/s (Griinewald [5]). The extensive
groundwater drawdown in the mining region led to a large groundwater deficit in
the basin. Today most of the opencast mines are closed. So the amount of mine
discharges in the Spree River decreased to about 10 m*/s and will be reduced to
0 m*/s by 2040. Additionally, the residual mining pits have to be refilled with
water and the man-made drawdown is being reverted. As a consequence of the
current high water demand of the basin, water deficiency situations for the
wetlands occur increasingly during the vegetation periods.

3 Method

The models used, WBalMo Spreewald and WBalMo Spree/Schwarze Elster,
consider aspects of the water resources management in the wetland and in the
basin. WBalMo Spreewald is a combination of a water management model
(WBalMo®™, WASY [6]) and a water budget model for wetlands with drainage /
sub-irrigation systems (WABI, Dietrich et a/ [7]). This combination is a solution
to fulfil the complex requirements of the wetland region. WBalMo
Spree/Schwarze Elster is a complex water balance model with a great number of
different water users in the basin.

The model system WBalMo represents the hydrological processes and the
water management in a river basin. River basins are represented by simulation
sub-basins, running waters, balance profiles, water users and reservoirs. The
input values are stochastically generated time series. The water utilization
processes are reproduced deterministically. The time step is one month.

WABI is a simple water balance model for groundwater-influenced areas with
drainage and sub-irrigation systems. The study site is divided in sub-areas, the
smallest area in which the groundwater level can be regulated separately. One
important assumption is a horizontal groundwater level in each sub-area. The
time step is also one month. The model requires target water levels and inflows
for each sub-area. WABI is directly coupled to WBalMo. Each WABI sub-area
is one water user in WBalMo. The sub-model WABI requires information about
the elevation distribution connected with land use and soil types of each sub-area
as well as storage for each sub-area.

In the model WBalMo Spreewald the wetland's complex system of streams
and ditches was simplified. Only watercourses which are important for drainage
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and water surplus for the wetland sub-areas are considered. For 86 bifurcations
of watercourses special rules were developed on the basis of expert knowledge,
the current water management practice or depending on the water demand of
water users downstream from the bifurcation. Changing distribution rules is one
way of simulating different water management strategies with the model. The
wetland area was divided into 197 sub-areas. Every sub-area is represented by
one water user in the model. The calibration and validation of the model
WBalMo Spreewald is described in detail in [1].

WBalMo Spreewald requires input data for precipitation, potential
evapotranspiration and the inflow from the sub-basins into the wetland and the
sub-areas at the boundary of the wetland. The climatic input data were prepared
by project partners using the climate model STAR (Werner and
Gerstengarbe [8]). The inflow from the sub-basins was calculated using the
water management model of the Spree River basin WBalMo Spree/Schwarze
Elster [2] based on the same STAR model climate data. Input series were made
available for each month from 2003 to 2052 with 100 realizations of every year
(Monte Carlo Simulation). The modelled time range of 50 years was divided in
ten 5-year periods. Within each 5-year period the management options, climate
trends, water demands of water users, etc. are unchanged.

4 Scenarios

The WBalMo models were used to determine the impacts of different water
management options on the water balance of the Spreewald wetland under
changing global conditions. Scenarios were defined as combinations of boundary
conditions and water resources management options in the wetland. In this paper
the boundary conditions for the wetland water balance are climate change
(Wechsung et al [9]) and two water resources management options in the Spree
River basin. The first option represents the current management practice and the
second a water transfer of at most 2 m’/s from the Odra River to the Malxe River
(Koch et al [10]) (Fig. 1, right). The two water resources management options of
the basin were combined with options in the wetland: (1) the current
management practice and (2) another distribution of the inflow water within the
wetland (Dietrich et al [11]).

Table 1: Definition of scenarios by combination of different water
resources management options in the basin and in the wetland.

Scenario name Water resources Water resources
management in basin management in wetland

1 Basis Current practice Current practice
2 Redistribution Current practice Redistribution of basin
surplus within wetland

3 Transfer Water transfer from Current practice

Odra River

4 Transfer with Water transfer from Redistribution of basin
redistribution Odra River surplus within wetland
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5 Results and discussion

The statistical evaluation of the model results was made for each 5-year period.
In the following we compare and discuss the results of the period 2003-2007
(P1) with the last period 2048-2052 (P10). In the figures the first period of the
basis scenario is also the reference status for the other scenarios. The bars in the
figures represent the 50™ percentile of 500 values per month. The caps show the
range between the 20™ and 80™ percentiles.

5.1 Boundary condition — climate change

The climatic boundary conditions are the same in all scenarios. For a better
interpretation of the model results the impact of climate change is represented by
the climatic water balance (Fig. 2). Already, the balance of P1 shows a deficit for
the months from April to September. But from June to August, especially, the
deficit will clearly increase up to the last period (P10). This increasing deficit
influences the water demand in the wetland, but also the inflow from the basin.

Because the period from April to September is most interesting for water
scarcity situations in the wetland, the following figures will only show
percentiles of this part of the year.

5.2 Recharge from basin into the wetland

The inflow from the basin will decrease in the summer months up to 2050
(Fig. 3). The reasons are the changed climatic conditions as well as the planned
development of the mining activities in the basin. The inflow from the Malxe
River, especially, will decrease in the future, because today there are two large
opencast mines in this sub-basin, which are going to close by 2030. Then the
pumping of mine water will stop and additional water is needed to refill the
residual mining pits.

The water resources management option “water transfer from the Odra River
into the Malxe River” could improve the water supply situation (Fig. 3).
However, the volume assumed in the scenario is not sufficient to compensate for
the decrease in the water inflow of the whole Spree River basin upstream of the
Spreewald wetland due to climatic changes and a lack of mine discharges.
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Figure 2: Comparison of the climatic water balance in the periods

2003-2007 (P1) and 2048-2052 (P10).
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Figure 3: Change of inflow into the wetland in the periods 2003-2007 (P1)
and 2048-2052 (P10) depending on different water management
measures in the basin (basis, water transfer from Odra River).

5.3 Water demand of the wetland

The development of the wetland water demand is shown using the example of
July for all ten 5-year periods. The values are influenced by the water balance
parameters of precipitation, actual evapotranspiration and the water storage
deficits of the previous month. The results in Fig. 4 show an increasing water
demand of 35 mm between the median of the first and last 5-year period. The
reasons for this are the changed climatic conditions with lower summer
precipitation and higher potential evapotranspiration. This will also lead to
higher actual evapotranspiration because of the near-surface groundwater levels.
The consequence is that the wetland depends more on the basin inflow.

5.4 Water withdrawal of the wetland

Figure 5 shows the water withdrawal for all scenarios in P10 in comparison to P1
of the basis scenario. In all scenarios there is an increase in the water withdrawal
from July to September because of the higher water demand. But the limited
water yield from the sub-basins limits the withdrawal. Different water resources
management options improve the utilisation of the existing water yield, but the
increase in available water can not compensate for the overall increase in water
demand (10 mm versus 35 mm in July). The consequences are decreasing
groundwater levels in the wetland and decreasing outflow from the wetland.
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5-Year-Periods (Years 2003-2052)

Figure 4: Water demand of the whole wetland area (basis scenario, July).
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Figure 5: Water withdrawal of the whole wetland area from basin inflows in
the periods 2003-2007 (P1) and 2048-2052 (P10) depending on
different water management measures.

5.5 Groundwater levels in the wetland

The maps in Fig. 6 illustrate of the change of groundwater levels in July of P1
and P10 in the different scenarios. Figure 6A shows few differences in the
central parts of the Upper and Lower Spreewald wetland. These parts are
predominantly supplied with water from the main inflow of the Spree River.
Only the sub-areas in the Upper Spreewald wetland, predominantly supplied
with water from the Malxe River, have decreasing groundwater levels. The
reasons are explained in chapter 5.2. The largest problems will arise in the border
parts of the wetland because these sub-areas can only receive water supply from
relative small sub-basins. It is difficult or even impossible to transfer water from
the main inflow of the Spree River to all of these parts.

The different water resources management options (Fig. 6B-D) improve the
situation in some parts of the Spreewald wetland. The redistribution of water
from the Spree River inflow in the northern part of the central Upper Spreewald
(in the basis scenario supplied by the Malxe inflow only) and the concentration
on the central parts of the wetland, which are the most important parts for nature
protection, lowers the threat of water scarcity in these parts. But it also leads to
drier situations in other parts of the wetland.

Transferring water from the Odra River to the Malxe River improves the
groundwater levels in the wetland parts predominantly supplied with Malxe
water without a negative impact on other parts (Fig. 6C). The fourth scenario
shows the largest increase in the groundwater levels (Fig. 6D). However, no
management scenario leads to an improvement in the most-threatened border
parts compared to the basis scenario in P10.

5.6 Discharge below the wetland

The discharge below the wetland is important for the Spree River and water
users along the river downstream of the Spreewald wetland. Because of the water
demand of these water users, there should be an outflow of the Spreewald
wetland into the Spree River of approximately 12 hm* per month. Already in
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July of P1 of the basis scenario this value is reached in 50% of the years only
(Fig. 7). No management scenario improves this situation distinctly. The reason
is the large water demand of the wetland.

~ Figure B

Figure D

Legend Figure A o Legend Figure B-D

v.// part mainly supplied with Malxe inflow Impact of water management measures
Change in ground water level on ground water level
[ no change i increase
| <0.5mdecrease no change
I > 0.5 m decrease | decrease N
5000 0 5000 10000 15000 Meters A
Figure 6: Difference between the July groundwater levels of the basis

scenario for the periods 2003-2007 and 2048-2052 (A) as well as
the difference between the basis scenario of the period 2048-2052
and the redistribution scenario (B), the transfer scenario (C) and
the transfer with redistribution scenario (D) for 2048-2052.
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Figure 7: Discharge below the wetland in the periods 2003-7 (P1) and
2048-2052 (P10) depending on water management options.

The results show also increasing problems in the drier years. The 20"
percentile values undershoot the 12 hm* per month in P1 in the basis scenario
only in July. In P10 this value will be undershot more distinctly from May to
September. This could be a large problem in the Spree River basin in the future.

6 Conclusions

In connection with the WBalMo Spree/Schwarze Elster for the Spree River
basin, the WBalMo Spreewald model offers a way to integrate water budget
modelling in wetland areas and the water resources management of the whole
basin in one model. It can be used to analyse the impacts of changing boundary
conditions (meteorological, hydrological, economic conditions) as well as
management options and to develop strategies to reduce unwanted impacts of
global change.

The results show that climate change may produce large problems for
wetlands in humid climatic zones in the future, especially if there are already
water deficits under the present conditions. In the Spreewald wetland the water
demand of the wetland area will increase in the future. The inflow from the basin
will be insufficient to compensate for this increase in the whole region.
Therefore, water deficit periods will occur more frequently. The consequences of
frequent water deficits are deeper groundwater levels in summer, which differ
depending on the inflow conditions and water distribution within the wetland.

The results of the scenarios are only a few examples of how water resources
management strategies can help to reduce unwanted impacts and to mitigate
droughts in wetlands in the future. The investigation of further strategies is
necessary to find the best solution for all water users in the wetland and
downstream. A socio-economic evaluation of the scenarios is also needed. The
task is to find strategies which are seen by all water users as a good compromise.
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Considering salinity effects on crop yields in
hydro-economic modelling — the case of a
semi arid river basin in Morocco
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Abstract

Agricultural production, especially date palm cultivation, is the major food and
income source for people in the Draa basin in Southern Morocco. However, the
semi-arid river basin faces very low rainfalls and has suffered from a continuing
drought over the last years. River water, as the principal source for irrigation, has
been increasingly substituted by groundwater mining. This has led to an
unsustainable downing of the groundwater table, increased salinisation problems,
and has posed further constrains on the agricultural production potential. Without
targeted water resources management, water available for irrigation will soon be
depleted or too saline to be used for most crops. Consequently, farmers will not
be able to maintain their production levels, and subsequently lose an important
source of family income. The relationship between water use and agricultural
production is represented using an integrated hydro-agro-economic simulation
model with a spatial water distribution network of in- and outflows, balances and
constraints. The model results are driven by profit-maximising water use by
agricultural producers which are primarily constrained by both water availability
and quality. Crop yields are influenced by quantitative irrigation water
application deficits and by the salinity of irrigation water. Results show
considerable differences depending on whether salinity is incorporated or not.
When salinity is considered, yields tend to be much lower despite increased
irrigation water needs to enable a reduction of soil salinity through leaching.
Keywords: nonlinear programming, water allocation, water quality, salinity.
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1 Introduction

The Draa river basin is located in South-East Morocco at the edge to the Saharan
desert. The area faces pre-Saharan climatic conditions with naturally low
rainfalls. The precarious water situation has been aggravated by subsequent
droughts and due to increasing salinity of both ground- and surface water in
recent decades. Water salinity adversely affects the yet poor agricultural
production potential. During the last years the salt content of irrigation water has
further increased, [1] leading to very low agricultural output levels and the need
for the farm households to identify additional sources of income. Hence, a
holistic water management should take into consideration the impact of salinity
on agricultural yields.

Since 1972 a centrally managed reservoir, the Mansour Eddahbi reservoir,
supplies a belt of six oases along the middle Draa River basin with irrigation
water. Due to increasing surface water scarcity, farmers progressively
established wells with motor pumps and are using groundwater instead of river
water for irrigation. However, groundwater use has the drawback of very high
salt contents especially in the two most southern oases, Ktaoua and Mhamid. The
average values for salt content are shown in table 1. It should be noted that
groundwater salinity is markedly higher than that of surface water.

Table 1: Salt content of ground and surface water in the Draa basin.
Oasis Groundwater (g/l) River water (g/l)
Mezguita 1.5 0.64
Tinzouline 2.2 0.79
Ternata 2.5 1.04
Fezouata 4.0 1.04
Ktaoua 5.0 1.32
Mhamid 5.0 1.32

Source: Bouidida, A. 1990, Ministére du Commerce, de 1'Industrie, des Mines et de la
Marine Marchande, 1977.

For the Draa basin irrigation water salinity is tremendously high (locally
sometimes up to 10 milliohms/cm in the South), but so far seems not to have
been sufficiently considered in water management in the region.

Water quality, especially salinity, has been addressed in various simulation
models dealing with irrigated agriculture. Lee and Howitt [2] use a Coob-
Douglas production function according to Dinar and Letey [3] to account for
water salinity in a nonlinear programming model. Also, Cai et al. [4] use a
production function taking the water deficit, salinity rates, and technology levels
for yield formation into account. By contrast, the integration of water quality
aspects in the hydro-economic model MIVAD (Modéle integrée du Valée du
Draa) presented in this article is formulated as a yield function containing factors
reflecting both seasonal water deficits and salinity levels.
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2 The role of salinity in the Draa basin model

The hydro-economic river basin model MIVAD is a nonlinear water allocation
model that consists of a node-link network representing the six oases along the
Draa River. MIVAD is similar to the class of river basin models as designed by
Rosegrant et al. [5]. The spatial structure of the model is presented in figure 2
where the interconnection between supply and demand is represented with
arrows. The objective of the model is to maximize agricultural profits taking into
account various constraints and balances. In MIVAD, farmers can make choices
in cropping on two levels: the absolute area to be cultivated with a certain crop
mix that is kept constant, and the yield levels for the different crops which
depend on water application of different quantity and quality (i.e. salt content).
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Figure 1: Spatial structure of the MIVAD model (Source: Kuhn et al. [6]).
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More precisely, actual yields are calculated by reducing the maximum yield
of a crop by a water deficit factor and a salinity reduction factor. This has been
applied by Dinar and Letey [3] to a seasonal crop water production model. It is
assumed that there is a maximum crop yield pmaxyield to be achieved with
average technology (seed variety, fertiliser use, chemicals, seedbed preparation
etc.). The actual yield in a certain year may be lower than the maximum due to
insufficient water supply to the crop and salinity response. The yield function is
based on the following relation:

vafopyieldmcmp = pmwg/ieldcmp -vdef My, -wie_ sali i crop (1)

with pmaxyield, maximum yield for the different crops (per ha), vdef maxi, yield
reduction factor due to periodically or generally, insufficient water application
(crop water deficit), vyie sali, yield reduction factor due to salinity.

In MIVAD it is assumed that water application to crops is a decision that is
made by farmers for the entire cropping season based on a-priori information on
the amount of irrigation water available. The yield reduction factor due to crop
water deficit (vdef maxi) is calculated as a non-smooth approximation of the
seasonal water deficit vdef seas.

vdef _maxi,,, .., = (1+exp(a~(—vdef _5€aS,, o T ,5)))_1 2

with vdef seas being the seasonal water deficit as calculated by using seasonal
ky-values (FAO 1986 [7]), a a slope coefficient of the approximation curve, and
fa coefficient determining the position of the curve.

Monthly evapotranspiration consists of two components: total irrigation water
applied to a crop (v__w_a_cr, which the farmer can choose to take from surface

or groundwater sources) reduced by a leaching factor (to be explained later on),
and the effective rainfall in the area.

veta — Stagdma,crop,pd =
V_W_a_Clyproppd vleachfctdma’cmp (3)
+ vcropareadma,crop ’ peﬂ — ralndma,pd
with v__ w_a cr irrigation water available to a crop both from surface water and
groundwater, vieachfct leaching factor, peff rain effective rainfall in mm, where

the leaching factor (see formula 8) is calculated according to Ayers and Westcot
[8] as:

Vleachfct,

Ima,crop

=001 - exp (0 - vet_ratio,,,, ., +pirr_efy (4
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with vet ratio actual evapotranspiration (ETa) divided by maximum
evapotranspiration (ETm), pirr_effy irrigation efficiency factor (constant).

