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Background, motivation and objectives

Globally, South Africa is classified as a water scarce country — due to below world average
rainfall and comparatively high evaporation with significant spatial variability. Despite South
Africa’s classification as being water scarce, the potential water supply of the country is enough
to satisfy demand (DWA, 2012). The problem is that the National Water Act (Act No. 36 of 1998)
stipulates that water must be allocated to sustain an Ecological Water Requirement (EWR),
described in the National Water Act as the Ecological component of the “Reserve”. After
considering the Ecological Water Requirements (EWRs), the catchment water balances
published in the First Edition of the National Water Resources Strategy (NWRS-1) show that
half of the water management areas (WMAs) are over-allocated. The water balances give
consideration to multi-year wet and dry cycles; and consider the assurance of water supply
required by various water users. A water balance showing over-allocation indicates that, during
dry years, or sequences of dry years, water users will not get the assurance of water supply that
they require. Water managers will try to address the over-allocation so as to meet the
assurances of water supply required by the various water-user and water-use sectors in the

catchment.

The over-allocation problem is not easily solved, because it is often neither practical nor
economically feasible to transfer water from surplus areas to deficit areas (DWAF, 2004).
Therefore localised water scarcities exist in many catchments. Thus, the traditional water
management model that purely relies on an engineering (i.e. supply-side) approach through
infrastructure development to reconcile imbalances, fails. The Second Edition of the National
Water resources Strategy (NWRS-2) emphasises the need for “smart water management’
(DWA, 2012:50) to complement the engineering and technologically based approaches to water
management. “Smart water management” entails, amongst others, the inclusion of business
principles and sustainability into water management — with strong stakeholder involvement in

the planning and managing of water resources.

An important stakeholder group in the water sector is irrigated agriculture, which accounts for
62% of all surface- and groundwater use in the country. Its water use is, in some cases, is
characterised by high inefficiencies (DWAF, 2004). In many instances, irrigated agriculture is
seen as a potential source of water for reallocation to other water-use sectors due to the
perceived inefficiencies and potential to achieve water savings. As a result, irrigated agriculture,
after improving its water use efficiency could play an important role in reconciling water
imbalances in some of the over-allocated catchments. Currently, the Mhlathuze catchment is
undergoing compulsory licensing to reconcile imbalances in that catchment. Based on

information contained in the NWRS-1, the Mhlathuze catchment has water requirements in
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excess of 28% of the available water (DWAF, 2004:D6.4), i.e. a deficit of 28%. However, to
reconcile the 28% imbalance, the proposal that is gazetted for approval is to curtail irrigators’
water rights by 40% (RSA, 2012). It is not clear from the gazette if higher assurances of water
supply are associated with this curtailment or not. If the assurance of supply to the irrigation
sector in the Mhlathuze is to remain the same, the extent of the curtailment may have a
devastating impact on the financial feasibility of the farming operations, with a direct impact on
the local economy. If the assurance of water supply are increased (i.e. although the annual
allocation is reduced, the assurance of water supply is increased), hydro-economic modelling
will be needed to assess the likely impact of this action on the long term financial viability of the

irrigation sector.

The NWRS-2 highlights the need for a more sophisticated approach through decentralisation
and stakeholder participation to optimise operational management of infrastructure to
address sometimes conflicting water requirements (DWA, 2012). The research reported in this
report contributes towards improved decision-making and operational management at both
catchment and water user association level, through the development of an integrated hydro-
economic modelling framework. The hydro-economic modelling framework allows water
managers to test various catchment-scale water management scenarios (e.g. the building of
new dams; the adjustment of dam operating rules for existing dams; the changing of EWRs; and
combinations of the afore-mentioned) on irrigators’ security of water supply and the resulting
impact on irrigation farming profitability and livelihoods. Key to the development of the
integrated framework was multi-stakeholder participation at catchment and water user

association levels.

The following key objectives guided the development of the integrated modelling framework:

1. To link the output of a hydrological systems model (ACRU linked with MIKE BASIN)
with the whole-farm economic model (the skeleton model) in order to evaluate the
impact of curtailment decisions on a number of farm case study participants in the

Crocodile Catchment.

2. To interact with the stakeholders and water resource managers (i.e. the CMA and
DWA) in the Crocodile Catchment (in the form of workshops), in order to (i) ensure that
the research team tests curtailment decisions in an appropriate manner and (ii) to share

the findings of the research with the stakeholders.

3. To further test and refine the MIKE BASIN irrigation module (to ensure that the
simulation of crop yields and return flows is reasonable in the participant farm case

study areas).

4. To further develop the whole-farm skeleton model in order to accommodate assurance

of water supply.
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Research area

The research was conducted in the Crocodile East sub-area, which falls within the Inkomati
Water Management Area (WMA) in the north-eastern part of South Africa. All the rivers in the
catchment flow through Mozambique to the ocean and there exists an international flow
obligation. The Kwena Dam, which is situated in the Upper Crocodile Catchment, is the only
major storage dam in the catchment. The study area falls entirely within the Mpumalanga
province and includes the capital city of Nelspruit and regional centres White River, Barberton
and Ka-Nyamazane. Smaller urban centres include Dullstroom, Waterval Boven, Machadodorp,
Malelane, Matsulu and Hectorspruit. There are no large mines in this catchment presently and
the only major industries are Sappi, with a wood mill in the Elands catchment; and the TSB
sugar mill in the Lower Crocodile. The southern portion of the Kruger National Park is located on
the northern bank of the Lower Crocodile River in the east of the catchment. Annual rainfall
varies significantly over the catchment area: from 400 mm in the lower lying areas (i.e. close to

the border with Mozambique) to close to 1500 mm in the mountains.

The farm case study selected for the research was one of TSB’s farms, which is situated in the
lower Crocodile River. The farm has diverse soil types with sugarcane irrigated with drip,

sprinkler and centre pivot irrigation systems.

Methodology

The project team consisted of researchers from different disciplines: such as agricultural
economics, agricultural engineering, hydrology and computer programming. Furthermore, the
importance of stakeholder involvement in developing the hydro-economic (HE) decision-making
framework was acknowledged from the onset of the project. Before any progress was possible,
it was important to harmonise the interpretations of terms used by different disciplines and to
make sure that the stakeholders understood these terms. Several workshops were organised to
ensure a common understanding of the main objectives of the project and the proposed

methodology that was employed to achieve the objectives.