The leaching factor not only determines the amount of irrigation water which
percolates into deeper soil layers, but also plays an important role for the level of
soil salinity. Salt concentration in the soil is a result of the fact that evaporation
of irrigation water leads to an accumulation of salt in the topsoil. This is
especially the case in the most southern oases, Ktaoua and Mhamid, as
evapotranspiration in the area is high and insufficient leaching leads to an
accumulation of salt on the surface. During and after irrigation days, leaching
into deeper soil layers might occur and help to keep soil salinity in check, while
during the rest of the time plants may still suffer from irrigation water deficit.
This is why the leaching factor used in MIVAD contains a constant additive
component (pirr_effy) reflecting the leaching losses of furrow irrigation.

The salt content of water consumed by crops (salinity) is another important
factor for yield formation. The yield reduction factor due to salinity is calculated
on the basis of a modified discount function (Steppuhn et al. [9]). The salinity of
soil water (vyie_sali) is calculated as:

-1
vyie_saliy, ., = (1 + (vsoi Isaliy, vy / psal _thre,,, psal _slop,y, )) (5)

with vsoilsali being the salinity level of the soil water consumed by crops,
psal_thre the crop-specific salinity level at which the yield is depressed by 50%,
and psal slop a slope parameter. The effect of the slope parameter is displayed in
figure 3.
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Figure 2: Effect of salt reduction factor on yields.
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The soil water salinity level can be derived from the salinity level of the
irrigation water multiplied by a concentration factor specific for each crop and
0asis.

vsoilsali,,, ., = vsalinity,, , -vcon _ fact,,, .., (6)

with vsalinity being the salinity level of irrigation water and vcon fact the
concentration factor. Salinity of irrigation water is the average of the salinity
levels of surface (= river) and groundwater used for irrigation, respectively.

The concentration factor describes the ratio of salinity in irrigation water to
the salinity of soil water and can be calculated as a function of the variable
‘leaching factor’ (vieachfct) that has already been mentioned in equation 5. On
the basis of results from Ayers and Westcot [8], the leaching concentration factor
VCON_FACT is calculated as:

veon factdma,crop = (ﬂ . VIeaCthtdma,crop )_p (7)

with S a level parameter, and p a slope parameter .

Infiltration and soil salinity
3.5 -
3 4
2.5 | ¢ ECe / ECw
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Figure 3: Soil salinity as a nonlinear function of the leaching factor.
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3 Results of simulations involving salinity

To evaluate the effect of salinity on crop yields and agricultural profits,
comparisons with and without a salinity effects on crop yields have been carried
out for three different water supply scenarios. Table 2 summarises simulation
results for different levels of surface water availability for the whole Draa basin:
a normal year, a medium and a dry year. The normal year relates to an average of
inflows into the surface water network of the basin from 1972 to 2002, the dry
year presents the average of the ten driest years over the same period (23% of the
water amount of a normal year), and the intermediate year is an average of the
other two (62%, respectively). If salinity is not considered, surface water for
irrigation is more and more substituted by groundwater the more surface water
becomes scarce. As total water use is nevertheless decreasing, agricultural profits
are decreasing as well, primarily because the total cultivated area is decreasing,
but also because yield levels are lowered, as is shown in table 3.

Table 2: Basin-wide simulation results for normal, medium and low water
availability without and including salinity effects.

Without salinity With salinity
Normal Medium Low  Normal Medium Low
Ag. river water use (mio cbm) 165.3 89.4 169 188.8 1184 17.9
Ag. groundwater use (mio cbm) 63.3 92.0 76.7 23.9 14.0 6.5
Total ag. water use (mio cbm) 228.6 1814 935 2127 1324 24.4

Total water use (mio cbm) 233.8 186.6 98.7 218.0 137.6 29.6
Use of available crop area (%) 63.9 50.7 26.0 47.7 32.0 6.1
Agric. profits total (mio DH) 2604  189.6 79.6 171.0 1194 20.5

Results look completely different when the yield-decreasing effect of salinity
is considered. As surface water is free of charge for farmers and less saline than
groundwater, surface water is strongly preferred for irrigation of agricultural
crops. However, when surface water becomes scarcer, for example in the
intermediate and dry water supply scenarios, it would be increasingly substituted
by groundwater, even though groundwater pumping is costly for the farmers.
This is not the case when salinity is considered: groundwater is by far not used as
extensively particularly in the dry year due to the fact that its use would not
contribute to keep yields per hectare at profitable levels. This ultimately leads to
a far more pronounced decrease in crop areas to only 6% of the maximum area
available to farmers.

When water scarcity alone is taken into account, farmers will probably
decrease crop areas, but also crop yields to a minor extent to deal with the
scarcity situation. But in a situation which combines water scarcity and high
salinity of the water available, farmers face a more complicated dilemma, as a
reduction of the amount of irrigation water per hectare as in the scenario without
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salinity would swiftly increase soil salinity and depress yields by far more. The
reason this is that the leaching effect of irrigation would decrease by more than
the pure water reduction, an effect which is explained by the non-linear relation
between water application and leaching as shown above.

A closer look at the individual effects of water scarcity and salinity reveals
that salinity effects are indeed much higher than the impact of water scarcity (see
tables 3 and 4). The scarcer the water gets, the more intense are the effects of
salinity, as more groundwater is used, and as leaching to keep soil salinity down
becomes more expensive. It is no surprise that crops that have both a high
drought and salinity tolerance (see table 4, first column) such as wheat, barley or
date palms suffer the smallest yield reduction effects as compared to the scenario
without salinity (see table 3).

Table 3: Yield levels (in % of maximum yield levels) for normal, medium
and low water availability.

Without salinity effects With salinity effects
Normal — Medium Low Normal  Medium Low
Wheat 95.9 94.1 92.5 96.2 92.7 91.6
Barley 82.5 68.2 66.3 87.6 74.4 74.9
Pulses 97.9 97.2 95.3 91.0 83.3 75.5
Vegetables 98.5 99.1 99.7 58.8 64.4 69.2
Henna 80.2 85.4 86.1 67.3 72.8 72.3
Date palms 77.5 82.2 83.9 70.5 75.6 77.5
Alfalfa 71.1 77.3 78.9 37.8 39.5 38.7

Table 4 decomposes the yield reduction effect under salinity into the water
deficit and the salinity effect which together constitute the yield function (see
equation (1)). Moreover, the sensitivity of the different crops with respect to
water deficit and salinity as used in the model are reported in the first column.
Water needs of crops (and implicitly the sensitivity to water stress) are expressed
as the evapotranspiration at the maximum yield level under local climate
conditions in millimetres per annum. The higher the water need of a crop, the
higher the crop is assumed to be prone to water stress. The sensitivity regarding
salinity is expressed as an index calculated by dividing the level parameter
psal_thre by the slope parameter psal slop (see equation (5)). The lower the
index, the more sensitive is the crop to the salt content in the soil water.

Table 4 shows that for most crops yield reduction originates from salinity (the
reduction factors are much smaller) and not from the ‘pure’ irrigation water
deficit. Moreover, it is difficult to predict the yield reduction on the basis of the
sensitivity to water stress and salinity alone. The profitability of crops might still
justify a high water input level, which is exemplified by vegetables: the overall
salt content of irrigation water does hardly allow yield levels above 70% of the
maximum yield. Nevertheless, vegetables are heavily leached in order to allow
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reasonable yields. Alfalfa yields, by contrast, are allowed to drop, as this crop
generates less profit than vegetables.

Table 4: Decomposing the yield reduction under salinity into a water deficit
and a salinity effect (figures denote the share of the maximum
yield).

Sensitivity of
crops to yield- Normal Medium Low
reducing factors

Water deficit effect Max. water need

Wheat 513 1.00 0.99 0.97
Barley 509 0.96 0.88 0.83
Pulses 431 1.00 1.00 1.00
Vegetables 659 1.00 1.00 1.00
Henna 1848 0.90 0.92 0.93
Date palms 1786 0.83 0.87 0.88
Alfalfa 1848 0.77 0.76 0.76
All crops 0.92 0.92 0.91
Salinity effect Salinity tolerance

Wheat 6.35 0.96 0.94 0.95
Barley 4.61 0.95 0.93 0.95
Pulses 1.80 0.89 0.82 0.78
Vegetables 2.03 0.57 0.63 0.70
Henna 3.78 0.72 0.79 0.77
Date palms 6.70 0.85 0.87 0.88
Alfalfa 3.30 0.50 0.51 0.51
All crops 0.78 0.78 0.79

4 Discussion

Accounting for salinity in yield formation and production models has enormous
effects on simulation results regarding resource use, which is highly relevant for
basin-wide water management decisions. Most importantly, the on-farm effects
(water use from different sources, cropping choice, yield levels) become more
difficult to predict when salinity comes into play. The decision situation facing
the farmers is indeed highly complex, even when simulated in a deterministic
setting with perfect foresight as in this article. Moreover, if the salinity of
irrigation water were to further increase in the coming years, the trend towards
using groundwater for irrigation could perhaps be reversed. This effect could be
demonstrated in more detail by employing a salt flow balance, which so far has
not been addressed due to a lack of empirical data. As to resource management
aspects, both groundwater availability and salinity should be considered when
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deciding on the optimal allocation and distribution of surface water among the
oases, as far as it this in the domain of a central water distribution agency.

Furthermore, the cropping mix cultivated is likely to shift to more salt-
resistant crops with increasing salinity. The model version on which the results
in this article are based is keeping the crop mix fixed and only adapts total
cropping area and crop yields. A suitable calibration method allowing for a more
flexible cropping mix needs to be further refined.
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Abstract

Research has shown the soil and water conservation advantages of subsurface
drip irrigation. Low-pressure drip system (LPS) technology has shown a high
potential for economically improving application efficiency of irrigation systems
under sandy soil conditions in areas where water is scarce and/or expensive.
Energy costs are reduced as less than 70 grams per square cm is needed for
system operation. The low-pressure system is installed just below the soil
surface, it operates at very low flow and pressure, and it can stay on for longer
periods of time without generating runoff or deep percolation. This study is
designed to assess LPS under a reduced tillage system without the use of any
other irrigation method for stand establishment. This combines the benefits of
increased water use efficiency and lower energy costs for improved irrigation
efficiency and fewer tillage operations resulting in lower production costs and
less airborne dust. Since the drip tape was installed two years ago, only
3 cultivation passes have been made. No major tillage operations, the kind that
generate lots of dust, have been performed. LPS water usage was 15% less than
furrow irrigation and yields of cotton (Gossypium hirsutum) and blackeye beans
(Vigna unguiculata) were comparable to yields from furrow irrigation. This
system does present some challenges in stand establishment on very sandy soils
and with weed control, which continue to be investigated. Herbicides requiring
incorporation were not used. Weeds can be controlled in cotton using glyphosate
and other herbicides. Fewer chemical weed control options are available for
blackeye beans. The LPS technology has many potential technical, energy and
economic advantages over standard drip and subsurface drip irrigation.
Keywords: cotton, low-pressure drip irrigation.
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1 Introduction

Recently, water, energy, fertilizer, pesticides, labor cost and the capital
investment in modern irrigation systems have risen dramatically and at a rate
greater than farmer returns. Studies have demonstrated that drip irrigation can
improve water use efficiency, reduce fertilizer losses and reduce application of
pesticides and fungicides, particularly when compared with flood, furrow and
sprinkler irrigation [1-7]. As drip irrigation knowledge has evolved, Netafim
Irrigation has developed Low Pressure Systems (LPS) that operate at 70 grams
per square cm pressure while achieving a distribution uniformity of 90% or
better. The conversion of leveled furrow irrigated fields to LPS using
pressurized district water eliminates additional energy expenditures. It also
conserves significant water and energy and allows the use of low-pressure
components, thus reducing the capital inputs of LPS. Soil moisture wetting
patterns and resultant rooting patterns are affected by drip irrigation frequency
and amount of water applied [8].

The objective of this project was to evaluate the use of LPS drip in a reduced
tillage cotton system with the shallow buried tape remaining intact for three
years with no other irrigation method used to germinate the seed. Research
results will be used to validate LPS irrigation design and management, and to
demonstrate on-farm water, energy, chemigation, and labor savings in a reduced
till system.

2 Materials and methods

This project consists of two low-pressure irrigation treatments on undisturbed
seedbeds replicated four times in a randomized block design. The drip system
operates at 70 grams per square cm. Each system delivers approximately an
equal amount of water on an area basis. The treatments are LPS-200: 2 drip
lines on 200 cm beds (75 cm lateral spacing, 60 cm emitter spacing, 100 cm row
spacing) and LPS-150: 1 drip line on 150 cm beds (45 cm emitter spacing, 75 cm
row spacing). The row spacing represents typical bed configuration for multiple
rotation crops.

Drip lines were installed 10 cm below the soil surface in the spring of 2005.
Bed shaping in the early spring and planting have been the only tillage
operations since the tape was installed. Each plot was 8 beds wide by 100 m.
The plots were on a Wasco sandy loam (coarse-loamy, mixed, nonacid, thermic
Typic Torriorthent) soil.

Cotton (Gossypium hirsutum) was grown in 2005 and blackeye bean (Vigna
unguiculata) was grown in 2006. N-P-K fertilizers were added to meet the crop
requirement and were injected in the irrigation water as needed to maintain
optimal petiole tissue levels (measured weekly). Acid (N-pHURIC, 10/55) was
injected in all LPS irrigation water to maintain the solution pH at 6.5+/-0.04.
Plots were mechanically harvested.

Soil moisture sensors were installed at 15, 40 and 60 cm deep in one row of
each treatment. In-season irrigation was determined by calculating crop
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evapotranspiration (ETc), using on-site CIMIS weather station measurements
(ETo) and a generic crop coefficient for this area (Kc), where ETc = ETo x Kec.
Feedback from the rate of change of soil moisture measurements was used to
adjust irrigation schedules.

Uniformity testing was conducted on a single row in each replication.
Emitter output was measured every 10 m down the row. A hole is dug deep
enough to uncover the drip tape and place a small cup under the emitter to collect
water. The drip tape was cleaned off and a piece of black electrical tape was
wrapped around the drip tape about 3 cm from each side of the emitter. The tape
prevents water from travelling down the drip tube. A small cup is placed
underneath the emitter to collect water for fifteen minutes. The water collected
is measured in a 100-mL graduated cylinder and recorded.

Soil and root samples were collected in a grid pattern from each plot. A 4 cm
diameter tube was driven 3 ¢cm deep into the wall of a pit and extracted. Soil
samples were weighed and dried for moisture content. Root samples were
washed free of soil and measured for length.

3 Results

Emitter uniformity across the field was very good exceeding 90% combined over
years, see Figure 1. In 2005 uniformity was 94%, however it dropped to just less
than 10% in 2006. System water pressure was less in 2006, at 55 grams per
square cm. This was due to filtration problems and was lower than desirable for
optimum system operation although emitter uniformity was still very good.
Multiple field and laboratory studies show similar results in tape that was either
unused or having been buried for up to eight years [9-11]. It is predicted that the
system could remain in place for extended years without a reduction in
performance.
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Figure 1: Emitter output.
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Control of irrigation water was easily accomplished using a combination of
predicted ET, a changing crop coefficient according to plant growth stage and
soil moisture feedback. To accomplish the objective of not using any other
irrigation method to germinate the seed, the soil was well wetted prior to
planting, see Figure 2. Tops of the bed were removed to plant into moisture.
Plant population was not significantly different between the treatments and was
within the acceptable range for the Southern San Joaquin Valley [12].  Soil
moisture was allowed to dry down following planting and as the plants
developed through mid-May with only one irrigation needed in early May.
Irrigation duration increased and thus soil moisture also increased in mid to late
May to stimulate plant growth. Irrigation management then utilized deficit water
status reducing soil moisture from mid June to August to control vegetative plant
growth before increasing soil moisture during the critical period of boll
development. There was not an excess delivery of water as moisture readings at
60 cm remained fairly constant. Root growth and water uptake was minimal at
that depth.

Shafter LPS-20160in GP
— Shahes P5.20160nGP Sinch {T) — Shafer PS-20160nG-2disch (T — Shaferl PE-20168nGP-180ch [T) |

Soil Malsture (%val)

Figure 2: Soil moisture, LPS-150.

Plants became infected with fusarium wilt (Fusarium oxysporum) which had
a limiting effect on plant growth and yield. The amount of water delivered was
appropriate for the size of plants in the field. Water delivered generally remained
directly below the drip lines and did not move below 50 cm deep. There was
very little lateral water movement from the drip lines. As approximately equal
amounts of water were delivered in each treatment, soil moisture around the
single drip line was about twice the level of soil moisture around the two drip
lines. In either case sufficient moisture was available for the desired growth
pattern for cotton and blackeye beans.
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Figure 3: Soil moisture content, LPS-150.
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Figure 4: Soil moisture content, LPS-200.

Root growth responded to where soil moisture was and was generally
confined to the upper 40 cm. In the LPS-200 treatment, where the drip lines are
10 cm from the plant row, roots grew only in that area. In the LPS-150
treatment, where only one drip line is placed between the rows, root length
density was greater toward the drip line than at depth directly below the plant
row. Root length density within the wetted zones was sufficient for uptake of all
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available water which was ample for desired crop growth. It exceeded the 0.3 to
1.0 cm cm™ requirement put forward by van Noordwijk [13]. However with the
limited area of water availability and root exploration, supplemental fertilization
was required. Cotton and blackeye bean yields were not significantly different

between the treatments and similar to furrow irrigated yields.
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Figure 5: Root length density, LPS-150.
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Table 1: Agronomic responses to drip tape configuration.
2005
Treatment Cotton Lint Yield Plant Population Applied Water
(kg ha™) (#ha) (cm)
LPS 200 940 115,000 58.9
LPS 150 1080 110,000 60.7
ns ns
2006
Blackeye Bean Yield | Plant Population Applied Water
(kg ha™") (#ha) (cm)
LPS 200 2576 147,200 69.6
LPS 150 2601 148,100 72.1
ns ns ns

4 Conclusions

The combination of a low pressure drip system and reduced tillage was effective
in reducing water usage, energy requirements and fugitive dust while
maintaining comparable yields with furrow irrigation. Extra attention to
irrigation management, to sufficiently wet the soil where seeds were to be
placed, and removing the tops of the bed were required for good seed
germination. This was an issue with this project because of the limited lateral
movement of water in the sandy soil. The drip system had good water delivery
uniformity throughout the field. The durability of the drip tape will allow it to
remain in place for several years. This irrigation system provides water, energy,
chemigation, and labor savings in a reduced till system.
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Abstract

Recent experience and developments on drought knowledge are encouraging
modern societies to shift from a traditional crisis-based management to a risk
management approach. In southern Portugal, new EU legislation (and namely the
Water Framework Directive) has set the framework for several policies and
juridical tools covering drought and water scarcity issues, now driven by the
principles of integrated and sustainable use of water resources.

This paper aims to assess the role and effectiveness of all major legal tools
covering drought risk management and drought impact mitigation, as well as
their level of integration and coordination. The tools currently enforced in the
region that were thoroughly analysed were the National Water Plan, two River
Basin Plans (Guadiana River and Algarve Streams), the 1998 Portuguese-
Spanish Convention on the use of shared waters, the ad-hoc Commission for
Drought 2005, and several activity regulations, namely on domestic water supply
and agricultural irrigation.

Results point out the dispersion and lack of coordination within this wide
range of legal instruments, especially under scarcity conditions as occurred in
2004 and 2005, calling for improved linkages between such tools under an
integrated regional drought plan. Such plan should be consistent with the Water
Framework Directive, integrating resources, policies and institutions, and
elaborated in close collaboration with the neighbouring Iberian water regions.
Keywords: drought plans, risk management, mitigation policies, Algarve.
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1 Introduction

Recent experience and developments on drought knowledge are encouraging
modern societies to shift from a traditional crisis-based management to a risk
management approach (Figure 1).
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Figure 1: Crisis vs. risk management (Wilhite [1]).

This new approach is focused on preventive planning and pro-active
measures, rather than reactive actions which are usually taken after the event and
its impacts are already onset. Such approach calls for an integration of policies
affecting water management and scarcity issues, as drought impacts are scattered
among different water uses and different time and space scales.

The risk management approach to drought has been developed and
implemented mainly in the USA, Australia, and South Africa, and only recently
became an issue in Europe. Nevertheless, Southern Portugal, with its fully
Mediterranean climate, landscape and culture, has long been facing drought
impacts as a crucial component of the regional interface between society and
environment. Recent severe events (1980-1983, 1991-1995, 2004-2006) with
increasing impacts at supra-national scales (namely southern Iberian and western
Mediterranean), have strengthened the need for targeted policies and actions, as
well as for a common Mediterranean and European strategy on water scarcity
and drought issues.
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This paper aims to assess the role and effectiveness of all major legal tools
presently covering drought risk management and drought impact mitigation, as
well as their level of integration and coordination.

2 European policy context and regional legal framework

In Southern Portugal, new European Union (EU) legislation (and namely the
Water Framework Directive, WFD, EC [2]) has set the framework for several
policies and juridical tools covering drought and water scarcity issues,
increasingly driven by the principles of integrated and sustainable use of water
resources.

The WFD has no specific article on drought issues, and only makes reference
to “prolonged droughts” on Article 4, while defining the exceptionality regime in
face of the Directive objectives, and on Article 11, as a condition that may call
for supplementary measures of water demand management. Nevertheless, as it
aims at reaching a good state of European waters by 2015, both in quality and
quantity, it does provide some cover to drought related policies and other legal
tools that might be conceived.

The growing severity of economic, social and environmental impacts during
recent drought events has provided the grounds for increasing pressure on the
EU to promote a common European drought policy (EEA [3], EurAqua [4],
WWEF [5]). The EU has responded to these signs of public concern, and
significant political action is being developed as the European Commission (EC)
is preparing a policy development on Water Scarcity and Droughts (WS and D),
which may lead to a Communication being issued by mid-2007.

This has been considered by political analysts as the Iberian counterweight
(or even compensation) to the flood policy recently introduced, which was
promoted by central and northern European countries (and namely Germany) and
soon will be approved as an EU Directive, in close relation with the WFD, also
called “mother-directive”.

Behind the political scene, technical work has been prepared. Early actions
were taken in 2003 by the Member States Water Directors, by creating an Expert
Group on WS and D. Based on its work, and pressed by the severe Iberian event
of 2004 and 2005 (also affecting large parts of France and Italy severely), a
number of Member States informally led by Portugal and Spain requested to
initiate a European Action on WS and D, during the Environment Council of
March 2006. The EC agreed to analyse this request, and to present a first report
to the Environment Council in June 2006. At that stage, the EC presented a first
analysis based on available data, and proposed to strengthen the diagnosis and
plan for further actions to be taken at the EU level. In parallel, a Mediterranean
Working Group, set up in the framework of the MED-EU Water Initiative, was
in charge of producing a specific report on Mediterranean specificities and
examples in the region.

The technical work of the Expert Group on WS and D can be divided in two
main working modules:
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a) An interim report of existing data on impacts of WS and D, which was
discussed with the Water Directors in November 2006, and should be
updated with new data by 2007,

b) The identification of pending issues (exemptions, drought management
plans) dealing with the WFD implementation process, to be further
analysed.

At the time of writing this article, no further information was available on this
complex policy building process.

Although this European legal “umbrella” is only now being set on,
Mediterranean countries such as Portugal have considerable experience dealing
with drought events and its impacts. In most cases, this has only meant that each
of the affected activities has developed its own contingency planning, but little or
no integration policy or action was taken by public authorities.

In fact, there is no specific integrated drought policy or plan which is active in
the Algarve, either at the European, national, or regional level. Drought
management is scattered through different activity regulations, namely domestic
water supply and irrigated agriculture, and ad-hoc emergency relief actions. All
of these regulations are usually planned and set on at the national level, with
little or no cross boundary integration, and very little attention to specific water
basin or regional issues.

Nevertheless, several planning tools are enforced in the Algarve region, with
references to drought and water scarcity management issues. These include the
National Water Plan, two River Basin Plans (Guadiana River and Algarve
Streams), the 1998 Portuguese-Spanish Convention on the use of shared waters
(Albufeira Convention), the Commission for Drought 2005, and specific
regulations on domestic water supply and agricultural irrigation, all of which
were thoroughly analysed in terms of its scope and effectiveness on drought
impact mitigation.

3 Permanent drought related policies and plans

The key legal instrument for water issues in Portugal is the Water Law, which
was only recently approved (Law 58/2005), transposing the contents of the WFD
to the national legal framework. The law itself has more of a guidance scope than
a regulatory one, which is only given by specific legislation still being produced
(such as the economic and financial regime, the property and public domain
regulation, and others).

In this context, it is understandable that references to drought and drought
impact mitigation are scarce and rather vague. Nevertheless, the Water Law
refers specifically to the protection of society against drought effects on its
article 41, through eventual “drought intervention programs” which should state
the goals to be achieved, specific measures to be adopted by each of the
economic activities affected, and description of its implementation mechanisms.
Such measures should specify any changes or limitations foreseen to regular uses
and procedures, such as water pressure in supply systems, or water prices.
Another positive aspect is that general priority in water uses is clearly defined:
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first is domestic supply, and secondly vital activities within agriculture
(permanent crops) and industry (energy production and infrastructure
maintenance), with the remnant not being listed.

More importantly, the Water Law defines the planning structure and juridical
context for water resources management, comprising therein the National Water
Plan (approved by DL 112/2002) and the Water Basin Plans (WBPs).

The National Water Plan is mostly a sum of the 15 WBPs composing the
Portuguese continental territory, and the 2 Regional Water Plans referring to the
archipelagos of Azores and Madeira. It sets the conceptual framework for
drought definition and drought impacts, and features a national survey of drought
vulnerability based on a supply-demand balance. It concludes that agriculture
and domestic water supply became increasingly vulnerable over the last couple
of decades, especially in the southern regions, and proposes a “Drought Effects
Mitigation Plan”, and a set of measures designed to ensure 80% of the water
demand for agriculture, 95% for livestock, and 100% for domestic households
(Program 6, measures 1 and 2). These measures also include increasing the
efficiency of water use, and the reduction of losses in supply systems
(Program 7, measures 1 and 2).

But the practical implementation of such programs and measures is dependent
on a national budget capacity, which has been extremely limited over the last few
years, as well as its inclusion in the respective WBPs, which are the cornerstone
for effective measures and actions to be taken. In the case of the Algarve, the
region is split between two Plans:

a) the Guadiana Basin Plan (approved by DR 16/2001), shared with the
northern neighbouring region of Alentejo, while the basin itself is also
shared with Spain, where 80% of the total basin area lies, although no
common Plan is legally active;

b) the Algarve Streams Basin Plan (approved by DR 12/2002), which
includes most of the region, along a network of small temporary streams
flowing within it, similar to conditions of an island system.

Both Plans were produced before the Water Law was approved, based on the
former legal framework for water resources management (approved by DL
45/1994), but already including the guidelines defined under the Portuguese-
Spanish Convention of 1998, discussed further ahead. The two WBPs include
several components related to drought issues, such as a more detailed regional
diagnosis of drought occurrence, and the framework for the set-up of an early
warning system, and for the elaboration of multiple planning tools, such as
intervention plans, contingency plans, emergency plans, impact mitigation and
impact prevention plans.

This excessive number of proposed plans, coupled with some lack of
objectivity, suggests that its applicability will be nearly impossible. In fact, none
of them was elaborated, and when drought stroke in 2004, only ad-hoc and
emergency actions were taken (as analysed in chapter 4 further ahead), with little
or none input coming from WBPs. Such lack of effectiveness results from
several major operational and policy design handicaps as follows:
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a) The effort put on the elaboration of these Plans was mostly concentrated
on the current status analysis, instead of defining adequate strategies
and operating schemes;

b) Its ambiguous and broad scope, between the strategic political plan and
the operational technical project, has resulted in the lack of interest,
knowledge, participation and reconnaissance from public officers and
end-users in general, which was a major cause for the inefficient linkage
with other planning tools as well;

¢) The main results achieved under these Plans were in the field of public
sanitation, domestic sewage and water supply systems, which were
foreseen under other planning tools (specifically PEASAAR, Strategic
Plan for Water Supply and Wastewater Treatment), and received
financing priority from EU funding;

d) Lack of follow-up, assessment and updating practices, as well as poor
project implementation, is due to the absence of a permanent planning
structure, including both human and financial resources;

e) The strict guidelines defined under the National Water Plan generated a
set of WBPs far too uniform, regardless of the strong internal regional
differentiation in terms of water resources and drought vulnerability;

f) Last, but possibly most important for the Algarve, these plans sanction
groundwater resources as a complementary and emergency source,
suppressing one of the primary principles of integrated water resources
management, promoted under the WFD, of a joint strategic use of both
surface and groundwater resources. This vision set the fundaments for
the second largest national public investment ever made in the Algarve
(after the motorway network): the domestic water supply system,
exclusively based on surface resources, which was built in the late
1990s at a total cost of approximately 1.000M€, largely supported by
the EU Cohesion Fund.

Nevertheless, some positive aspects should be pointed out as well, such as the
quality and extent of the basic diagnosis, the increasing sensibility of decision-
makers and end-users to the principles of sustainable and integrated management
of water resources, and the definition of some critical framing regulations, such
as the protection of aquifers in sensitive areas, and the use of wastewater on golf
courses.

According to the timing enforced for the implementation of the WFD, this
first generation of WBPs should be replaced until 2009 by a new generation of
Plans called Water Region Management Plans, to be elaborated in full
accordance with the principles and guidelines defined in the WFD and the
Portuguese Water Law.

In the specific case of the Guadiana Basin Plan, it was already elaborated
under the orientation and guidance provided by the so-called Albufeira
Convention, which was signed in 1998, and defines the framework for
cooperation between Portugal and Spain in what concerns the management of the
common water basins, which cover most of the Iberian Peninsula.
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The Convention establishes an annual flow regime, defining mandatory flow
volumes in sections upstream of the border, for Spain, and on the respective
estuary or mouth for Portugal. It includes an article (19) specifically on “drought
and water scarcity”, covering only generic aspects. Therefore, a large part of the
innovative regulations within the Convention are included in the flow regime
mentioned above, which was the object of an additional Protocol to the
Convention.

The Protocol defines, in its article 5, the flow regime to the Guadiana River,
as well as the conditions for defining an exception regime, usually associated
with drought periods. Although the Guadiana flow regime has little meaning in
terms of regional water supply, the Convention holds the importance of its
strategic thinking and political design. Significant examples can be found in the
definition of priorities among economic activities (domestic supply, livestock,
permanent crops, ecologic functions), bilateral compliance with European and
international laws and regulations, set-up of permanent information exchange
circuits, and the promotion of a sustainable and frugal use of water (Serra [6]),
since any significant increase on water consumption results on increasing risk of
non compliance with the flow regime defined.

The Convention has a technical follow-up unit (CADC, Commission for the
Application and Development of the Convention), subdivided into four working
groups, one of which is focused on “flows, droughts and emergency situations”.
As the Convention is to be revised by the end of 2007, this group has the crucial
task of adapting the annual flow regime to a monthly one, as well as redefining
the criteria defining exception situations.

4 Emergency plans and tools during the drought of 2004-06

As this institutional and planning panoply is only recently being created and
established, practical action in emergency situations still relies on ad-hoc
reactive measures. This was clear during the severe drought event of 2004-06,
when public authorities (in this case, the Government) created a ‘“Drought
Commission 2005”, and the response from the two major users, agriculture and
domestic supply, was completely separated.

Irrigation is the main user of water in the Algarve (Table 1), concentrated in
large public infrastructure schemes that rely on surface water from reservoirs,
and on groundwater in countless individual schemes.

Table 1: Distribution of major water uses in the Algarve, Do O and
Monteiro [7].

Activity Agriculture Domestic Golf Industry Total
volume (hm’) 230 70 10 9 319
% of total 72 22 3 3 100

These farmers seldom have any systematic monitoring or preventive
procedure in face of droughts, and farmers simply seek for alternative sources
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which, in consequence, might become exposed to overexploitation. If these
sources run dry, farmers can only reduce or even stop their activity, eventually
with dramatic social and economic consequences.

Each of the large public irrigation schemes has its own users’ regulation
under scarcity conditions. However, the customary approach is just to distribute
eventual supply reductions among users. In 2004, when water resources were
already below average, no action was taken, but in 2005 two were forced to
impose 30% cuts in supply, and the other one had cuts of over 90%, with
available resources being used to maintain livestock and perennial crops only.
The key issue is that these schemes only represent about 14% of the total water
volume used for irrigation, and therefore such regulations have a relatively small
impact on overall regional water balance during drought events. Thus, it remains
quite unknown what are the real impacts and responses of drought on agriculture
in the Algarve.

Domestic water supply is, since 2001, exclusively based on surface resources
and managed by a semi-private company (Aguas do Algarve, AdA), which was
the first large user in the region to formally react to the increasingly intense
drought event. By the end of summer 2004 AdA had drafted a Contingency Plan,
reinforced in March 2005 after one of the driest winters ever recorded in the
region (as in most of the Iberian Peninsula). It pointed, not surprisingly but in
paradox with the system design, to the need to use groundwater resources in
addition to those stored in reservoirs. To achieve this, emergency boreholes and
pipelines had to be constructed, as the system had not planned for any other
connections.

The Plan also suggested some long-term solutions to the chronic regional
water-deficit, which have since been publicly discussed, such as desalination
plants, water basin transfers, dam construction, water reuse, and others, but the
discussion itself faded when average rains returned during the winter of 2006.

On a higher level of political decision, the national Government created (in
March 2005 only) a Drought Commission that gathered most of the public
authorities involved and, to a limited extent, some of the end-users. The
Commission put considerable effort in producing regular information on the
situation and its impacts, and launched a set of emergency response actions.
Unfortunately, as the drought receded with the average rains of winter
2005-2006, the Commission was simply disbanded, and few plans or actions
were made to respond more effectively to future events.