The outputs from three different computer-based models were loosely integrated to develop the
HE framework. Firstly, the catchment rainfall-runoff of the various Crocodile River Catchment
tributaries and main river stem was modelled with the ACRU process-based hydrological model.
Secondly, the hydrological information was integrated into a catchment-scale water allocation
model (MIKE BASIN) to reconcile water supply (dams and rivers) and demand (domestic,
industrial, irrigation, environment and international) according to the water apportionment rules
that exist in the catchment, including a consideration of water related infrastructure and

associated operating rules.
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A drawback of the MIKE BASIN Irrigation Model in its current form is that it is not possible for
the model to restrict total irrigation water use of an abstraction node to be equal or less than the
annual water allocation. In other words, the irrigation demands are calculated dynamically in
the model and are a function of the crop area, crop type and weather conditions. Although the
MIKE BASIN model is able to accommodate water restriction rules based on dam levels, it was
necessary to ensure that that an irrigator did not exceed his/her annual water allocation. The
research team managed to address this short-coming via an iterative process, whereby an
economic optimisation model (which is able to constrain water use to the annual maximum
allowed) was loosely coupled with MIKE BASIN to model the impact of various catchment-scale
water management scenarios on the profitability and livelihoods of four alternative case study

farms.

After the first round of discussions with stakeholders, it was decided to replace the ACRU
hydrological simulations with the Inkomati Water Availability Assessment Study (IWAAS)
dataset. The IWAAS dataset is currently used for decision-making in the catchment and
changing to the dataset would help to ensure a common ground for enhanced discussions.
Meetings with water resource managers and water users took place to help identify meaningful
catchment scale scenarios. The water intervention scenarios identified by the stakeholders

included:

- The building of new dams (Montrose &/or Mountain View Dam)
- Changes to the EWR

- Changes to the International Flow Requirement

- Combinations of the items above.

Once the scenarios were identified, the research team used the integrated HE decision-making
framework to simulate the impact of each scenario on the farm case study, with the
optimisation model determining the most optimal response option for the farm case study, from
a profitability and livelihood perspective. A farm was deemed financially feasible if the return on
equity was greater than the return on assets, which indicated profitable employment of foreign
capital. On the other hand, a livelihood was provided if the farm was able to generate sufficient
cash flows to cover living expenses. The results were discussed and validated with the

stakeholders, and adjustments were made to model input parameters where required.

Results and conclusions

The application of the HE modelling framework demonstrated the ability of the framework to
appropriately assess the impact that changes in catchment water management scenarios would
have on the financial feasibility of irrigation farming. The following represents a summary of the

results — and the conclusions reached:
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Results for the baseline (i.e. the baseline simulation including the existing Kwena Dam
and the international flow requirement of 0.9 m*/s, but with no EWR) showed that the
irrigated farms do not have secure reliability of water supply. On average, the farms will
not be able to achieve their potential production levels 40% of the time. Achieving a
positive financial leverage (Return on equity >Return on assets) for the larger farms
(150 ha), was closely linked to the ability to produce according to potential. The small
farm, with relatively higher water application efficiencies, was barely financially feasible,
while the other farm, with lower efficiencies, was not financially feasible. All the farms
may provide a livelihood more than 70% of the time. The conclusion is that irrigated
farming in the area is risky, which emphasises the importance of conducting risk
analyses to determine the potential impact of catchment scale water management
scenarios on irrigation farming profitability and their livelihoods. Furthermore, small

farms will be under severe pressure to handle any water curtailments.

Increasing the international flow requirement to 1.2 m®/s has a negative impact on both
the profitability and livelihoods (potential to generate cash surpluses) of the irrigated
farms. Results showed that the potential to achieve a positive financial leverage was
affected most, while the probability of a negative return was only slightly increased. The
potential to provide a livelihood was affected only marginally. The conclusion is that the

irrigation farming may still be viable if the international flow requirement is increased.

Implementing the Class C EWR was significantly detrimental to the profitability of all
farms and none of the farming scenarios were financially feasible, or could provide a
livelihood to irrigators. As an alternative to the Class C EWR, operating rules were
developed to implement the EWR based on the present flow regime. Results showed
that the impact on irrigation farming will be minimal when compared to the scenario with
an international flow requirement of 1.2 m®%s. The conclusion is that implementing the
Class C EWR should be seriously reconsidered, since it would have a devastating
impact on irrigation farming in the area. Alternatives, such as implementing the EWR
based on the present flow regime, should be further investigated.

Several scenarios, which included the development of new dams in the catchment,
were investigated to determine whether it will be possible to allocate water to the
environment while stabilising the flow in the catchment. Results showed that neither of
the dam scenarios (Mountain View Dam and/or Montrose Dam) would improve the
financial feasibility of irrigation farming enough to justify implementing the Class C
EWR. However, building both dams would improve the ability to provide a livelihood.
The conclusion is that implementing the Class C EWR is infeasible, even when building
dams is considered. When considering the implementation of the EWR based on the
present flow regime, the dam scenarios showed interesting results. Generally, the

results showed that building Montrose Dam would increase the ability of the irrigated
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farms to achieve a positive financial leverage with only slight improvements in the
livelihoods of farmers. Contrary to these results, building the Mountain View Dam would
not improve the chance of achieving a positive financial leverage as much, but would
increase the chance of generating cash flows to provide a livelihood significantly. The
conclusion is that building dams will definitely improve the financial situation of farmers
in the catchment if the EWR is implemented using the present flow regime. Cognisance
should be taken of the fact that the cost of building the dams was not considered in the

analysis.

e The impact of water curtailments was evaluated — also considering an international flow
requirement of 1.2 m*/s. Results showed the financial feasibility of irrigation farming will
come under severe pressure, even with a curtailment of 10%. However, the livelihoods
of the farmers will not be jeopardised. A water curtailment of 20% is detrimental to
irrigation farming profitability and irrigation farming will be unable to provide a livelihood
to farmers. The conclusion is that, of all the water management scenarios, the impact of
water curtailments is the most profound and that the magnitude of water curtailments

needs careful consideration before it is implemented.