The last report, produced in March 2006, proposed significant contributions
towards drought risk management and impact mitigation, such as:

a) Contingency plans for each supply system, both in domestic supply and
in agriculture;

b) Educational campaigns for water saving during drought events;

¢) Information system on water uses;

d) Criteria and resources to provide technical and financial support to
drought affected institutions;

e) Institutional framework for the creation of a permanent drought
prediction and monitoring system.
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None of these had any publicly announced developments. Furthermore, two
working groups were to continue their tasks: one was to review the legal
framework regulating the functioning of the Reservoir Management
Commission, where most key decisions were taken (including the creation of the
Drought Commission), and another one was to create a permanent drought
prediction and monitoring system. Up to the present, neither of these working
groups has produced any known results.

5 Results and conclusions

Results of the analysis point out the dispersion and lack of coordination within
the wide range of legal instruments in the Algarve region, especially under
scarcity conditions as occurred in 2004-06, and summarized in Table 2. An
effective risk management approach to drought requires improved linkages
between existing policy and planning tools, and may suggest the need for an
integrated regional drought plan. Nevertheless, integration between surface and
groundwater on the supply side, between different activities on the demand side,
and between managing institutions on a permanent basis, are key issues (Nunes
et al [8]) to be addressed before any drought-specific plan is elaborated, as it
may be just intended action rather than an effective mitigation tool.

Table 2: List of major policy tools active in the Algarve covering drought
issues.
Policy tool Thematic scope Geographic scope Drought relevance
Water Framework [ Water resources European Union Policy guidance
Directive
Water Law Water resources Portugal Policy  guidance,
top level planning
National Water | Water resources Portugal Thematic analysis,
Plan WBPs guidelines
Water Basin Plans | Water resources Guadiana and | Regional
Algarve  Streams | objectives and
River Basins drought planning
structure
Albufeira Surface water | Joint Iberian River | Flow regime,
Convention resources Basins strategic policies
Drought Drought affected | Portugal Coordination and
Commission 2005 | activities decision on
emergency actions
AdA Contingency | Domestic  supply | Algarve (90%) Alternative and
Plan system emergency sources
Irrigation schemes | Public  irrigation | Algarve (14%) Management of
regulations perimeters supply reduction

Such plans should be consistent with the WFD principles, and could well be
elaborated at the water basin scale, in close collaboration with the neighbouring
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Iberian water regions. Portuguese authorities should in fact seek to learn from
recent policy improvements in Spain, where Contingency Plans for large urban
areas (over 20.000 inhabitants), and integrated Drought Plans for water basin
districts, are currently being implemented.

In this context, there is high expectancy on the forthcoming revision of the
Portuguese-Spanish Convention of Albufeira, during 2007. This might be of
particular interest since both countries are currently leading the efforts for a
common European policy on drought and water scarcity, and this has already
been identified as one of the key environmental priorities to be assumed during
the Portuguese presidency of the EU during the second semester of 2007.
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Indices of water availability assessment on
hydrological basins: a case in Mexico

I. Velasco
Hydrology Department, Mexican Institute of Water Technology, Mexico

Abstract

Water use and demand are increasing sensitive; all the productive sectors require
bigger volumes with a minimal quality to complete the expectations in the
requirements of food, goods, services and manufactured products.

The hydrological systems are under increasing pressure and in Mexico City
this need has led to severe crises owing to the inadequacy of the natural water
supply to meet this demand. Particularly, water over-assignments phenomenon is
present; the assignment to some users with volumes that overcome the natural
capacity, due mainly to ignorance about the real watershed capacity, so these
volumes lead to stressing of the hydrological systems, creating dangerous
situations because the conflicts and social unbalances are increased, especially
during shortage periods. Given the complexity and uncertainty on hydrologic
phenomenon and the variability in time, if it is not properly assessed it can drive
to over evaluating the water supply capacity and then to the creation of false
expectations that potentially cause a crisis and negative impacts because of water
inadequacy.

In the face of this dilemma, it is essential to carry out hydrological balances
keeping in mind that watershed is the unit of analysis, and considering the
diverse water uses, individually and as a whole in order to evaluate the
potentiality, as objectively as possible, of the water available related to water
demand. This allows us to estimate the level of relative availability, and on this
basis, to improve water planning with a reasonable risk of falling under
conditions such that imply over exploitation and committing their sustainability.
This acquires special importance for basins where hydrometric information is
scarce or null, and then one has to apply indirect methods for water availability
estimation; the results are expressed graphically as a “semaphore plane”.
Keywords: hydrologic balance, water availability, water resources assessment.
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1 Introduction

Water demand has a continued growth, but not its availability.

To achieve a regional balanced development of the activities that demand
water as a basic input, it is necessary that water demands are in agreement with
water availability. To balance both components is not always an easy task,
because of the multiple water uses (agriculture, domestic use, aquaculture,
industry, energy generation, etc.), and because frequently the users do not have a
registration or official assignment with the correct physical location and the
volumes to use; on the other hand, the offer is also frequently only supposed,
since measurements are not made, neither controlled due to, among other factors,
the lack or inadequacy of the hydrometric network, the lack of economic
resources to assist this activity, and the rural and isolated control points, etc.

Nevertheless, the environmental sustainability, considering the water as the
main axis, depends on the knowledge about the certainty of the availability of the
resource, as well as its demand, in order to achieve an exploitation and rational
use without causing unnecessary water stress and without committing the
stability and future development.

2 Technical and institutional basis

Estimating the available water volumes in Mexico on an annual basis, is based
on an official standard [1, 2], relative to the water conservation, which
establishes the specifications and the methodology for determining the annual
average availability of the national waters on a hydrological basin as a unit of
analysis.

Briefly, the method is based in estimating the balance between demand and
supply, when both components are calculated separately, with the considerations
for each case. For the supply, available hydrometric information is used,
registered as monthly runoff volumes measured in specific places, usually at the
basin or sub basin exit, where there is a reservoir, a diversion dam or a
hydrometric station. To these volumes are added the upstream used volumes
within the basin, to obtain a total runoff volume. On the other hand, the demand
is considered from the last or the lowest delivery point toward upstream, in order
to accumulate the partial volumes and then to obtain the whole demand to the
hydrological system.

Starting from knowing the assigned water and the runoff in a final point of the
sub basin i, one has that [2]:

Ap; =Cp +Ap + R +1; —(Uc; + Ey + Ex +AV;) (D

where:

Ap;  runoff toward downstream of the sub basin

Cp;  runoff or water contribution within the sub basin
Ap;  runoff from upstream sub basin(s)
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R; water returns within the sub basin

I; water importation from other basin(s)

Uc;  water use (consumptive use) within the sub basin

Ev;  water evaporation from reservoirs

E,;  water exportation to other basin(s)

AV; annual volume variation in stored water (reservoirs) (V5 - V)

This leads to estimating the volume that is available in the final point of the sub
basin, which is the same that enters to the immediately downstream basin.

2.1 Reserved volumes estimation within the sub basin

The downstream reserved volume, Ryy, for a given sub basin X, is the fraction of
the runoff that comes out at the end of the area, such that it contributes to satisfy
the extractions and demands of the next downstream sub basin Y; and reserved
volume for sub basin X, Ryy, is that which contributes to the satisfaction of
demands inside the same sub basin X. The demand estimation is carried out from
downstream toward upstream.

2.2 Available volumes in each sub basin

Water volumes available at the end of a sub basin (Dyy), can be estimated as the
difference of Ap,, the runoff downstream, minus the reserved volumes, Ryy, those
volumes which sub basin X contributes to satisfy the demands of sub basin Y.
This way, the available volumes from sub basin X to sub basin Y are:

DXY = ABX — RXY (2)
Similarly, the remainder water volumes, available for sub basin X itself are:
Dyy = Cpx—Rxx 3)

In order to classify the sub basins according to water available, the term relative
availability coefficient (Dr;) is used, which is expressed by the equation:

Dr, = Cp; +Ar; 4)
Uc; +Vc;
where V¢; is the committed water volume that is equal to the reserved volume
from sub basin X for a sub basin Y (Ryy), downstream; although at the moment it
is not contemplated as such, future versions of Ryy should include the
environmental flow (or ecological volume) focused to the preservation of natural
flora and fauna, especially on the river beds.
In accordance with the range where estimated Dr; is located, the respective
sub basin will be classified following the distribution shown in Table 1. The Dr;

@ WIT Transactions on Ecology and the Environment, Vol 103, © 2007 WIT Press
. www.witpress.com, ISSN 1743-3541 (on-line)



94 Water Resources Management IV

values are conventional and they show the proportion between water available

(the offer) and water requirements (the demand).

Table 1: Conventional characteristic of the relative availability coefficient Dr;.

Range code Color Description
Dr;< 1.4 1 | D(eficit)
1.4<Dr;<3.0 2 Yellow
3.0<Dr; £9.0 3
9.0 < Dr; 4 Blue A(bundance)

Thus, Dr; is a conventional measure of water stress that is estimated for a sub
basin, and means the commitment level of water assignments related to natural

water volumes given by rain and runoff.

3 Application case

The case here is presented is related to the San Pedro River Basin, located in the
Center-West of Mexico (figure 1), that includes approximately 28,563 km®, and
is formed by 11 well defined sub basins, two of which are closed, with no
connection or exit, and the other nine are connected to each other downstream,

having a final point at the discharge to the Pacific Ocean (figure 2).

Figure 1: Location of the San Pedro River Basin in Mexico.

@ WIT Transactions on Ecology and the Environment, Vol 103, © 2007 WIT Press
. www.witpress.com, ISSN 1743-3541 (on-line)



Water Resources Management IV 95

Cuenca Rio San Pedro

SUBCUENCAS

as b " "

1o
o
"
o
L

Figure 2: Sub basins within the San pedro River Basin.

Although a defined hydrographic network exists, which includes main and
tributaries streams in all the sub basins that discharge to San Pedro River, which
finally ends in the sea, the hydrometric information is not as complete as would
be desirable, neither has it the record longitude and homogeneity since the
dynamics of the basin has changed now that reservoirs, diversion works, and
other works have been built which alter the old mesurements sites, or they have
disappeared or been cancelled, which all results in that the data cannot be used
efficiently as a direct information source.

In those cases, it is necessary to use the indirect method to estimate the
surface water contributions; it consists basically on transporting the runoff
coefficients, CE, from physiographical neighbor and similar sub basins, which
have enough hydrometric records. The CE is the relationship measured
(runoff)/rainy volume, both for the same period. That gives a dimensionless
fraction as a result, in the interval 0.03 at 0.85, which indicates the proportion of
the rain volume that flows and is measured in the gauging site or hydrometric
point; so, the flatter and covered (vegetation) the surface, the smaller the CE;
then, this parameter is also an indirect measure of the covering and slope.

Certainly, homogeneity among sub basins is something relative and
subjective, since the differences can be minimum but lead to different effects, for
what the analyst judgement and experience are decisive.

For this basin, the application refers exclusively to surface water, because
groundwater is not significant, although the Mexican Standard also understands
groundwater and its interrelation with surface water.
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For many Mexican river basins, mainly the most exploited, for many years
the water authorities have established and sent ordinances which prohibited
and/or limited the water extraction and/or assignment in bigger volumes in order
to avoid demand exceeding availability, with a possible crisis for water
inadequacy. For this basin, such an official ordinance has existed since 1955 [3];
the value and importance of these ordinances have been decisive to avoid or to
palliate the conflicts, especially when water scarcity periods have occurred.
These water regulations are very effective because in Mexico the water (and in
general all the natural resources) are the nation’s property, and not particularly
those of the separate States which are part of the country.

Table 2 shows the main characteristics of the eleven sub basins that compose the
San Pedro River Basin, as well as the basic outcomes of the water balance,
expressed by the Dr;.

Table 2: Main characteristics of the sub basins and the hydrological balance.

3
bsal;?n /EE?’ Water Volumes, hm Dr, Code
UC CP AB DXY
A 2,362 8| 125 35 35
B 2,594 3 88 85 85| 31.09| A
C 2,452 16 129 76 50 1.64 E
D 1,800 [ 0.297 139 130 87 2.66 E
E 1,092 24 82 51 34 1.71 E
F 2,171 97 94 254 63 3.01 R
G 1,400 35 44 2 1.6 04 D
H 1,733 13 36 23 21 2.45 E
1 597| 0.144 10 9 91 10.96 A
J 11,521 15 2,509 2,782| 2,314 12.92 A
K 842 221 272 2,833 253 13.79 A
TOTAL 28,563 | 433 3,528 2,953

The graphical presentation of these results is shown in figure 3, called the
semaphore plane, where using contrasting and conventional colors it is simple to
appreciate more qualitatively and objectively the concept of relative water
availability.

This way, in a first approach, this graphical result is useful so that the analysts
confirm the truthfulness of the results with the reality, and also to improve the
perception and sensibility of the water users in order to inform them that this is a
limited and scarce resource and that its use should be made with efficiency and
respecting the rights of all the users to water access, and the downstream
committed volumes as well as the priorities in water use.
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This perception is supplemented and improved if the water availability results
are related to other physical aspects of the basin such as topography expressed,
for example, through digital terrain models (figure 4), as well as isohyetal maps
(figure 5); both concepts help for a better understanding of the occurrence and
physical rain distribution on the area, as well as the reason why unauthorized or
bigger water volumes are not be used because downstream commitments and
other users exist and have the same water rights.
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Figure 5:  Annual isohyetal map, in millimeters, during the 1980-2001 period.

It should be kept in mind that Dr; is just a conventional index and it seeks to
indicate the degree of water stress or use, commitment or exploitation of the
available resource; therefore, it is important to consider that mainly in the lower
ranges (deficit, equilibrium, and reserve) the index evaluation is very sensitive to
the change in one or both components (supply and demand), so still having a
dimensionless numeric value, it is not definitive, since if the water balance
evaluation or upgrade is made as is recommended i.e. every three years, it is very
possible that there should be some changes from one range to another.

That is why it is important to have good hydrometric, meteorological
information, and details of the demands.

Also, regarding the relative Dr; index, its interpretation should be critical and
analytic, because its value can be deceiving or confused: when the results show
an abundance of water and indicate that the supply is greater than demand, but,
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due to the marked regional low water periods, if there is not way to retain and
conserve the water through reservoirs or lakes to use it when it is required and
there is no rain season, then such abundance is fictitious because monsoon lasts a
short period, no more than four months.

To obtain the isohyetal lines, monthly data there analyzed the rain records in
meteorological stations that cover the basin during the period 1980-2001, which
made it possible to homogenize the information. So, the used meteorological
information is appropriate because, besides its homogeneity, it covers 20 years as
the Standard indicates, and is representative of the real basin conditions.

Although the hydrological network is well defined, it was not always possible
to obtain the suitable information due to the heterogeneity of the records. There
are in the basin several reservoirs with their respective hydrometric records:
inputs and extractions [4], and in those cases it was possible to estimate the total
runoff (including the used volumes upstream of the reservoir), as well as to
obtain the runoff coefficients CE which were used because of the fact that in the
neighboring sub basins hydrometric records do not exist, or they are not enough
nor appropriate. In this case, homogeneity among sub basins is considered
appropriate since the vegetation, topography, and climate conditions are similar,
so there are no significant differences; and then, transferring runoff coefficients
from one area to another is considered a reasonable process.

Nevertheless, there is an aspect that requires special attention, and its
carefulness will be very useful for the next Standard upgrades [1]: water demand
and commited volumes. In Mexico, since some years ago, the Water Rights
Public Registration (REPDA in Spanish), has been implemented as the legal
instrument that allows to register all the water users and uses, which works as an
inventory, evaluation and management tool. The potential of this tool is very
positive, although the first version has some frequent flaws, like the water
demand volumes or water rights location because the registered geographical
coordinates, frequently not verified, as well as the possible typing errors, lead to
wrong data of the distribution and geographical location; that means that they
fall outside of the true sub basin, and that contributes to uncertainty and errors in
the water demand accounting which affects the balance giving possible errors in
the results.

4 Conclusions

The obtained results of this application are appropriate with the observed reality,
so this fact allows us to affirm that the procedure is correct. The results are
annual, but we are already working in adapting them to a monthly scale, which is
important because the basin, as almost the whole country, has a summer season
rain regime of a monsoon type, from July to October in which 80% of total rain
occurs, so its intensity is high and frequently torrential. Then, there is a marked
period of low water runoff during which the available water volumes can be
lower than demands.
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In complement to the purely hydrological calculation, complementary aspects
such as the topographical, meteorological, demographic, communication
network, and agrological aspects are of high utility in order to make the results
more valuable, and then to enrich the vision and to improve objectively the
natural hydrological environment vision as a whole.
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Determinants of domestic water demand for
the Beijing region

D. Karimanzira, M. Jacobi & C. Ament
Institute of Information Technology and Automation,
Department of System Analysis, llmenau, Germany

Abstract

The analysis of demand for water, including realistically forecasting future levels
of demand, is an important and critical step in the economic analysis of water
supply projects. The results of demand analysis will enable to determine the
service levels to be provided, determine the size and timing of investments,
estimate the financial and economic benefits of projects, and assess the ability
and willingness to pay of the project beneficiaries. Furthermore, the surveys
carried out during the demand assessment will provide data on cost savings,
willingness to pay, income and other data needed for economic analysis. In this
paper, methods of statistical analysis (correlation, regression, etc) will be used to
determine the factors, which influence water demand. Each model region may
have its own set determinants for domestic water demand and the importance of
a given factor may vary from one region to another. Therefore, this paper focuses
on the major determinants of domestic water demand for the Beijing region.
Several models analyzing the determinants were compared. The models based on
a feasible generalized least squares (FGLS) analysis.