Overall, the results showed that small farms will come under severe pressure to provide a
livelihood to farmers and to be financially feasible. Farms with higher application efficiencies will
also be in a better position to handle any changes in their water allocation or decreased security

of supply.

Achievement of objectives and value of the decision-making framework

A major modelling achievement is the linkage of MIKE BASIN with the economic optimisation
model to quantify possible impacts of changes in catchment water management scenarios on
irrigation farming profitability and livelihoods (Objective 1). Through the development of the
integrated HE decision-making framework, the research showed that it is possible to replicate
the decision-making framework used by DWA to manage water in the Crocodile East
catchment. The developed framework proved to be flexible and the researchers were able to
incorporate operating rules that were practised in the catchment, but which are not currently
included in the DWA decision-making framework. Accommodating these operating rules
increased the creditability of the results, which enhanced participation and discussions about
alternative water management scenarios. Strong participation of stakeholders (Objective 2)
definitely resulted in an improved modelling framework and better understanding of the issues

surrounding catchment water management and the implications thereof for water users.

The integrated modelling framework hinges strongly on the outputs from the irrigation module to
optimise agricultural water use. Objective 3 was achieved through the development of an
FAO 56 based irrigation model that is integrated with MIKE BASIN. This model runs on a daily
time-step. The irrigation model was used to provide the inputs for the optimisation model to
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optimise water use. Objective 4 was achieved through the development of state-contingent
response functions that are able to more accurately model the impact of different levels of
assurance of water supply. Important to note is that the state-contingent approach increased the
dimensionality of the programming model to such an extent that it was collapsed into a single
annual time period. Thus, the modelling framework does not allow for dynamic changes in

irrigators’ response to changes in catchment management over the long-run.

Overall, the objectives of the research were achieved to a satisfactory extent given the
assumptions that were made. However, the knowledge that was gained through the
development of the integrated decision support system paves the way for more sophisticated
developments to model the impact of changes in water management on irrigation farming

profitability in the long-run.

Recommendations for future research

e The research was successful in determining the impact of changes in water management
intervention scenarios, which are aimed at addressing the over-allocation, on different
irrigation farms within a specific location of the catchment. The implication is that changes in
all irrigators’ reactions to changes in water management are not incorporated into the
modelling framework. More research is necessary to extend the research to catchment

level.

Specific issues that need further consideration in future research projects are the following:

o Currently the HE frame allows for the modelling of one irrigation node to represent
the case study farms. The modelling framework should be extended to represent all
the irrigation areas in the catchment.

o Modelling the impact of return flows on water availability of users. The current setup
of the catchment scale hydrological model is not sensitive to return flows of
irrigators, which will change in response to the manner in which these irrigators
adapt to the various water management intervention scenarios. The existing
hydrological model needs to be improved to better represent the manner in which all
irrigators may adapt to the water intervention scenarios and consequent impact on
return flows, which may have a significant impact on the flows available to
downstream users.

o Improving economic modelling procedures and hydrological model integration to
model dynamic responses by irrigators to changes in water management rules in the
long-run.

o Developing economic decision rules that will enable the MBIM to allocate water
economically between different irrigation fields. In this regard, the application of

genetic algorithms should be further investigated.
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e The economic modelling could be enhanced in various ways. The following provide
directions for further developments and applications:

o The application of the state contingent framework to modelling irrigators’ responses
to changes in water availability should be further researched to model long-term
responses.

o Procedures should be developed to reduce the dimensionality of states of nature
that are used to represent the security of water supply over the long-run, within a
state contingent framework.

o Sources of risk other than the impact of insecure water availability on crop yield
should be considered.

e The current operational rules should be optimised and other institutional arrangements such
as water markets and capacity sharing should be investigated. Specifically, a water
accounting and auditing framework needs to be developed to give effect to water markets

and capacity sharing — and to help enforce compliance.
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1.1

CHAPTER 1:
INTRODUCTION

BACKGROUND, MOTIVATION AND OBJECTIVES

Globally, South Africa is classified as a water scarce country due to below world average rainfall
and comparatively high evaporation with significant spatial variability. Despite South Africa’s
classification as being water scarce, the potential water supply of the country is enough to
satisfy demand (DWA, 2012). The problem is that the National Water Act (Act No. 36 of 1998)
stipulates that water must be allocated to sustain Ecological Water Requirements (EWRs),
which, together with Basic Human Needs (BHNs), are referred to as the “Reserve”. After
considering EWRs, the catchment water balances published in the First Edition of the National
Water Resources Strategy (NWRS-1), published in 2004, show that half of the Water
Management Areas (WMAs) are over-allocated. The water balances give consideration to wet
and dry cycles and consider the assurance of water supply required by various water users. A
water balance showing over-allocation indicates that, during dry years, or sequences of dry
years, water users will not get the assurance of water supply that they require. Water managers
will try to address the over-allocation so as to ensure the required assurance of water supplies
to water users is met, as these levels of water reliability are often required for the water users to
be sustainable.

The over-allocation problem is not easily solved because it is often not economically feasible to
transfer water from surplus areas to deficit areas (DWAF, 2004). Therefore localised water
scarcities exist in many catchments and, thus, the traditional water management model that
purely relies on an engineering (i.e. supply-side) approach through infrastructure development

to reconcile imbalances, fails.

The Second Edition of the National Water resources Strategy (NWRS-2) emphasises the need
for “smart water management” (DWA, 2012:50) to complement the engineering and
technological based approaches to water management. ‘Smart water management’ entails,
amongst other things, the inclusion of business principles and sustainability into water
management — with strong stakeholder involvement in the planning and managing of water

resources.

An important stakeholder in the water sector is irrigated agriculture, which accounts for 62% of
all water use in the country. Its water use is, in some cases, characterised by high inefficiencies
(DWAF, 2004). In many instances, irrigated agriculture is seen as a source of irrigation water.