Keywords: decision support system, water demand models, statistical analysis,
correlation and significance tests, regression analysis.

1 Background

Increasing population growth and the associated process of urbanization in the
semi arid city of Beijing, China requires a reliable source of water. Although the
city currently has an inexpensive and abundant supply of water, it is imperative
that the city faces the challenge associated with providing safe drinking water.
This work is part of the Chinese — German joint project “Towards Water-
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Scarcity Megalopolis’ Sustainable Water Management System”[6]. This project
takes the challenge of water shortage, the outstanding conflict between water
supply and demand. It aims at a decision support system (DSS) for the
sustainable development of economics and community in Beijing. An essential
requirement for such a DSS is a simulation model of the water resources/supply
system. Part of the simulation model is shown in Figure 1.

- | - Water
| Decision Su;port System | » Policies

( Water supply projection > | <water allocation> |

< Suface water H Groundwater Water demand projection>

Precipitation

Figure 1: The graphical user interface of the simulation model.

The simulation model comprises the water supply, optimization and the water
demand systems. On focus in this paper is part of the water demand system,
namely the domestic water demand. Compared to the agricultural and the
industrial water demand, the domestic water demand is very difficult to model,
because it is determined by several subjective factors.

2 Introduction

Recently, several models for domestic water forecasting have been developed
and published in literature. The model from Archibald is a simple component
model for calculating the domestic water demand per household. One of the
components in the model is “bathing and showering” [2]. The problem with this
type of model is that every component has several factors, which should be
determined and in most applications there is not enough information to every
component and if one component cannot be modelled the whole model would be
insufficient. Eqns (1) and (2) describe some of the most used models for
domestic water demand forecasting.

|m* 1 Jahr | )

chWd = chop + 77(D gdpc

DSWI = DSWI ., + DSWlmax(l — ¢ 74GPPC j 2)

Eqn (1) describes the IMPACT-Model [1], where ¢qyq is the growth rate of the
domestic water demand, ¢, is the growth rate of the population and (g4 is the
growth rate of the gross domestic product per capita. Eqn (2) expresses the
WATERGAP-Model [4], where DSWI is the domestic structural water intensity

and v, is the curve retardation.
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After analysing several models in literature [1-4] a general model is obtained,
which can be expressed as follows:

W= W ppers p.v.d, 8. k,v, gdpe, prec, E, Eva, Inc, fam) 3)

where W is the domestic water demand, W,,., is the previous domestic water
demand, p is the water price elasticity, y is the income elasticity, d is the
residence density (population), g is the individual preferences (e.g. bathing
habit), k£ is the number of individuals per household, prec is the precipitation,
Eva is the evapotranspiration, E is the employment rate and v is the weather.

In this work the influence of the different factors on the domestic water
demand is analysed using methods of statistical analysis i.e., correlation,
regression, multicollinearity and significance tests. In this way we obtain the
most important factors, which should be included in every domestic water
demand model for reliable results.

It is known that each model region may have its own set of domestic water
demand determinants and the importance of a given factor may differ from one
project to another. Therefore to prove generality and robustness of the resulting
determinants, the same tests were applied to different data sets of different
regions of different development status (Canada, Germany).

3 Test for determinants

3.1 Correlation and significance tests

To test the determinants, correlation tests are used in this paper. A correlation
describes the strength of an association between variables. An association
between variables means that the value of one variable can be predicted, to some
extent, by the value of the other. A correlation is a special kind of association:
there is a linear relation between the values of the variables. A non-linear relation
can be transformed into a linear one before the correlation is calculated.
For a set of variable pairs, the correlation coefficient gives the strength of the
association. The square of the size of the correlation coefficient is the fraction of
the variance of the one variable that can be explained from the variance of the
other variable. The relation between the variables is called the regression line.
The regression line is defined as the best fitting straight line through all value
pairs, 1i.e., the one explaining the largest part of the variance.
The correlation coefficient is calculated with the assumption that both variables
are stochastic (i.e., bivariate Gaussian). If one of the variables is deterministic,
e.g., a time series or a series of doses, this is called regression analysis. In
regression analysis, the interpretation of the correlation coefficient is different
from that of correlation analysis. In regression analysis, tests on statistical
significance can only be used when the conditional probability distribution of the
other variable is known or can be guessed. However, the regression line can still
be used.
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If the aim is only to prove a monotonic relation, i.e., if one variable increases
the other either always increases or decreases, like in most of our cases, then the
rank correlation test is a better test.

The normal procedure for performing correlation and significance tests is as
follows: First the hypothesis is Hy made: “The values of the members of the pairs
are uncorrelated, i.e., there are no linear dependencies”. It is also assumed that
the values of both members of the pairs are normal (bivariate) distributed.
Procedure:

The correlation coefficient 7, of the pairs (x,y) is calculated as:

_ COV()C 5 y)
= Sar(x)-var(y) @

¥ 2 l6)-5)-0le)-)

rxy

" [ D605 [T 005 i

NF k

The regression line y = a * x + b is calculated as:
DRI RN ©

N(Z x2 )— (z x)2
T ”

Level of Significance:

The value of t = rxyosqrt((N—2)/(1—er2)) has a Student-t distribution with degrees
of freedom N-2. If the degrees of freedom are greater than 30, the distribution of
t can be approximated by a standard normal distribution.

Remarks:

This could be called the most misused statistical procedure. It is able to show
whether two variables are connected. It is not able to show that the variables are
not connected. If one variable depends on another, i.e., there is a causal relation,
then it is always possible to find some kind of correlation between the two
variables. However, if both variables depend on a third, they can show a sizable
correlation without any causal dependency between them. A famous example is
the fact that the position of the hands of all clocks is correlated, without one
clock being the cause of the position of the others. Another example is the
significant correlation between human birth rates and stork population sizes.
To overcome this problem the spearman rank correlation is used in combination
with regression analysis is applied in this paper.

3.1.1 Spearman’s rank correlation test
This is a test for correlation between a sequence of pairs of values [7, 8]. Using
ranks eliminates the sensitivity of the correlation test to the function linking the
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pairs of values. In particular, the standard correlation test is used to find linear
relations between test pairs, but the rank correlation test is not restricted in this
way. Given N pairs of observations (X;,y;), the x; values are assigned a rank value
and, separately, the y; values are assigned a rank. For each pair (x;y;), the
corresponding difference, d; between the x; and y; ranks is found. ryy is:

ry=>.d" (8)

i=1
For large samples the test statistic is then:

6r, - N(v? -1)

=, ©)

N(N +1)-YN -1
which is approximately normally distributed. A further technique is now required
to test the significance of the relationship. The z value must be looked up on the
Spearman rank significance curves (see Figure 3).

4 Determinants for Beijing domestic water demand

Possible influencing factors for the domestic water demand for the Beijing
region were selected and are listed in Figure 2 for the period from 1996-2003 [5].
They are factors from the weather, population and economy, which are thought
to be obviously linked to the domestic water demand. The main objective of this
study is to find out, which factor has the greatest influence and which ones are
negligible in the models, and therefore simplify them.

o Waterldemand Temperature
| Evapotranspiration  [cubic mm] [°C]
ncome [mm] <W> T Population
[Yuan] <I'mp>
e Ny ¥
Water price / Precipitation
Policies [Yuan] domestic water demand projection [mm]
<Price> <Prec>
Family size  Gross domestic \ Households/
<Fam> product [Yuan] Time/Technologie Employment Prefzrf)nces
<GDP> [Years] <E>
<T>
Figure 2: Possible determinants for the domestic water demand for Beijing.

Correlation, regression and significance analysis described in the previous
section were performed for the domestic water demand with respect to all input
variables including the previous domestic water demand W,,,.,.

5 Results

All estimated cross-correlation coefficients r,, which were significant at the 5%
level according to the three-step procedure described above are summarized in
Table 1 (bold) and Figure 3. Surprisingly, the magnitude of the total cross
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correlation coefficient of the domestic water demand and the number of
employment is quite large (-0.777). A decreasing domestic water demand by
increasing employment cannot be explained logically. The partial correlation
coefficient (a measure for the dependence of two variables after switching of the
linear influences of other variables) between employment and the domestic water
demand confirms this. After switching of the linear influences of other variables
the remaining partial correlation coefficient is only -0.065, which practically
shows no linear dependence between the two variables. Also unexpected is the
minimal correlation of the domestic water demand and the population
(correlation coefficient of -0.016). Normally, one would think that the domestic

water demand increases with increasing population growth.
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Figure 3: Significance of the Spearman’s rank correlation coefficients.
Table 1: Correlation coefficients of the variables.
T P GDP |H Tmp | prec E \4 gdpce
T 1.000 |0.934 [0.991 |0.993 |0.047 |-0.546 0.406 0.183 -0.294
P 0.934 [1.000 |0.928 |0.947 |-0.199 | -0.413 0.548 -0.016 -0.537
GDP_ [ 0.991 [0.928 |1.000 [0.996 |0.079 |-0.489 0.501 0.078 -0.373
H 0.993 |0.947 [0.996 [1.000 |0.002 |-0.486 0.499 0.676 -0.384
Tmp [0.047 |-0.199 [0.079 ]0.002 | 1.000 |-0.243 -0.133 0.332 0.382
prec -0.546 | -0.413 | -0.489 | -0.486 | -0.243 | 1.000 0.069 -0.500 -0.199
E 0.406 | 0.548 | 0.501 | 0.499 |-0.133 | 0.069 1.000  |-0.777 | -0.899
W 0.183 |[-0.016 | 0.078 [0.676 |0.332 [-0.500 -0.777 1.000 0.824
gdpe | -0.294 | -0.537 |-0.373 | -0.384 | 0.382 |-0.199 -0.899 0.824 1.000
Eva — — — — — — — -0.726 —
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Only the previous water demand, gdpc, employment, time and number of
households (H) were significant at the 5% level (see Figure 2 and Table 1).
Therefore, it is recommended to include these variables as inputs in reduced
forecasting models. Regression results also show that several combinations of
these variables are possible to obtain a reliable model. Most of the coefficients of
the explanatory variables have expected signs. The positive value of temperature
suggests domestic consumers use more water when the weather is relatively
warm. Precipitation contributes negatively to water consumption, meaning that
households tend to use less water when there is enough rainfall. Family size and
water price (not shown) are not significant at any level, which may be due to the
fact that both variables vary little with time.

Important was also to find the robustness and the generality of the influencing
parameters. Therefore, the correlation coefficient for the previous water demand,
price, employment, time and number of households to domestic water demand
were calculated for other regions of different nature where data could be
obtained. Data for Germany and Canada was present and the calculated
correlation coefficients were almost similar to that of Beijing, 7, £ and H had the
highest correlation with the domestic water demand, which suggests that models
for forecasting domestic water demand that include these variables are quite
reliable. To avoid multicollinearity in the models, the population density P is
excluded to be an explanatory variable as it is highly correlated with GDP and H.

To prove our results models, which included combinations of the different
variables were implemented and tested. Results of some selected models,
described by equations 10 and 14 are shown in Figure 4. All the models are
compared with the simple linear model, where the entire yearly water
requirement of the households is the product of the estimated domestic water
demand per capita and the estimated population.

Model 1: W =a+ ST + yE+ W ., + ATemp +vP (10)
Model 2: W = a + BT + yE+ W ., + ATemp (11)
Model 3: W =a+ BT + yE+ W ., (12)
Model 4: W = a + BT + yE + uGDP (13)
Model 5:W =a + ST + yE + pH (14)

The parameters in Table 2 were estimated for the different models. Their
standard deviation and coefficient of variation in % were also calculated.
In Table 3 the results of the correlation tests of the covariance between the
calculated parameters are listed. The models could be reduced accordingly.

The results of all the models show a very good adjustment of the model
values up to the real water requirement, and also the future development follows
a smooth, realistic process. Due to the fact that there could be some effects that
are correlated to some explanatory variables the OLS is biased and inconsistent.
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Therefore, the parameter estimation was done using feasible generalized least
squares analysis.

Table 2: Estimated parameters and their standard deviation.
Best Estimate (Model) Standard Deviation (Model)
1 2 3 4 5 1 2 3 4 5
o | 2657 | -697 77.947 | 1063 | -3480 | 1294 | 525 532 | 162 1948
B|-00139 |00363 |00411 | 0055 |0.1793 | 0.0674 | 0.0271 0.0274 | 0.0815 | 0.0998
Y (00012 |-00039 |-0.0042 |-0.0031 |-1.9E-3 | 0.0064 | 0.0015 0.0015 | 9.5E-6 | 0.0010
O |o7722 | -02478 | -0.333 — — 13.709 | 0.5554 05623 | — —
Al 0013 |00924 — — 0.1564 | 0.0849 — —
v | 00039 | — — — 0.0047 | — — —
pl — — — -0.0186 — — — 0.0512
Q| — — — — 0.0202 | — — — —  loos
Table 3: Correlation coefficient of the parameters.
o B Y ) A v
a 1.0 -0.9999 0.9746 0.9938 -0.7033 0.9029
B -0.9999 1.0 -0.9757 |-0.994 0.6997 -0.9045
Y 0.9746 -0.9757 1.0 0.9744 -0.7655 0.9688
] 0.9938 -0.994 0.9744 1.0 -0.7044 0.9034
A -0.7033 0.6997 -0.7655 | -0.7044 1.0 -0.8183
v 0.9029 -0.9045 0.9688 0.9034 -0.8183 1.0

i
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T T
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Water Demand [m”]
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p

W (calculated)
5
T

1 | |
1996 1997 1998
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Figure 4: W using different models Figure 5: Domestic water demand
(calculated vs measured). forecasting using
different models.

Figures 3, 4 and Table 4 show the qualitative and quantitative results of the
models, respectively. The sum of the squares of the residuals, the multiple
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correlation coefficients for I/O data and the linear correlation coefficient of
measured output and the calculated output show the best results in the following
order: 1, 5, 2, 3 and 4. Due to the high correlation of the domestic water demand
and the number of households the reduced model (Model 5) that include the
number of households shows better results compared to Model 2.

Table 4: Statistical results of the models.

Model 1 Model 2 Model 3 Model 4 Model 5
Sum of squares of residuals 0.0037 0.0049 0.0069 0.0072 0.0047
Correlation: x - y data

Multiple Correlation Coefficient

(MCC) 0.9756 0.9672 0.9539 0.9514 0.9688
MCC F-test ratio 147.908 192.969 252.363 238.411 382.102
MCC F-test probability 0.0257 0.0077 0.0024 0.0028 0.00093453

Correlation: y(measure) - y(calculated)

Linear Correlation Coefficient

(LcC) 0.9756 0.9672 0.9539 0.9514 0.9688
LCC Probability 3.6625E-6 1.248E-5 3.3178E-5 3.9827E-5 8.5582E-6
Degrees of freedom 2 3 4 4 4
Number of data points 8 8 8 8 8
Number of estimated par ters 6 5 4 4 4

6 Conclusions

The applied study is an important starting point for the development of simple
and robust models. For the residential sector the variables of the economic water
use models include income, household size, housing density, air temperature,
rainfall, marginal price, and fixed charges for water and wastewater. In most
regions there is no data available for most of these parameters. It is therefore
very important to know which parameter, can be used at the minimum to
produce some reliable results. In this study several variables have been tested for
their influence on the domestic water demand. It has been shown that to predict
domestic water reliably at least the gdpc, the previous water demand,
employment rate, the time and the number of households must be included. The
estimation can be improved by using panel data covering a longer time period or
more disaggregated sub-regional level analyses. It would also be useful to extend
the study with more adequate data especially regarding time series water prices
for the domestic sector. Well-designed household surveys would provide richer
information and greater insights into the factors influencing domestic water
demand. The results of the comparison between Canada, Beijing and Germany
shows that in water abundant areas more water will be used and also the
increased positive correlation coefficient of income (Beijing 0.345; Canada
0.578; Germany 0.623) implies that consumers who have a high income tend to
consume more water.
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Abstract

This paper presents a non-elastic matrix model to calculate hydraulic networks,
based on a method created by Nahavandi and Catanzaro (Journal of Hydraulics
Division, 99(HY 1), pp.47-63, 1973). It is a method that calculates the discharges
and pressure heads in hydraulic networks for the steady state, for the extended
period and for the transient state. This method has advantages concerning the
Cross method, because the latter does not allow the calculation of transient
situations such as the settings of valves, the starting and stopping of boosters, the
branch ruptures, etc. The applicability of the method created by Nahavandi and
Catanzaro was enhanced, because the programming and input data to consider
the presence of valves, reservoirs or boosters in the hydraulic network were
developed. Furthermore, the mathematical formulation and programming to
calculate the extended period and transient state were also developed. The matrix
method is working well, because the model was applied to calculate some
hydraulic networks used as examples and the values calculated by the model are
similar to the ones obtained from the technical literature.

Keywords: hydraulic networks calculation and operation, software.

1 Introduction

In the water resources field, the unbalance between water supply and water
demand obliges more and more elaborated solutions from the engineer. As
countries develop, problems related to water, like cities supply, water
transference among watersheds and mainly the lack and the difficulty to obtain
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financing founds to build new hydraulic works, demand the existing systems are
more and more efficient.

The operational control of hydraulic networks to attend population demands
during the day is a problem that has been searched for many years and until
nowadays the solutions are not always optimized, resulting in flaw risks for
water supply.

The operational control of hydraulic networks has many variables that must
be controlled and optimized to obtain the best efficiency in operation, such as:
a) water level in reservoirs; b) pressure heads all over the hydraulic network;
c) number of valve settings; d) supply discharge; e) booster set ups; f) operations
to avoid hydraulic transients.

The proposition of this paper is to develop a hydraulic network calculation
model more efficient than the Cross method to calculate the pressure heads and
discharges for the steady state and for the extended period and that can be
applied to calculate slow transients without using the characteristic method.

2 Literature review

Ormsbee and Wood [2] proposed an algorithm that used a truncated expansion of
Taylor’s series to linearize the energy equations and the conservation of mass
equations (written in terms of pipe diameter and velocity) for all network pipes
and nodes respectively. This method is a modified version of the linear method
apud Wood [9].

Jowitt and Xu [3] developed an algorithm to determine the values of flow
control valve settings to minimize leakage. The non-linear basic hydraulic
equations of the network, which describe the node heads and the flow rates in the
pipes, are augmented by terms that explicitly account for pressure-depended
leakage by terms that model the effect of valve actions. These equations were
linearized using the method apud Wood [9].

Todini et al [4] apud http://www.dha.lnec.pt/nes/epanet/downloads
/EN2Pmanual.pdf developed the “Gradient Method”. This method solves the
energy equations and the conservation of mass equations and the relation
between discharge and head loss, which feature the conditions of hydraulic
balance of the network in a given moment. The Gradient Method is used by
computer programs as EPANET and WATERCAD.

Vairavamoorthy and Lumbers [5] developed an optimization method to
minimize leakage in water distribution systems through the most effective
settings of flow reduction valves. This problem was formulated as a nonlinear
programming problem and solved using a reduced sequential quadratic
programming method. The method showed advantages compared to previously
published techniques in terms of robustness and computational efficiency. A
feature of this approach is the use of an objective function that allows minor
violations in the targeted pressure requirements. This allows a much greater
improvement in the violations of minor pressure requirements that would be
achieved otherwise.
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Filion and Karney [6] developed a hybrid model that combines the modeling
sophistication of a transient simulator and the time-stepping efficiency of a
quasi-steady state model and can simulate steady and unsteady interactions in a
system over an extended period. The model’s procedure consists of running
water hammer simulations at the start and end of an extended time step to track
the rate of filling of a system’s reservoirs and then use this information to update
reservoir levels at the end of the time step. Extended period and worst-case
simulations presented in a case study suggest that the hybrid model has a high
routing accuracy and can be used to identify the critical state, which will produce
the most severe transients in a system.

Goulter [7] showed that the system analysis techniques, and in particular
optimization, used to design water distribution networks have not been accepted
into practice although the component design models are quite robust, versatile
and capable of handling relatively complicated design problems. According to
Goulter [7], it happens mainly because of the lack of suitable packaging of the
models for ease of use in a design environment. There’s also a lack of a network
reliability measure due to the complexity of the reliability problem in water
distribution networks. There is a need for development of decision support
systems for design of water distribution networks. These systems should be able
to combine optimization and simulation models and to use an interactive
graphical basis to assist in the inclusion and interpretation of reliability in the
network solutions and to develop alternative solutions.

Mpesha et al [8] used a frequency response method to determine the location
and rate of leakage in open loop piping systems. A steady-oscillatory flow,
produced by the periodic opening and closing of a valve is analyzed in the
frequency domain by using the transfer matrix method, and a frequency response
diagram at the valve is developed. Several piping systems were analyzed for all
practical values of the friction factor (0.01-0.025) to detect and locate individual
leaks of up to 0.5% of the mean discharge. The method, requiring the
measurement of pressure and discharge fluctuations at only one location, has the
potential to detect leaks in real life open loop piping systems conveying different
kinds of fluids, such as water, petroleum and others.

3 Method

The non-elastic matrix model for hydraulic networks calculation is based on a
method created by Nahavandi and Catanzaro [1]. It is a method that calculates
the discharges and the pressure heads distribution in hydraulic networks for the
steady state, for the extended period and for the transient state.

This method has great advantages concerning the Cross method, because the
latter doesn’t allow the calculation of transient situations such as the settings of
valves, the starting and stopping of boosters, the branch ruptures, etc.

It will be adopted the following simplifying hypotheses: (1) incompressible
fluid; (2) turbulent and isothermal flow; (3) non-elastic pipe; (4) it will be used
the same friction factor “f” value to calculate the head loss in the transient state
and in the steady state.
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3.1 Mathematical formulation for the steady state

A connection matrix [C], formed by the elements 1, -1 and 0 is defined by the
following way: each branch of the hydraulic network corresponds to a row in the
matrix and each node of the hydraulic network corresponds to a column in the
matrix. An element Cij of the connection matrix may have the following values:

Cij = 0 — If a branch i is not connected to a node j.

Cij =-1 — If a branch i is connected to a node j and the flow of branch i goes
to a node j.

Cij = 1> If a branch i is connected to a node j and the flow of branch i comes
from a node j.

The method is based on 3 (three) equations written in matrix form. Eqn. (1)
relates the pressure head difference on a branch to the pressure heads on the
nodes at the beginning and at the end of the same branch.

el

Eqn. (2) of the method is the continuity equation written to the nodes in
matrix form:

" Joi+{o. 1= o} @
Eqn. (3) of the method is the momentum equation written in finite differences
form (matrix form):
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After some algebraic operations in eqns. (3) an (2) and solving these
equations to {Q} and {P/rg} respectively, the result is:

lo)=fo'}+ {ﬂ;—‘;+ﬂAZ+ﬂH—ﬂAHV —ﬂﬂ} 4)

{p—i)} e V- paz- g pan, v pe -0 - ot )

The numerical solution of the problem can be accomplished by solving
eqns. (5), (1) and (4) using a computer. The input data to accomplish this
analysis are: the hydraulic network topology, the geometric dimensions, the
hydraulic properties, the initial conditions of the problem and the control
variables.

Although the equations for the steady state consider the presence of boosters
and valves, the software accomplishes the calculations considering only pipes,
nodal demands and the presence or not of reservoirs with constant water levels.
This procedure is adopted to give the user an idea of how the hydraulic network
will work considering only the action of gravity acceleration.
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3.2 Mathematical formulation for the extended period

After the software finishes calculating the steady state, it begins to calculate the
extended period during the day. The day is divided in 24 time steps of 1 hour
each one to calculate the extended period and the user may decide the number of
time steps to be calculated, varying from 1 to 24 time steps.

The extended period has the same equations of the steady state because any
given time step corresponds to the steady state of that moment with its own
features. The differences between the steady state and the extended period are
that the user may decide if there will be boosters and/or valves operating during
the day on the hydraulic network or not, if there will be the presence of
reservoirs or not, the nodal demands may vary from a period to the next one and
the reservoirs may vary the water levels. The reservoir water level variation is
calculated by the continuity equation:

am 4} = ar{o, - Ao, } (6)

To calculate the pressure heads on the hydraulic network nodes, {DH} {4} is
divided by Dr and the result is multiplied by [A '] and added to eqn. (5):

L2l P T b - o, 07

o,

After it, the numerical solution of the problem is reached solving eqns. (1)
and (4).

3.3 Mathematical formulation for the transient state

After calculating the discharges and pressure heads to any given time step of the
extended period, the coefficients C,, to the nodes that have nodal demands are
calculated and then a diagonal matrix [C,] is built having the C,, values in its
diagonal. The following equation is used to it:

[gj c.]=lo.) ®

In the transient state, the nodal demands values ({Q.,}") will be calculated
using the hydraulic theory for discharge calculation through orifices and nozzles.
The following equation is used:

0.5
0.1 =lc. (Pj o)
Pg

The coefficients C,, values used in eqn. (9) are the same calculated at the end
of the extended period time step because the variation of C,, values is small and
the C,, values are also small.

@ WIT Transactions on Ecology and the Environment, Vol 103, © 2007 WIT Press
. www.witpress.com, ISSN 1743-3541 (on-line)



116 Water Resources Management IV

To calculate the pressure heads on the hydraulic network nodes in the
transient state, it is used eqn. 10, developed from eqn. 5:

(21 o B g} o

bl or et -br e (%J

To calculate the pressure head differences on the hydraulic network branches
in the transient state, the connection matrix [C] multiplies the pressure heads
calculated in eqn. (10) using eqn. (11):

ek

To calculate the discharges in the hydraulic network branches in the transient
state, the pressure head differences calculated in eqn. (11) are used in eqn. (12):

{Q}*={Q°}+{ﬁ% +ﬂAZ+ﬂH*—ﬂAHV*—ﬂPc}- (12)

Figure 1: Hydraulic network scheme for the wupper part of the
neighbourhoods.
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4 Results

The non-elastic matrix model has already been tested to calculate many
hydraulic networks. Two of these hydraulic networks are located at Paulinia — SP
— Brazil. These hydraulic networks supply water to two neighbourhoods of
Paulinia. One of them supplies the upper part of the neighbourhoods (fig. 1) and
the other one supplies the lower part of the neighbourhoods. It was decided to
use the hydraulic networks of Paulinia because the calculated pressure heads of
some nodes of the hydraulic network were compared to the pressure heads
gauged in situ on the same nodes of the hydraulic network.

Table 1: Input data for the hydraulic network of the upper part of the
neighbourhoods for the steady state flow.

node nodal demand node elevation pipe length diameter
(U/s) (m) (m) (m)
1 -4.77 640.20 1 0.10 0.200
2 0.05 641.17 2 14.38 0.200
3 0.05 640.60 3 32.55 0.200
4 0.07 640.01 4 49.82 0.150
5 0.23 636.47 5 59.29 0.100
6 0.26 624.64 6 112.99 0.075
7 0.22 627.28 7 426.13 0.050
8 0.19 640.79 8 200.00 0.050
9 0.04 641.37 9 100.00 0.050
10 0.04 641.54 10 411.60 0.050
11 0.05 641.06 11 48.28 0.075
12 0.32 640.59 12 58.13 0.100
13 0.30 625.96 13 46.72 0.150
14 0.14 632.68 14 47.22 0.150
15 0.12 632.50 15 411.60 0.050
16 0.11 629.02 16 293.97 0.100
17 0.11 626.39 17 27.06 0.075
18 0.19 628.89 18 188.90 0.050
19 0.08 624.55 19 66.13 0.050
20 0.23 632.74 20 189.01 0.050
21 0.20 623.61 21 65.38 0.050
22 0.14 635.90 22 199.24 0.050
23 0.09 639.48 23 19.00 0.100
24 0.05 640.01 24 311.34 0.050
25 0.18 640.04 25 164.29 0.050
26 0.26 640.90 26 167.62 0.050
27 0.06 640.15 27 36.39 0.075
28 0.12 638.21 28 6.98 0.075
29 0.14 635.06 29 218.31 0.100
30 0.14 630.09 30 208.16 0.075
31 0.14 640.89 31 66.70 0.075
32 0.16 640.54 32 66.72 0.075
33 0.13 630.58 33 66.39 0.050
34 0.14 623.98 34 209.78 0.050
35 132.74 0.050
36 209.93 0.050
37 135.95 0.075
38 69.47 0.075
39 179.63 0.050
40 131.72 0.050
41 209.85 0.050
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Although the comparison between the calculated pressure heads of some
nodes and the pressure heads gauged in situ on the same nodes will be shown for
both hydraulic networks, it was decided to show the results obtained for the
steady state and for the extended period for the hydraulic network of the upper
part of the neighbourhoods schemed in fig. 1 for being more complex than the
other one.

It is necessary to say the hydraulic network results were calculated for
6 periods and that the absolute roughness of all pipes is 0.1 mm (PVC).

Table 2: Nodal demands to calculate the extended period for the hydraulic
network of the upper part of the neighbourhoods.

node period 1 period 2 period 3 period 4 period 5 period 6

(I/s) (I/s) (I/s) (I/s) (I/s) (I/s)
1 -2.39 -5.25 -6.80 -6.44 -5.49 -3.58
2 0.03 0.06 0.08 0.07 0.06 0.04
3 0.02 0.05 0.07 0.06 0.05 0.03
4 0.04 0.08 0.10 0.10 0.08 0.05
5 0.11 0.25 0.32 0.31 0.26 0.17
6 0.13 0.29 0.38 0.36 0.30 0.20
7 0.11 0.24 0.31 0.29 0.25 0.16
8 0.10 0.21 0.28 0.26 0.22 0.15
9 0.02 0.05 0.06 0.06 0.05 0.03
10 0.02 0.05 0.06 0.06 0.05 0.03
11 0.02 0.05 0.07 0.06 0.05 0.03
12 0.16 0.35 0.45 0.43 0.36 0.24
13 0.15 0.33 0.43 0.41 0.35 0.23
14 0.07 0.16 0.20 0.19 0.16 0.11
15 0.06 0.13 0.17 0.16 0.14 0.09
16 0.05 0.12 0.15 0.15 0.12 0.08
17 0.05 0.12 0.15 0.15 0.12 0.08
18 0.10 0.21 0.27 0.26 0.22 0.14
19 0.04 0.09 0.12 0.11 0.10 0.06
20 0.12 0.25 0.33 0.31 0.27 0.17
21 0.10 0.22 0.29 0.27 0.23 0.15
22 0.07 0.15 0.20 0.19 0.16 0.10
23 0.04 0.09 0.12 0.12 0.10 0.06
24 0.02 0.05 0.07 0.06 0.05 0.04
25 0.09 0.20 0.26 0.25 0.21 0.14
26 0.13 0.29 0.37 0.35 0.30 0.20
27 0.03 0.06 0.08 0.08 0.06 0.04
28 0.06 0.13 0.17 0.16 0.13 0.09
29 0.07 0.16 0.21 0.19 0.17 0.11
30 0.07 0.16 0.21 0.20 0.17 0.11
31 0.07 0.16 0.21 0.20 0.17 0.11
32 0.08 0.18 0.23 0.22 0.19 0.12
33 0.07 0.14 0.19 0.18 0.15 0.10
34 0.07 0.16 0.21 0.19 0.17 0.11

Ahead, it is shown in tables 4 and 5 the comparison between the calculated
pressure heads of some nodes and the pressure heads gauged in situ on the same
nodes of the hydraulic networks of the upper and of the lower part of the
neighbourhoods respectively. Due to the hour of the day the pressure heads were
gauged in situ, the calculated pressure heads correspond to the nodal demands
used in period 3 of the extended period for both hydraulic networks. As already
mentioned before, the input data and the results for the hydraulic network of the
lower part of the neighbourhoods were not shown in this paper.
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Table 3: Obtained discharges for the hydraulic network of the upper part of

the neighbourhoods.
discharge discharge discharge discharge discharge . .
pipe steady stite pcriodgl periong periodg3 period%l dlscharge dlscharge
(Us) (Is) (Is) (s) (s) period 5 period 6
(I/s) (I/s)
1 477 239 5.25 6.80 6.44 549 358
2 4.77 2.39 525 6.80 6.44 5.49 358
3 1.20 0.60 132 171 162 1.38 0.90
4 0.60 030 0.66 0.85 0.80 0.69 045
5 055 0.28 0.60 0.78 0.74 0.63 041
6 0.48 0.24 0.52 0.68 0.64 0.55 0.36
7 0.25 0.13 0.27 036 034 0.29 0.19
3 -0.01 ~0.01 -0.02 -0.02 -0.02 20.02 20,01
9 -0.05 -0.02 -0.05 0.07 -0.07 -0.06 -0.04
10 0.26 0.13 029 038 036 030 -0.20
11 0.46 023 20.50 0.65 0.62 0.53 034
12 20,50 025 20.55 0.72 -0.68 20.58 038
13 -0.55 027 -0.60 0.78 0.74 0.63 0.41
14 353 1.76 3.88 5.03 4.76 4.06 2.65
15 027 0.13 0.29 0.38 036 031 0.20
16 2.95 147 324 4.20 3.98 339 221
17 0.61 030 0.67 0.87 0.82 0.70 0.46
18 0.17 0.10 0.19 0.25 0.24 0.20 0.13
19 0.07 0.04 0.07 0.09 0.09 0.08 0.05
20 -0.04 20,01 -0.05 -0.06 -0.05 ~0.05 -0.03
21 032 0.15 035 0.45 0.43 036 023
22 0.08 0.04 0.09 0.12 0.11 0.10 0.06
23 2.19 1.10 241 313 2.96 252 1.65
24 0.24 0.12 0.26 0.34 032 027 0.17
25 0.04 0.02 0.04 0.06 0.05 0.04 0.02
26 -0.10 ~0.05 0.11 0.14 0.14 0.12 -0.09
27 0.19 -0.10 021 027 0.26 022 0.15
28 -0.98 0.49 1,07 139 132 113 0.74
29 173 0.87 1,90 245 233 1.9 130
30 057 0.28 0.62 0.80 0.76 0.65 0.43
31 0.61 030 0.67 0.86 0.82 0.70 045
0 0.28 0.14 031 0.40 0.38 033 0.22
33 0.23 0.11 0.25 0.32 031 0.26 0.17
34 0.11 0.05 0.12 0.16 0.15 0.13 0.09
35 -0.03 20.02 0.04 -0.05 -0.04 ~0.04 0.02
36 -0.18 20.09 20.20 -0.25 -0.24 20.20 0.13
37 041 021 045 -0.58 055 047 031
38 0.74 037 0.81 1,06 -1.00 ~0.85 0.5
39 0.17 0.08 0.19 0.24 0.23 0.19 0.12
40 0.04 0.02 0.04 0.05 0.05 0.04 0.02
41 011 20.05 0.12 0.15 0.14 0.13 20.09
Table 4: Comparison between the calculated pressure heads and the gauged
pressure heads of the network of the upper part of the
neighbourhoods.
node 7 16 28 29 31
calculated pressure 3143 29.06 19.41 22.50 16.81
heads (mH,0)
gauged pressure 30.00 29.00 18.00 20.00 16.00
heads (mH,0)
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Table 5:

Comparison between the calculated pressure heads and the gauged
pressure heads of the network of the lower part of the
neighbourhoods.

node

4

15

calculated pressure
heads (mH,0)

28.64

48.00

31.97

42.25

46.00

28.00

38.00

gauged pressure 25.00
heads (mH,0)

5 Conclusions

The matrix method is working well, because the values calculated by the
model for the hydraulic networks used as examples are similar to the ones
obtained from the technical literature. The model was applied to calculate two
real hydraulic networks. The calculated pressure heads of some nodes of the two
hydraulic networks were compared to the pressure heads gauged in situ on the
same nodes of the hydraulic networks and the results were close. The
applicability of the method created by Nahavandi and Catanzaro [1] was
enhanced, because the programming and the input data to consider the presence
of valves, reservoirs or boosters in the hydraulic network were developed.
Furthermore, the mathematical formulation and the programming to calculate the
extended period and the transient state also were developed. The input data entry
is easier, because in the method created by Nahavandi and Catanzaro [1] the user
had to build himself the connection matrix and now the software itself builds the
connection matrix. It was developed a technique to calculate the pressure heads
on the nodes of the hydraulic networks (if being designed) in order to make the
pressure heads stay below the maximum pressure head limit (input data)
admitted by technical norms of the countries.