As a result, irrigated agriculture will play an important role in reconciling water imbalances.
1
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Currently, the Mhlathuze catchment is undergoing Compulsory Licensing (CL) to reconcile the
over-allocated nature of the catchment. Based on information contained in the NWRS-1, the
Mhlathuze catchment is 28% over-allocated (DWAF, 2004:D6.4). However, to reconcile the
imbalance, the proposal that has recently been gazetted for approval is to curtail irrigators’
water rights by 40% (RSA, 2012). The gazetted information relating to the curtailment does not
make any mention of the assurance of water supply and associated water restriction rules.
Assuming the restriction rules remain as before, the extent of the curtailment may have a
devastating impact on the financial feasibility of the farming operations — with a direct impact on

the local economy.

The NWRS-2 highlights the need for a more sophisticated approach, through decentralisation
and stakeholder participation, to optimise the operational management of infrastructure to
address sometimes conflicting water requirements (DWA, 2012). The research reported in this
document has the potential to contribute towards improved decision-making and operational
management at both catchment and Water User Association (WUA) levels through the
development of an integrated Hydro-Economic (HE) modelling framework. The HE modelling
framework allows water managers to test various catchment-scale water management
intervention scenarios, which could help address the effects of over-allocation (e.g. the building
of new dams; the adjustment of dam operating rules for existing dams,; the changing of EWRs;
and combinations of the afore-mentioned) on irrigators’ security of water supply and the
resulting impact on irrigation farming profitability and livelihoods. Key to the development of the
integrated framework was multi stakeholder participation at catchment and WUA levels. The
close stakeholder interaction included combined discussions with water planners and operators
at the ICMA, as well as with irrigators. Having this combination of people present in the

discussions helped to ensure that:

1. The HE model could appropriately capture both the catchment-scale hydrological
modelling functionality, as well as the farm-scale financial modelling functionality.
2. The catchment-scale hydrological data used in the models, as well as the farm-scale

financial data used in the models, was appropriate.

The following key objectives guided the development of the integrated modelling framework:

1. To link the output of a hydrological systems model (ACRU linked with MIKE BASIN)
with the whole-farm economic model (the skeleton model) in order to evaluate the
financial impact of curtailment decisions on a number of farm case study participants in

the Crocodile Catchment.

2. To interact with the stakeholders and water resource managers (i.e. the CMA and

DWA) in the Crocodile Catchment (in the form of workshops), in order to (i) ensure that
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the research team tests curtailment decisions in an appropriate manner, and (ii) to

share the findings of the research with the stakeholders.

3. To further test and refine the MIKE BASIN irrigation module (to ensure that the
simulation of crop yields and return flows is reasonable on the participant farm case

study areas).

4. To further develop the skeleton model in order to accommodate assurance of water

supply.

RESEARCH AREA

The Crocodile Catchment (East) study area falls within the Inkomati WMA and covers the entire
X2 tertiary catchment. The total catchment area of the Crocodile East River catchment is 10 446
km2. The upper Crocodile (X21) tertiary catchment (at 3090 km?) is divided into 3 catchment
areas: the Crocodile upstream of Kwena Dam, the Crocodile downstream of Kwena Dam and
the Elands (1573 km?) catchment. The middle Crocodile (X22) tertiary catchment (at 2366 km?)
and has 2 major tributaries: the Nels River and the White River catchments. The Kaap (X23)
tertiary catchment (at 1640 km?) is the largest tributary and has 3 headwater catchments: the
Noordkaap, Suidkaap and Queens Rivers. The lower Crocodile (X24) tertiary catchment (at
3349 km?) is the largest, but least significant — hydrologically, of the four tertiary catchments that
make up the Crocodile Catchment. Kwena Dam, situated in the Upper Crocodile, is the only

major dam in this catchment. The description of the catchment is shown in Figure 1.1
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Figure 1. 1: Description of the Crocodile Catchment (East).

The study area falls entirely within the Mpumalanga province and includes the capital city of
Nelspruit and regional centres White River, Barberton and Ka-Nyamazane. Smaller urban
centres include Dullstroom, Waterval Boven, Machadodorp, Malelane, Matsulu and
Hectorspruit. There are no large mines in this catchment and the only major industries are
Sappi, with a wood mill in the Elands catchment; and the TSB sugar mill in the Lower Crocodile.
The southern portion of the Kruger National Park is located on the northern bank of the Lower

Crocodile River in the east of the catchment.

Topographically, the Crocodile River Catchment is very diverse, but can be divided into three
areas: the western upper plateau (highveld) area, consisting of rolling grasslands, with
moderate rainfall; the middle mountainous, or escarpment, area (middleveld), with higher
rainfall; and the eastern bushveld sub-tropical region (lowveld), with lower rainfall. Elevations in

the highveld and middleveld areas can range above 2000 m.

The Crocodile River Catchment lies within the summer rainfall region. The climatic conditions in
the Catchment can generally be classified with the topography. The Highveld region has a
cooler, dryer climate with a mean annual rainfall (MAP) of about 730 mm. The escarpment
region that includes high altitude mountains and variable topography has a range of climatic

conditions. The MAP ranges from 800 to 1270 mm, but can be as high as 1600 mm in the
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mountainous area. The Lowveld experiences a warm-to-hot and humid climate, with MAP in the

range of 550 to 850 mm.

The farm called “Mhlati” was chosen as a case study to represent the irrigation water demand at
farm scale. Mhlati farm is located near the main Crocodile River. The farm water supply is from
naturally occurring flows in the Crocodile River whenever there is water; otherwise water is
requested from Kwena Dam. Different irrigation systems/technologies are implemented in
different fields of the farm as shown in Figure 1.2. Various soil types, with differing field-holding
capacities occur, in the various farm fields. Sugarcane is the crop that is planted in the farm and

it feeds the Malelane Sugar mill.
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Figure 1. 2: Description of the Mhlati Irrigated Sugarcane Farm.

REPORT LAYOUT

Chapter 2 provides a literature review of integrated HE modelling. The modelling procedures
that were adopted and further developed to model the impact of alternative catchment scale
water management scenarios on the profitability of four alternative irrigation farming scenarios,
are discussed in Chapter 3. This chapter also provides a description of the data used and the
configuration of the different models that were used in the research. The results from the
hydrological and farm-scale economic analyses are given in Chapter 4. The conclusions and

recommendations for further research are discussed in Chapter 5.
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CHAPTER 2:
LITERATURE REVIEW:
INTEGRATED HYDRO — ECONOMIC MODELLING

The chapter is structured into two parts. The first part gives a short review of modelling
approaches used for hydro-economic modelling. The second part considers research efforts

pertaining to water use optimisation in South Africa and internationally.

INTRODUCTION TO HYDRO-ECONOMIC MODELLING

To achieve the overall objective of the project an integrated hydro-economic modelling
approach is necessary to meaningfully assess the impact that a curtailment of existing lawful
water use may have on the economic and financial feasibility of an irrigator. Different levels of
hydro-economic integration are possible. McKinney et al. (1999) reviewed alternative modelling
approaches to combine hydrology and economics at the catchment level. Basically two broad
types of integration approaches between hydrological and economic models were identified in

the review. The two broad approaches are (i) holistic and (ii) compartment modelling.

A holistic modelling approach refers to a unified model where the economic and hydrologic
model components are integrated in a unitary body of code (Bharati et al., 2008). Many
researchers (e.g. Cai, 2008; Puilido-Velazquez et al., 2008) have chosen GAMS (Brooke et al.,
1998) as their preferred software to develop their unified models which is solved via external
linkages to optimisation solvers. Due to the unification of the hydrological and economic
components the hydrological components are usually simplified not to overburden the solvers
that are used to solve the unified models (Bharati et al., 2008). Cai (2008) argues that an
advantage of the unified approach is that the inter-relationships between hydrologic and
economic systems are modelled endogenously which allows for more effective combined

environmental-economic analysis.

An advantage of the compartment modelling approach is that it couples detailed hydrological
and economic modelling systems together through data transfer activities to study the hydro-
economics of complex problems. McKinney et al. (1999) argue that the compartment modelling
approach is likely to be more realistic and hence suitable for application. However, more
research is necessary to realistically integrate hydrological and economic modelling systems in
a dynamic interactive manner. Specifically research efforts should emphasise better

characterisation of the interrelationships between models that govern their behaviour. Figure 2.1
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provides an example of a dynamically linked hydrologic economic modelling system which is

based on compartment modelling.

A detailed simulation of the hydrological system is done first to quantify the water availability in
the river system while taking cognisance of the operation of the system. The simulated water
yield is routed through a water allocation model to define the water availability for which water
use is optimised. The outputs from the water use optimisation model are used as inputs in the
hydrological simulation model to determine whether the optimisation model output is
hydrologically feasible. If the optimised water use is hydrologically feasible, policy
recommendations are made, however, when it is infeasible a correction is made via the water
allocation model whereby water availability is reduced. The process repeats itself until the
optimised water use is hydrologically feasible or the “red line” hydrological constraint is met. An
example of a “red line” constraint is an instream flow requirement that must be met. In essence
such an approach can be used to optimise the water allocation of the whole catchment through
the backwards and forward linkages that consists when the framework is applied to a catchment

with multiple agricultural water demand nodes (crop water use optimisation model).

Is
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—— Hydrological |, optimal solution ™\ _Yes | Policy
| model feasible? recommendations
[
|
[
|
I 1
| .
: A 4 No |
| . |
: Water allocation model [¢-----------
|
[
|
[
: v
:____ Economic optimisation
model
Figure2. 1: Sequential optimization and simulation model application to derive

feasible and optimal policy alternatives (Adapted from McKinney et al.,
1999:23)

Important to note is that the whole idea with dynamic compartment modelling is that the
hydrological models are detailed models used to evaluate the hydrology, whereas the economic
models are detailed economic models that are used to answer the questions regarding financial
feasibility hand. However, only through the combined application of the hydrological and
economic models is one able to answer hydro-economic questions relating to the interaction

between hydrology and economics. Applications of such a dynamic interactive coupling of

7



2.2

2.2.1

2.2.2

Literature review on hydro-economic modelling

hydrological and economic models include the work done by Ahrends et al. (2008) and Bharati
et al. (2008) in the Volta basin.

KEY ISSUES IN HYDRO-ECONOMIC MODELLING

Several hydro-economic modelling issues were identified from the literature and are discussed

in some detail below.

SPATIAL SCALES

Hydrological models use a nodal network setup to link different scales in a top-down structure
from the river catchment to the crop land (Cai, 2008). By implication hydrological models are
associated with larger decision-making units and the management of larger scales. On the other
hand agricultural water use decisions are associated with the management of available water at
the farm-level or Water User Association (WUA) level and therefore smaller spatial scales.
However, it should be noted that the decisions made by decision-makers at the small spatial
scales (farms) may have significant impacts on the overall hydrology of the system via the
externalities that they cause. Therefore it is important to satisfactory represent smaller decision-

making units in the overall framework that is used.

Holistic (unified) modelling approaches have an overall objective of improving the economic
benefits for the whole catchment. Thus, holistic models are typically also associated with larger
spatial scales and therefore with larger decision-making units. Less attention is given to
providing decision-support at smaller scales. Compartment modelling is more suited for
providing decision support at smaller spatial scales while at the same time adhering to the
hydrological realities of the river catchment. Depending on the exact dynamic linkages it is
possible to link optimisation models at WUA or farm-level to hydrological models via the

compartment modelling framework to assist decision-support at the smaller spatial scales.

MATCHING TEMPORAL SCALES OF HYDROLOGIC AND ECONOMIC MODELS

Hydrologic models simulate hydrological flows on fine time-steps such as days. Whereas
economic models uses monthly, seasonal or annual time steps. A small time-step for hydrologic
models is justified by the fact that small time-steps are necessary to reflect the real world
processes and to compute the transition change of the physical system (Cai, 2008). Modelling
the hydrology correctly is of utmost importance since it will provide the boundary conditions
within which decision-makers will make their economic decision. Economic models use larger
time-steps as a result of the time intervals associated with their decision that may impact on
their profitability. Care should thus, be taken when integrating hydrologic and economic models

due to the different time scales.
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INSTITUTIONAL REPRESENTATION

The institutional setting provides the rules for using and developing a water resource within a
basin. The challenge for integrating hydrologic economic models at the catchment level is to
deal with institutions of stakeholders at multiple levels from national to catchment management
agencies and to water user associations (Cai, 2008). Examples of the institutional rules that
need to be adhered to are water allocation mechanisms, water rights, water trade, instream flow

requirements, international obligations, etc.