Symbol list

{DP/rg} pressure head differences on the branches (m)

{P/rg} pressure heads on the nodes (m)

[c transposed matrix of the connection matrix

{0} discharges of the branches (m*/s)

{Oes} nodal demands (m3/s)

{r} specific mass of the fluid (kg/m’)

{D} branch diameter (m)

{L} branch length (m)

) present velocity (m/s)

{v} future velocity (after Af) (m/s)

{Dt} time gap calculated by Courant’s condition (s)

{DP} pressure difference on the branch (m)

{g} gravity acceleration (m/s”)

{DZ} elevation difference between the nodes that limit a branch (m)
{H} manometric head of an installed booster in a branch (m)
{DH,} head loss of an installed valve in a branch (m)
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{F,} viscous friction force (N)
{o" present discharges (m’/s)
[b] diagonal matrix defined as: [b] =[(pD’gDf)A4L)]

[M] square matrix defined as: [M]=[C"]*[b]*[C]

{P.} head loss on a branch (m)

{DH} water level differences of the reservoirs (m)

{O.} filling discharges of the reservoirs (m*/s)

{0} depletion discharges of the reservoirs (m’/s)

{4} reservoir base surfaces (m?)

{(P/rg)"’} square roots of the pressure heads on the nodes for the steady state
(moAs)

{P/rg}"  pressure heads on the nodes for the transient state (m)

{DH}" water level differences of the reservoirs for the transient state (m)

(HY manometric head of an installed booster in a branch for the transient
state (m)

{DHV}* head loss of an installed valve in a branch for the transient state (m)

{(P./rg)"’} square roots of the pressure heads on the nodes for the transient

state (m”)

{DP/rg}”  pressure head differences on the branches for the transient state (m)

{0 discharges of the branches for the transient state (m’/s).
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Siting and sizing the components of a regional
wastewater system: a multiobjective approach

J. A. Zeferino, M. da Concei¢ao Cunha & A. P. Antunes
Department of Civil Engineering, Coimbra University, Portugal

Abstract

This paper describes a multiobjective approach for the siting and sizing of the
components of a regional wastewater system. This approach can be particularly
helpful for the coherent and harmonious implementation of the Water
Framework Directive. Three criteria are considered for finding efficient
solutions. A simulated annealing algorithm improved by a local search algorithm
is used and the results of three case studies are presented and compared.
Keywords: wastewater systems, multiobjective models, simulated annealing.

1 Introduction

The worldwide concern about water and sanitation has been expressed in
initiatives like the United Nations Millennium Development Goals. The target to
reduce by half the population without sustainable access to safe drinking water
and basic sanitation is incorporated in the goal to ensure environmental
sustainability. If this target is to be met appropriate wastewater systems have to
be implemented. These systems are often designed at a local level. However,
better solutions both from the economic and the environmental points of view
can be obtained with regional planning.

This work describes a multiobjective approach to regional wastewater system
planning. In this type of system, global cost is usually the criterion that is
optimized, making it a single-objective problem. The other indicators for
achieving a sustainable development are often included as problem constraints,
considering some upper and lower limits. However, for some indicators, these
limits may be difficult to establish, which can make them easier to handle as
criteria. Since the criteria to be optimized are usually incommensurable, it is
impossible to find a solution where all these criteria are optimized
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simultaneously, given that the improvement of one results in the deterioration of
another. This means that no optimal solution can be found. Still, there are
efficient solutions that can be reached, these are non-dominated solutions also
known as Pareto solutions.

2 Literature review

The first studies on wastewater system planning were carried out in the 1960s.
The great majority of these studies tackle the waste load allocation (WLA)
problem, which comprises the determination of the required pollutant removal
level at a number of point sources of a stream (Loucks ef al [15], Katapodes and
Piasecki [10]). Another type of wastewater planning problem is the siting and
sizing of the different components of a regional wastewater system (Leighton
and Shoemaker [13], Tyteca [18]). Improved computational capacities and
optimization methods made it possible to solve complex models incorporating all
the features occurring in the cost minimization of siting and sizing the different
components of a regional wastewater system (Wang and Jamieson [20]). Sousa
et al. [16] presented a model and the respective computational application to
solve this type of problem, called Regional Wastewater Systems Planning
(RWSP). The water quality in the receiving stream was taken into account by the
introduction of constraints for the maximum wastewater discharge in each
treatment plant. In Cunha et al. [7], the RWSP model was improved by
incorporating a water quality model to allow the determination of water quality
parameters after discharge from wastewater treatment plants. This improvement
enables the model to guarantee the water quality in the river, besides optimizing
the network system design.

Other indicators that could be considered as criteria apart from the minimum
cost configuration, particularly for WLA problems, came later: Bishop et al. [2]
and Lohani and Adulbhan [14] attempted to minimize the deviation of the water
quality goals and Tung [17] proposed new indicators in order to optimize four
different criteria. These criteria were the maximization of the total waste load
allocation, the maximization of the dissolved oxygen (DO) in the stream, the
minimization of the equity measure between the various dischargers and the
minimization of the major risk of breaching the water quality standards. With the
aim of reaching efficient solutions considering the uncertainties, Burn and
Lence [4] formulated models for the minimization of different criteria
corresponding to a deviation measure of the DO levels. Cardwell and Ellis [5]
used a criterion consisting of the number of violations of the DO standards,
which was minimized together with the cost of the system. In Lee and Wen [12]
the objective of maximization of the assimilative capacity in a multiobjective
approach was introduced for the first time. The same work presented a list of
previous studies, with the criteria used, and also showing the tendency for
change from single-objective to multiobjective approaches. Multiobjective
decision analysis under uncertainty has been proposed by Chang et al. [6] to
solve potential conflicts between safeguarding water quality and economic
development. Based on the concept of sustainability, Balkema et al. [1] defined
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three dimensions for multiobjectivity: economic, environmental and socio-
cultural. They thus indicated different criteria capable of being optimized, such
as energy use, land use, nutrient loss, waste production and social acceptance.
Since there are various criteria that can be optimized, a multiobjective approach
brought important advantages to the analysis. In water resources problems, Burn
and Yulanti [3] were the first to use a genetic algorithm in order to find a Pareto
set of solutions in a three-objective problem (the objectives were the balance
between the various dischargers, the cost of the system, the water quality in the
receiving stream, expressed by the number of standard DO violations). More
recently, the non-dominated sorting algorithm II was used by Yandamuri et
al [21]. Ghosh and Mujumdar [8] used a fuzzy multiobjective model for
minimizing the risk in a river water quality management problem. A new global
search algorithm developed recently, the Probabilistic Global Search Lausanne,
was used to solve the model. Jia and Culver [9] applied a robust genetic
algorithm to total maximum daily load allocations.

This paper follows previous work by the authors. It describes a multiobjective
approach used to solve the siting and the sizing of the different components of a
regional wastewater system. The implementation of this approach makes use of
the decision-aid model presented in Cunha ef al. [7].The simulated annealing
algorithm (SA) described in Sousa et al. [16] improved by a local search
algorithm and including the parameters calibrated by Zeferino et al. [22] is used.

3 Multiobjective approach

Multiobjective analysis consists either of the generation of solutions from an
infinite number of alternatives, using systematic methods, or of the selection of a
solution from a finite set of alternatives, also known as multiattribute analysis,
using outranking methods. Since there are an immensurable number of
alternatives in wastewater system planning, the solution has to be found by a
multiobjective analysis based on the generation of solutions.

Three objectives for planning the wastewater system were established for this
study. These objectives match the indicators that usually need to be optimized:
the minimization of the capital cost of the system (Ci); the minimization of the
operating cost (Ce); and the maximization of dissolved oxygen in the river (DO).

The first indicator is related to the initial investment in the wastewater
system, and includes equipment and construction costs. The second concerns the
cost incurred during the lifetime of the system, consisting of the recurrent costs
of the facilities and the equipment, including energy costs. These operating costs
are also related to the initial cost. The last indicator is related to the water quality
in the river, measured in dissolved oxygen, since this is one of the most
important indicators of water quality.

The approach most often used to solve models with more than one objective
is based on the utility theory, turning multiple objective problems into a single
objective problem prior to optimization. This is done by means of a weighted
summation of the individual objectives. But it would be useful to the decision-
maker if there were a set of non-dominated solutions that would allow him to
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note the trade-offs between the objectives when deciding on a solution. Non-
dominated solutions are also called Pareto solutions. This set of solutions
represents the frontier with the best solutions that can be achieved. This happens
because no enhancements can be found, since the improvement of one objective
result in the deterioration of another.
Following the weighted summation approach and considering the objectives
previously defined, the objective function will be:
3 ~
MinimizeF:Zwixfi(xj) )
i=1

where F: aggregate objective function; w;: weighting values; fl.(x j): normalized

criteria to optimize.

Since the three objectives correspond to different units with variations of
different magnitudes, their scores are standardized (2). This standardization
makes the objectives dimensionless, while transforming the value of the
objective to a proportion contained in the interval between the lowest and highest
score.

7= A=A

i max min
Ji i

@

The weights w; set the priorities for the decision criteria, indicating the
relative importance of each objective. An accurate distribution of weights is one
of the bigger challenges in a multiobjective optimization. This usually requires a
specific process involving different stakeholders (Lahdelma et al. [11]).
However, the process of finding the right weights to attribute is not within the
scope of this work. The weights must be strictly positive for at least one
objective, and have a total sum equal to one.

The single-function F (3) to be minimized is thus expressed by the sum of the
weights multiplied by the standardized criteria, giving the following expression:

where Ci: capital cost; Ce: operating cost; DO: minimum value of the Dissolved
Oxygen observed in the river. W¢;, W, and Wpo: weights.

The variables with superscripts in equation (3) correspond to the maximum
and minimum values. The Ci"™, Ce™ and DO™ are obtained from the
respective minimization and maximization functions. The other extreme values
of these indicators are removed from the worst results obtained for those
indicators in the other optimizations.
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4 Case studies

The study used three different cases, corresponding to 3 test problems. These
problems try to correspond to real-world problems, comprising similar
characteristics (Figure 1). They were defined according to rules regarding shape
and topography, location and size of population centers, the wastewater
generation rate and location and maximum discharge at treatment plants. The
implementation method for this can be found in Zeferino et al/ [22]). The three
cases selected have different characteristics, in particular concerning the values
of the ridges’ orientations.

15 15 . . .
e o ] . [ 10 ) e o o o

o o @ o o o s Q-

0 (km)5 0 5 10 15 20 25 30 35 40
km).s o0 5 10 15 2 25 30 35 (km) 5 0 5 10 15 20 25 30 35 40

Figure 1: Shape, topography and location of the urban centers of the three
regions used for this study.

The first phase of the implementation of the multiobjective approach was to
determine the extreme values of the three criteria. This was done using three
single objective functions: minimize Ci; minimize Ce; maximize DO. The SA
algorithm requires the use of accurate parameters, essential for finding good
quality solutions (Sousa et al. [16]). For the three cases presented, the four SA
parameters (a: sets the initial acceptance rate for candidate solutions with value
10% smaller than the value of the incumbent solution, A: sets the minimum
number of candidate solutions that must be evaluated at each temperature, y: sets
the rate at which the temperature decreases, and o: sets the maximum number of
temperature decreases that may occur without an improvement of the best or the
average solution value) were calibrated by the authors in previous work
(Zeferino et al [22]). They are, for case a): & = 0.599, 1 =49, y = 0.500 and ¢ =
13; case b): a =0.497, A =56, y =0.575 and 6 = 12; case ¢): a = 0.308, A =52, y
=0.696 and o = 12. As SA is a random search algorithm, 10 different seeds were
used for the pseudo-random generator for each of the three cases. The results
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obtained are given in Table 1, with Ci and Ce in M€ and DO in mg/l. The results
for minimum Ci (Ci""), minimum Ce (Ce™”) and maximum DO (DO™™) are
obtained from each line of each case matrix. Note that all of these values match
the diagonal of the matrix. This was expected, since the diagonal corresponds to
the values achieved respectively in the minimization and maximization
processes. The results for maximum Ci (Ci"*), maximum Ce (Ce™) and
minimum DO (DO™) are obtained in the same way, and are given by the
corresponding maximum or minimum values of each line. The process of
defining the proper distribution of weights is not an objective of this work. As
mentioned before, different combinations of weights were selected for this study.
Once the results for these combinations are obtained, a small set of Pareto
solutions is achieved, in order to relate the trade-off between the different
criteria. The set of Pareto-optimal solutions makes it possible to see how the
solutions change when given different weights. For this study 4 combinations of
weights were chosen (Table 2).

Table 1: Results for the extremes.
a) minCi min Ce max DO b) minCi min Ce max DO ) minCi min Ce max DO
G 2323 2460 G 2925 3157 G 316 3781
ce 075 073 Ce 120 113 Ce 161 15
oD 6108 6175 oD 5849 5939 oD 5860 5923
Table 2: Combinations of weights used.
WCi WCe WDO

Combination 1 0,33(3) 0,33(3) 0,33(3)

Combination 2 0,60 0,20 0,20
Combination 3 0,20 0,60 0,20
Combination 4 0,20 0,20 0,60

The solutions generated can also be used to give a set of alternatives that
would help with a complementary decision-making aid. This can be done using
another multicriteria optimization, based on the selection of a solution from a
limited number of alternatives (Vincke [19]). This posterior analysis is not
within the scope of this study.

S Multiobjective results

Once the extremes of each indicator were determined and the different
combinations for the weights established, the multiobjective model was solved.
This was done for the three cases presented, using 10 different seeds. The
parameters used in each case were the same as those employed before in the
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evaluation of the extreme values. The results for each case are presented in
Table 3. The tables on the left correspond to the three cases studied. Each
contains the best values of the criteria for each combination. The tables on the
right present the results for the respective standardized indicators (Ci, Ce and
DO), where 0% corresponds to the best value of the criteria and 100% to the
worst value of the criteria. The extreme values (0% and 100%) were obtained
earlier in this work. The summation of these values multiplied by the weight of
the respective combination gives the value of the function F that was minimized.

Table 3: Payoff results of the multiple objective problem. Left: Values of
the criteria for the three cases; Right: Standardized criteria and
F values.
a) Comb.1 Comb.2 Comb.3 Comb. 4 a) Comb.1 Comb.2 Comb.3 Comb. 4
Ci 26,078 23,670 23,790 26,896 Ci 19,8% 3,0% 3,9% 25,4%
Ce 0,777 0,744 0,739 0,792 Ce 14,5% 3,6% 2,0% 19,6%
DO 6,1697 6,1250 6,1250 6,1744 DO 6,60% 57,49% 57,49% 1,23%
F 0,136 0,140 0,134 0,098
b) Comb.1 Comb.2 Comb.3 Comb. 4 b) Comb.1 Comb.2 Comb.3 Comb. 4
Ci 33,265 33,236 33,290 34,956 Ci 15,6%  155%  15,7%  22,1%
Ce 1,185 1,186 1,184 1,211 Ce 7,3% 7.4% 7,2% 10,7%
DO 5,9249 5,9249 5,9249 5,9384 DO 10,29% 10,29% 10,29% 0,61%
F 0,111 0,128 0,095 0,069
<) Comb.1 Comb.2 Comb.3 Comb. 4 <) Comb.1 Comb.2 Comb.3 Comb. 4
Ci 40,052 40,052 40,402 40,482 Ci 14,7%  14,7%  16,5%  16,9%
Ce 1,576 1,576 1,573 1,590 Ce 5,8% 5,8% 5,0% 8,8%
DO 5,9210 5,9210 5,9210 5,9224 DO 2,70% 2,70% 2,70% 0,47%
F 0,077 0,105 0,068 0,054

The analysis of the results in each case shows that, once again as expected,
the minimum value of the normalized indicators appears in the combination that
sets highest weight for the respective indicator.