Currently uncertainty exists within the national authorities on how to define water curtailments.
Uncertainty also exists on how to formulate operational rules that will determine the amount,

timing and the resulting security of supply of the water use entitiement.

SIMULATION vS. OPTIMISATION

Simulation models are pre-eminently suitable for assessing the performance of water resource
systems over the long-run under predefined rules governing water allocations and infrastructure
operations (McKinney et al., 1999, Pulido-Velasquez et al., 2008). Typically these models are
used to assess the impact of alternative management rules on the performance of the

hydrological system through detailed simulations.

A distinct advantage of optimisation models over simulation models is their ability to incorporate
social value systems in the allocation of water resources (McKinney et al., 1999) thorough a
multi-objective framework of analysis. Optimisation models are well suited to predict the
response of water users based on a defined objective function. Thus, optimisation can be used
to identify or suggest possible actions that should be explored in an operational sense to

improve the management of the overall hydrological system.

CONCLUSION

Both the holistic (unified) and compartment modelling approaches have merit for application to
water resource management problems. Cognisance should be taken of the specific problem at
hand when deciding upon a specific modelling framework. Specifically this research project is
concerned with assessing the potential financial impact that curtailment of existing lawful water
use may have on the irrigation case study participants. A detailed spatial representation of the
catchment hydrology is necessary to capture the impact of alternative operating rules in the
catchment. At farm-level a detailed analysis of agricultural water use optimisation is necessary

to evaluate irrigation farming profitability in light of changing catchment operating rules and
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water curtailments. Thus an integrated compartment modelling approach is proposed in this

research.

In the following section farm-level agricultural water use optimisation is reviewed,

AGRICULTURAL WATER USE OPTIMISATION

Numerous research studies have been done in the area of water use optimisation and the
review in this section is by no means exhaustive. Rather, the review concentrates on selected
studies which influenced the methodology used in this research to optimise water use taking
deficit irrigation into account. The review of the South African literature is, however, thoroughly

done.

English et al. (2002) argue that modelling deficit irrigation realistically is critical in efforts to
optimise agricultural water use. Some of the issues in agricultural water use optimisation that
need to be considered are the following: (i) non-linear relationship between applied water and
crop yield, (ii) interdependencies between water use in different crop growth stages and (iii)

production risk.

NON-LINEAR RELATIONSHIP BETWEEN APPLIED WATER AND CROP YIELD

Modelling the non-linear relationship between applied water and crop yield is very important
since the non-linear relationship gives rise to declining marginal productivity of applied water,
which is a necessary condition to maximise profits. The existence of a non-linear relationship
between applied water and crop yield and a linear relationship between ET and crop yield are
discussed at the beginning of this chapter. Therefore, the specific objective of this section is to
evaluate alternative procedures to quantify the relationship between applied water and crop

yield and to evaluate how researchers have incorporated the relationship in their analyses.

International research

Recent international research has emphasised the importance of non-uniform water applications
on crop yields. Two alternatives exist to model the non-linear relationship as a result of non-
uniform water applications. The first approach simulates spatial variability in soil depths, water
holding capacities, infiltration characteristics, and distribution of applied water by dividing
irrigated fields into sectors and using Monte Carlo simulation to assign variable values randomly
to each sector (Hamilton et al., 1999). As a result some portion of the irrigated field will be over-
irrigated and some portion under-irrigated, which gives rise to a non-linear relationship between
applied water and crop yield. Hamilton et al. (1999) used the stochastic simulation approach
with CropSyst (Cropping Systems Simulation model) to estimate crop water production
10
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functions for different crops under various irrigation technologies. These crop water production
functions were then utilised in a mathematical programming model to evaluate water

reallocation possibilities in the Snake River.

The second approach assumes a statistical distribution for the non-uniform applications to
calculate the average area that is respectively under-irrigated and over-irrigated. The second
approach is used extensively in recent agricultural water use optimisation literature to
characterise the relationship between applied water and crop yield (Mantovani et al., 1995; De
Juan et al., 1996; Reca, Roldan, Alcaide, Lopez and Camacho, 2001; Ortega, de Juan, Tarjuelo
and Lépez, 2004; Sepaskhah and Ghahraman, 2004; Ortega, de Juan and Tarjuelo, 2005). The
overall procedure is based on the integration of an estimate of the average water deficit due to
non-uniform applications and a relative ET formula to calculate crop yield. Relative ET formulae
calculate crop yield by relating relative yield percentage (Y,/Y,) to relative evapotranspiration
percentage (ET,/ET,,) by means of a crop yield response factor which indicates the sensitivity of
the crop to water deficits (Doorenbas and Kassam, 1979). Most of the researchers that have
adopted the procedure use the Stewart multiplicative relative ET formula to calculate crop yield
because it takes into account the impact of water deficits in different crop growth stages on crop
yield. The most frequently used distributional assumptions for water applications are the normal
and uniform distributions. Information regarding the non-linear relationship between applied
water due to non-uniform water applications is then used in some kind of an optimisation

procedure to optimise water use.

South African research

Various South African researchers optimised agricultural water use by means of linear
programming (LP) (Hancke and Groenewald, 1972; Van Rooyen, 1979; Brotherton and
Groenewald, 1982) or dynamic linear programming (DLP) (Backeberg, 1984a; Oosthuizen,
1995; Maré, 1995; Louw and Van Schalkwyk, 1997; Haile, et al, 2003). Typically, these
researchers use one point estimate on a crop water production function to represent the
relationship between applied water and crop yield. Although the crop yield estimates correspond
to actual crop vyields, the water use is typically derived for conditions of no water deficits. These
research efforts are not reviewed in this section since the main objective of this section is to
review the South African literature that considers the economics of allowing the crop to sustain

some level of water stress commonly referred to as deficit irrigation.

Viljoen, Symmington, Botha and Du Plessis (1993) used a crop growth simulation model to
simulate the impact of alternative deficit irrigation scheduling strategies on water use and crop
yield. The outputs of the model were used to estimate polynomial crop water production
functions to represent the non-linear relationship between applied water and crop yield. Point

estimates on these functions were then included in a DLP model to evaluate the impact of

11
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alternative canal capacities on agricultural water use in Vaalharts. By implication, these
researchers are implicitly assuming that water applications are distributed optimally over the
growing season. However, theory suggests that the assumption will be violated if intraseasonal

water allocations are limited by canal capacities when multiple crops compete for water.

Mottram et al. (1995) adopted a procedure that will correctly optimise water use between
multiple crops when intra-seasonal water allocations are limiting but assumed a linear
relationship between applied water and crop yield. The procedure relies on the inclusion of
different activities consisting of different combinations of 10 mm deficits in each of the growth
stages in their programming model. Crop yield was estimated for each combination using an
additive law of calculating crop yield as a function of ET deficits. Two critical assumptions were
made by these researchers. Firstly, they assumed that water use in any of the crop growth
stages is independent of the other. Thus, the influence of irrigation decisions early in the season
have no influence on decisions made later in the season. Secondly, they assumed that
reductions in ET are proportional to reductions in applied water. Thus, these researchers did not
account for the non-linear relationship between applied water and crop yield and therefore the
increasing water use efficiencies as the crop is deficit irrigated. Results from their analyses
indicated that deficit irrigation is not viable and that the areas planted should be reduced and
fully irrigated. These results may be the direct result of the inability of these researchers’

procedures to account for increasing irrigation efficiencies when the crop is deficit irrigated.

Grové and Oosthuizen (2002) optimised agricultural water use while quantifying economic
environmental tradeoffs of maintaining instream flow requirements. Rather than generating
discrete activities of alternative deficit irrigation schedules these researchers optimised a
continuous function that relates ET to crop yield. The Stewart multiplicative function has the
property of modelling more than proportional yield reductions if the crop is stressed in more than
one crop growth stage. Increasing water use efficiencies as the crop is deficit irrigated were
modelled using procedures developed by Willis (1993) whereby efficiencies are assumed to
increase linearly between maximum water application and a given maximum allowed deficit.
The results of the analyses indicated that it is profitable to practise deficit irrigation while
spreading available water over larger irrigation areas. Although these researchers were able to
model increasing irrigation efficiencies as the crop was deficit irrigated no link exists between
the water budgets in different crop growth stages. Furthermore, these researchers did not

account for any changes in yield variability as the crop is increasingly deficit irrigated.

The work done by Lecler (2004) is not specifically aimed at optimising water use but provides an
important simulation application that acknowledges the importance of the uniformity with which
irrigation technology applies water to the relationship between applied water and crop yield. The
water use efficiency of alternative irrigation schedules and irrigation technologies was evaluated

by simulating multiple water budgets with ZIMsched (Zimbabwe Irrigation Scheduling model) to

12
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incorporate the impact of non-uniform water applications of alternative irrigation technologies on
sugarcane yields. Recently Grové (2006a) used a simulation model that incorporates the impact
of non-uniform water applications on crop yield to generate activities for a linear programming

model to optimise water use.

Conclusions

At the international level researchers are increasingly focussing on modelling the non-linear
relationship between applied water and crop yield using the non-uniformity with which irrigation
systems apply water linked to the Stewart multiplicative relative ET formula. Modelling
procedures to simulate the impact of non-uniform applications on crop yields have only recently

being adopted by South African researchers.

The review of the South African research indicated that a large number of optimisation studies
have followed the old paradigm of allocating water to achieve maximum yield. The difference in
the results of the research by Mottram et al. (1995), which assumed constant irrigation
efficiencies, and the research by Grové and Oosthuizen (2002), who modelled increasing
efficiencies as the crop is deficit irrigated, emphasises the importance of modelling the non-
linear relationship between crop yield and applied water. The conclusion is that failure to model
the non-linear relationship between applied water and crop yield will result in an under

estimation of the potential benefits of deficit irrigation if it is profitable to deficit irrigate the crop.

INTERDEPENDENCY BETWEEN WATER USE IN DIFFERENT CROP GROWTH STAGES

Optimising agricultural water use is difficult because irrigation water differs from other
production inputs since it can be dynamically adjusted as the growing season progresses
(Peterson and Ding, 2005). A further complicating factor is that water deficits in different crop
growth stages will impact differently on final crop yield (Doorenbos and Kassam, 1979). In order
to model deficit irrigation satisfactorily the modelling procedure should be able to model the
interdependency of sequential irrigation decisions on crop yield. Modelling these
interdependencies is especially important in systems where multiple crops compete for limited

water supplies.

International research

Dynamic programming (DP) is frequently used by researchers to optimise water use within a
growing season. One of the problems with DP is that many simplifying assumptions are
necessary to cope with the problem of dimensionality (Schiutze, de Paly, Wohling and Schmitz,
2005). Typically, water use optimisation between multiple crops is achieved by a multi-tier

approach.

13
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Reca et al. (2001) used DP to derive optimal seasonal production functions. The relationship
between applied water and crop yield is based on normally distributed water applications and
the Stewart multiplicative relative ET formula to account for the impact of ET deficit in different
crop growth stages. DP is used to allocate a limited amount of irrigation water optimally over the
growing season. Repeating the optimisation for different levels of water availability yields the
necessary information to estimate a crop water production function based on optimally
distributed irrigation quantities over the growing season. The optimal crop water production
functions of different crops are used in a second optimisation model to optimise water use
between multiple crops. Since the production functions of the individual crops are non-linear
Reca et al. (2001) transformed it into a linear problem by approximating the benefit function to a
discrete function. Shangguan, Shao, Horton, Lei, Qin and Ma (2002) adopted a similar
procedure to optimise water use between multiple crops. In the first stage, DP is used to
distribute alternative limited amounts of water optimally over the growing season. Regression
analysis is used to estimate m-order polynomial crop water production functions. These
functions are used in a second DP optimisation model to optimise water use between competing
crops given a limited amount of water is available. A problem with using optimal production
functions to optimise water use between multiple crops is that the solutions may not be optimal

if intra-seasonal water allocations are limiting.