In relation to the trade-offs between the criteria, the first two indicators, Ci
and Ce, seem to be clearly incommensurable with DO. For all the cases studied,
the best value of DO results in the worst solution for the other indicators.
Relating to the indicators Ci and Ce, the only observation is that it was not
possible to find a solution where both were minimized at the same time. Despite
the trade-off between these indicators being only slight, this probably means that
they are also incommensurable. Regarding the results for F, the minimum value
obtained was always in combination 4, that is, when more weight is given to the
DO. This indicates that it is easier to find solutions where the maximization of
the DO is near the optimum, thus having suitable values for the other indicators
at the same time.

The analysis of how the solutions physically change according to the different
combinations of weights is also possible. Figure 2 gives some results of case b),
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showing the changes that occur in the solutions along with the increase of Wpo.
The analysis of the three images in Figure 2 clearly shows how the solutions
adapt as more weight is given to one criteria, in this case, the maximization of
DO. In the top left figure, the Wpo is only 33.3(3)%, that is, the same as that
given to Ci and Ce. In the top right figure, corresponding to a Wpo = 60%, the
solution changes through setting one water treatment plant in the first node, in
order to improve the DO in the river. However, since W¢; = 20% and W, = 20%,
the solution still considers some aspects for minimizing costs. The figure at the
bottom shows a solution where there is no concern with the cost, since it
corresponds to the maximization of DO. This is equivalent to having a
Wpo =100%. As can be seen, the solution is quite unusual, given that it only
concerns the wastewater flow that is discharged in each water treatment plant.

450 400 350 300 300 450 400 350 300 300
k- L -

River

Contour line @ Population center Pump station

Sewer = Population center with [0 Treatment plant (large)
pump station

River m Treatment plant (small)

Figure 2: Top left: combination 1; top right: combination 4; bottom: DO
maximization.

6 Conclusions

A multiobjective approach has been presented for the siting and sizing of the
components of a regional wastewater system. A weighted summation method has
been applied to find efficient solutions. The results obtained for three different
case studies made it possible to analyse the solutions according to the importance
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given to each criterion. A set of alternatives was also generated, which helps to
support decision-making.

In future work, this multiobjective approach might seek to find a large set of
Pareto solutions, showing the best trade-offs between the criteria. More criteria
can also be used, to give broader coverage of the objectives involved in regional
wastewater system planning.
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Abstract

The Itapicuru River basin is located in the northeast of the State of Bahia, Brazil.
It is a large basin with variable conditions in terms of soil, climate, topography,
natural vegetation, and economy. About 80% of the total area is subjected to
severe drought periods. Poor cropping systems and lack of adequate systems for
disposing wastewater from the urban areas determine the water quality along the
basin. This proposal aims to carry out a study on the actual situation of the
surface water resources, including diagnostic and prognostic actions. The study
presents a spatial analysis of the surface water quality using hydro chemical data
of the water and sediments from 30 stations along the river and the tributaries,
including points in the reservoirs of the dam and estuary region. The main
processes related with the water quality are: erosion, concentrations of salt and
nutrients, punctual contamination of metals and bacteria. The spatial distribution
of the parameters in the different points is illustrated in maps. Zones showing
higher values of coliforms, nitrogen, phosphor, chloride, conductivity and
nitrates are in the high and medium part of the river, where there is low rainfall,
higher demographic density and expressive social-economic dynamics. Closer to
the chromium mines the concentration of iron and chromium in the sediments is
above the limits. The results are associated with the environmental quality in
order to have a characterization of the hydro chemical and social-economic
elements, in different scales. Also critical areas are defined in detailed studies to
help implement corrective actions to minimize or eliminate the contamination
problems. It is expected that the results and achievements of this project will be
useful in order to support the development of state and federal programs on the
sustainability of water resources in the region.

Keywords: water quality, environmental quality, Itapicuru river basin.

@ WIT Transactions on Ecology and the Environment, Vol 103, © 2007 WIT Press
. www.witpress.com, ISSN 1743-3541 (on-line)
doi:10.2495/WRM070141



134 Water Resources Management IV

1 Introduction

The Itapicuru river basin occupies a total area of 36,440 km?, with an estimated
population of 1,300,000 inhabitants. The environmental impact associated to the
farming, mining, industrial, tourist activities and the disordered growth of the
cities with inadequate infrastructure of sewers threaten the water quality. The
basin is subdivided into four sectors with differentiated characteristics, as shown
in table 1.
Table 1: Characteristics of the main sectors of the Itapicuru River Basin
(SRH [1], PRODETAB [2]).

Upper Middle Upper | Middle Lower Lower
Sector (I) Sector (II) Sector (I1) Sector (IV)
EEE
3 § 727.61 mm 500.29 mm 682.27mm 1,182.71 mm
z2=g
<
E 11,968.97 km* | 10,106.57 km? | 12,232.01 km* | 2,131.45 km?
High declivity | Crystalline | Ground that | DePSr
terrain. rocks with favors £ reafes ¢
® = | The water from | discrete hydro infiltration. g
L 2 o . rainfall rates
= the rock potentiality. Rivers are
S = . . . assures the
=) fractures More saline | intermittent. The
= = . . permanent
= 5 | influences the | waters. Rivers underground
> = . . . flow of the
T = | permanent flow | flow in the rainy | hydro potential small and
of the river. period. is high. . .
Many dams medlgm sized
: rivers
Z
s B High and Medium. Low. High.
e g medium. High on some Medium and Risk of
= % Risk of erosion points. high on some flooding.
> points.

The basin’s volume of average annual precipitation is estimated to be
24,631.38 x 10°m’ and the total flow 1,269.96 x 10°m’. The superficial hydro
potentiality is considered low (0.76 1/s’/km?). Around 80% of the area is in the
conditions of semi-arid climate. The fluvial regimen in the sectors is a reflex of
the regional variation of rainfall: from the middle lower sector of the river to the
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lower the flow is permanent; otherwise, at the upper and the middle upper
sectors the river and its tributaries are intermittent. The state of hydro deficit has
stimulated the construction of dams and the perforation of wells, to increase the
availability of water in the period of greater demand.

Regionally, we don’t see a control in the use of the ground and of the water
and situations of aggression to the environment can be noticed, like:
indiscriminant removal of the vegetation coverage; the absence of or deficient
control of the activities of mining and of the launching of solid and liquid
residues in the water courses; and the construction of dams without the correct
management or prior study.

This work discusses the results of studies for the environmental diagnosis
associated to the quality of the basin’s superficial water, with the objective of
guiding planning programs of its water resources and sustainable development.
The research integrates the Investigation Project PRODETAB/EMBRAPA 055-
01/01, under the auspices of the World Bank.

2 Methodological aspects

The Itapicuru River is formed mainly by the confluence of the Itapicuru,
Itapicuru Acu and Itapicuru Mirim rivers, and the contribution of several
tributaries. To characterize the quality of the water, was established a sample
grid of 30 points for water collection and 20 points for sediments. The territorial
extent of the basin is large, and although the number of points is limited, the
sample contemplates the sections of the main course of the river and its
tributaries (R1, R2,..., R23), including the reservoirs (B1, B2,..., B7). Two stages
of fieldwork were carried out in distinct seasons: August 2005 (greater indices of
rainfall) and January of 2006 (less rainfall). The standards recommended by
APHA [3] were used as techniques for the samples collection and analyses. For
each point the following variables were investigated: conductivity, chlorides,
total nitrogen and phosphor, nitrates, thermo-tolerant coliforms, Trophic State
Index — TSI introduced by Carlson [4], Water Quality Index — WQI National
Sanitation Foundation - U.S.A., and the level of metal in the sediments.

In order to illustrate the information obtained, geoprocessing techniques were
used to permit a spatial reading of the territory using maps in the regional scale
(1:1,000,000). The final approach includes an analysis of the environmental
quality of the basin, integrating other specifics information available in the scope
of the Project PRODETAB/EMPRAPA.

3 Results and discussion

The basin of the river Itapicuru covers diverse -climatic, geologic,
geomorphologic environments and distinct ecosystems. The comprehension of
the social-environmental dynamics, which influences the quality of the water
resources, demands the integration of the wvariable information. As a
methodological basis for the construction of the basin’s diagnostics and
prognostics associated to the quality of the superficial water, the physical
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vulnerability of the units of landscape were evaluated and integrated to the
aspects of socioeconomic dynamics, including the concession of rights to its use.
The results are discussed as follows.

3.1 Evaluation of the water quality

The largest concentration of metals found in the water was of manganese (0.06-
13.42 mg/l), iron (>0.3 mg/l) and chromium in the points R20 (0.05 mg/l) and
B3 (0.08 mg/1).

The hydro chemical parameters at each study point, fig. 1, show that, in
general, the tributaries have water with less quality. Improper values of thermo-
tolerant coliforms appear in the stations: R15 (5320 col/100mL), close to the
sewers of the city of Queimadas; R18 (13600 col/100ml), downstream of the city
of Jacobina; R22 (3200 col/100mL), a river tributary that receives effluents from
Campo Formoso; and B7 (6300 col/100mL), at the Cariacd dam. The total
nitrogen proportions are higher close to populated areas (>25,000 inhabitants), as
in the cities of Tucano, Jacobina and Senhor do Bonfim.

The results suggest that the water quality reflects the natural and
anthropogenic conditions. The main alterations can be related to the following
processes:

e Siltation: the average depth varies in the stations of the river between
periods 1 (0.8m) and 2 (0.4m) of the collection sample;

e Eutrophication: the water has an elevated concentration of total phosphor
(0.07- 23.95 mg/l), the highest values (>1500 mg/l) are in the points closest to
the cities of greater population of sector I (Senhor do Bonfim and Jacobina);
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Figure 1: Maximum concentration of parameters in the sample points.
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e Salinization: the points in the middle Itapicuru, where the precipitation is
low, show greater values of conductivity (>600 puS/cm) and of chlorides (>300
mg/1);

e Chemical contamination: in the high Itapicuru, where there are more
chrome mining activities, the concentration of metals in the sediments is higher.

3.2 Socio-environmental subsidies for the evaluation of the environmental
quality

The integrated analysis of the physical environmental components of the
territory (geology, terrain morphology, drainage density, soils, etc) resulted in
the delimiting of homogeneous units of landscape, for which levels of physical
vulnerability to the anthropogenic impacts were identified, based on the analysis
of the intrinsic sensitivity and resilience of the systems.

The greater vulnerability zones (19% of the basin’s area), fig. 2, are
distributed preferably on the northern portion of the basin and on the areas of the
coastal plain or estuary region. They are areas with an average precipitation of
1,100 mm and of high risk of erosion. In sector I are the springs of the main
courses of water to the north and in sector IV the sensitive ecosystems.
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Figure 2: Map of the physical vulnerability associated to the population and
water rights grant distribution in the Itapicuru basin.

The zones of medium and low vulnerability occupy, respectively, 35 and 46%

of the basin’s area. The areas of greater demographic density are the same as
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those of greater register in water rights grant or predominant use of the water
resources (SRH [5]). Around 75% of the water rights grants are for irrigation and
concentrated in the upper and in the middle lower sectors of the Itapicuru,
respectively, sectors I and I11.

Aiming at conjugating elements to mark the results of the environmental
components was tried to understand the level of anthropogenic pressure
associated to the economic activities of the basin. From this viewpoint, six
homogeneous socio-economic units were delimited and mapped, fig. 3,
identified from the analysis of socio-economic indicators, such as: urban
population, GDP (Gross Domestic Product), farming activities, areas of mining
and industry. The results indicate the low economic dynamism of the basin and
confirm the scenery of the quality of superficial waters depicted in this study.

3.3 Environmental diagnosis and prognosis associated to the quality of the
surface water

Comprehending the environmental quality of a certain territory is always a great
challenge, for there are many involved variables and very often the methods used
are not sufficient to produce a reading compatible to the scale and object
analyzed. As a methodological procedure for the validation of the environmental
quality of the Itapicuru basin, were used the indicators related to the
environment, productive activities and water quality.

For water quality the indicators TSI and WQI - empirical indices aggregate
values of various parameters in a sole numeric indicator. The TSI groups the
results of total phosphor and chlorophyll @, and the WQI the following
parameters: temperature, pH, dissolved oxygen, biochemical demand for oxygen
— DBO, coliforms, nitrogen and total phosphor, total solids and turbidness. The
metal concentration in the sediment for each point was evaluated for the three
levels of standards of the National Oceanographic and Atmospheric
Administration — NOAA (Buchman [6]):

TEL — Threshold Effects Levels — Concentration below which adverse effects
seldom occur;

PEL — Probable Effects Levels — concentration above which is expected that the
adverse effects occur; and

UET Upper Effects Threshold - concentration above which the adverse
biological impacts would be expected for a certain bioindicator.

The results, fig. 3, show that in a good part of the points the TSI indicates the
states of mesotrophy and eutrophy or, respectively, with intermediate or high
productivity, associated to the areas agriculture and urban sewers. The
hipertrophy state is identified in some points of sector I. According to WQI the
water quality is good in most part of the basin, especially, in the middle and
lower sectors. In sector I the values are of acceptable quality, with only point of
improper quality, close to Senhor do Bonfim. The same happens for the TSI.
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The unsuitability of the water is evident in areas of greater population, due to
the sewers (residential, commercial, butchery, etc.). Mineral activity is also
reflected in punctual results. In most part, the sediments bring metals with values
below the TEL level, suggesting the good environmental quality of the basin.
Chromium is over the UET level (95 ppm) is found in the dams B3 and B5 and
on the point R22, areas with chrome mining activities.

The results lead to the diagnosis that the Itapicuru basin does have a
satisfactory environmental quality, especially, related to low economic
dynamism. The activities associated to agriculture and livestock have little effect
on the GDP of the region and relative influence on the environmental impact on
the water. The mineral activity gave dynamism to the economy and concentrated
populations in the urban centers of average sizes in the past; today it doesn’t
promote the region’s economic growth. The passive and active environmental
impacts associated to the areas with mining activities are also reflected in the
quality of the sediments.

4 Conclusions and recommendations

The results indicate that the quality of the basin is satisfactory. The productive
activities have low polluting potential, and do not generate wealth, a factor that
explains the unexpressive GDP per capita of the basin’s population. The
homogeneous socio-environmental units indicate the large areas where
productive activities compatible with the environment’s fragility can be
implanted. Many areas are in zones of low economic dynamism and
demographic density, indicating that there are no governmental actions to
promote their sustainable development. The largest population concentrations are
located in regional urban centers, given dynamism by the mineral industry that is
in decadence. The economic stagnation, in most of the cities of the basin,
contributes to soothe the impacts over the water resources.

The evaluation of the quality of the superficial water of the rivers, evaluated
in this study shows satisfactory results, in terms of the quality indices defined by
many legislation and international organisms. Then, despite the conditions
imposed by the semiarid evidenced in the middle section, in general, the quality
of the natural resources in the basin is good. However the economy is stagnated
and the poverty rates are high. It’s expected that the results and achievements of
this study or the entire project will be useful to support the development of a
management program on the sustainability of water resources, mainly, in order to
increasing the economy in the Itapicuru basin.
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An early warning monitoring system for
quality control in a water distribution network
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Abstract

The goal of an early warning water monitoring system (EWWMS) for quality
control in a water distribution network is to identify low probability/high impact
contamination events in source water or distribution systems. It should be able
to detect not only intentional contamination, but also contaminants introduced
accidentally or natural occurrences. Firstly, to ensure the full protection of
drinking water, a technology- based EWWMS should be one component of the
program. While laboratory technology exists to measure a wide range of
contaminants, it’s not the same for on-line and real time technology. A number
of research projects are investigating rapid and on-line monitoring technologies,
including biosensors and biochips, fiber optics and microelectronics. In most
cases the performances of these systems has not been fully characterized. In this
paper, a submergible UV/VIS spectrometer has been extensively tested in
laboratory experiments, with the aim to check its limits of sensitivity, its ability
to identify and quantify specific contaminants and its rate of false
positive/negative.

Keywords: early warning water monitoring system; drinking water distribution
system control; spectroscopy, on-line monitoring, tracer test, contamination.

1 Introduction

The goal of an EWWMS is to identify reliably low probability/high impact
contamination events in source water or distribution systems. Monitoring water
quality in real time allows an effective local response that minimizes the adverse
impacts that may result from the event [1, 14]. Other desirable features of an
EWWMS include: affordable cost, low skill and training, coverage of all
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potential threats, ability to identify source, enough sensitivity to quali