Ortega et al. (2004) developed a comprehensive water use optimisation model, which forms the
basis of the irrigation advisory service provided to farmers in Castilla-La Mancha (Ortega et al.,
2005). Rather than developing optimal production functions to generate the necessary
information for a second optimisation model, the model utilises a genetic algorithm (GA) to
optimise the whole system. Crop yields are estimated using the Stewart multiplicative relative
ET formula while the non-linear relationship between applied water and crop yield was modelled
assuming normally distributed water applications over the entire field. Historical weather data is
used to drive the system where ET is calculated using Penman-FAO and Penman-Monteith
procedures. The cropping pattern and corresponding irrigation schedule are optimised for each
year with the GA. The recommended strategy is chosen based on the lowest accumulative
measure of risk. The cumulative risk associated with a specific alternative corresponds to the
sum of deviations from a reference gross margin, determined for each year, as a consequence

of the application of this crop rotation throughout the climatic series (Ortega et al., 2004:67).

Bernardo, Whittlesey, Saxton and Bassett (1987) developed a procedure to approximate the
dynamic problem of optimising water use between multiple crops with LP. The approximation is
based on the inclusion of a large number of discrete activities representing alternative ways of
distributing water over the growing season. Information for the activities is simulated with a crop
growth simulation model. The methodology is appealing since it uses procedures that are easily

understandable by a large community and does not require highly specialised software or

14



2.3.2.2

2.3.2.3

Literature review on hydro-economic modelling

modelling expertise. The procedure has recently been applied by Scheierling, Young and
Cardon (2004) to determine the price responsiveness of demands for irrigation water deliveries

and consumptive use.
South African research

The most sophisticated example of crop water use optimisation is the work done by Botes,
Bosch and Oosthuizen (1996). These researchers linked a crop growth simulation model to an
optimisation procedure to optimise different irrigation scheduling strategies for maize under
dynamic plant growth conditions in order to estimate the value of information for irrigation
scheduling for different soils. Results indicated that the value of irrigation information is sensitive

to the plant extractable soil water of the soils and water availability.

As an alternative to the highly specialised applications of water use optimisation above
Grové (2006a) used a more robust procedure to optimise water between competing crops that
can be applied within a whole farm setup. The procedure is based on simulating the effect of
multiple irrigation quantity combinations on crop yield. Information on water applications in
different time periods and crop yields are then used in a mathematical programming model to

optimise water use (Bernardo et al., 1987).

Although not specifically aimed at deficit irrigation1 the research by Viljoen, Dudley, Gakpo and
Mahlaha (2004) needs mentioning because theirs is one of the few South Africa African studies
that employed LP and stochastic dynamic programming (SDPZ) to optimise water use. A rather
simple LP model in terms of water use optimisation was used to derive gross margin as a
function of the total amount of water allocated to the farm. The first derivatives of these
functions provide estimates of the MVP of water allocated to a specific farm under
consideration. These values were used in the SDP model to optimise the water allocation for
different capacity shares in the Vanderkloof dam. Linking the results of the LP with the SDP
model clearly demonstrates the inability of SDP approaches to handle more complex problems

due to the curse of dimensionality.
Conclusions
DP procedures are typically preferred to optimise crop water use within a growing season to

derive optimal crop water yield production functions. Simplifying assumptions are, however,

necessary to keep the model tractable because adding more detail quickly results in too large a

! These researchers pre-assumed irrigation requirements consistent with maximum yield.
2 Stochastic dynamic programming incorporates stochastic elements into a dynamic programming model.
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model. Incorporating information regarding optimal production functions in a second tier
optimisation model to allocate water optimally between competing crops will violate optimality
conditions if intra-seasonal water availability is limiting. Use of GA to optimise complex systems

seems to be a practical alternative to DP and should be further investigated.

South African research that focused on optimising the interdependency between water usage in
different crop growth stages is scant. Botes et al. (1996) treated the problem comprehensively.
However, application of the methodology requires computer-programming skills and is time
consuming to implement. Furthermore, application of such a methodology will be highly
complicated if water use needs to be optimised between competing uses where the decision-
makers have to decide upon areas planted and irrigation quantities. Grové (2006a) adopted the
procedures developed by Bernardo et al. (1987) to optimise water use with standard
mathematical programming procedures while adhering to the theory of water use optimisation.
The same procedure was recently applied by Scheierling et al. (2004). The simplicity of the
approach is appealing because incorporating the non-linear relationship between applied water
and crop yield, while taking cognisance of the impact of water deficits in different crop growth
stages, production risk and other farm level constraints, is straightforward. The conclusion is
that less complicated procedures that conform to economic theory may provide a framework for
optimising water use between multiple crops within a whole-farm setup while taking cognisance

of production risk.

PRODUCTION RISK

To evaluate deficit irrigation thoroughly production risk needs to be taken into account because
adjusting irrigation amounts during the growing season is viewed as the producer’s primary tool
for managing production risk (Peterson and Ding, 2005). English et al. (2002:272) furthermore
argue that when the opportunity cost of water is taken into account and it is optimal to reduce
water applications and at the same time increase the area irrigated, any losses that may incur
will be amplified by the increased area under irrigation. The need to take production risk into
account is accentuated by the fact that irrigation farmers in South Africa are found to be risk
averse (Botes, 1994; Meiring, 1993). The main objective of this section is to review the impact of

deficit irrigation on production risk.

International research

Reca et al. (2001) used optimal production functions derived from DP models to demonstrate
the impact of climate variability on income. Analyses were conducted for both winter and
summer crops. Results indicated that higher climatic variability causes the overall income
variability between crops to increase while increased levels of deficit irrigation cause increased

levels of income variability.
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Peterson and Ding (2005) developed a risk programming model to quantify the effect of
irrigation efficiency on water use in the High Plains of America taking account of the impact of
irrigation timing on production risk. Data simulated with a crop growth simulation model is used
to estimate a Just-Pope production function to determine the impact of irrigation timing on
expected crop yields and the variability thereof. Results indicated that irrigation water
applications are risk reducing in some crop growth stages and in others it is risk increasing.
These results were explained by differences in crop growth development resulting from different

irrigation scheduling practices during the season.

South African research

Botes (1990) evaluated the risk efficiency of alternative wheat irrigation strategies taking plant
extractable soil water-holding capacities of different soils into account. Only one deficit irrigation
strategy was simulated by allowing the crop to sustain 20% crop water stress before triggering
the next irrigation. Simulated crop yields for the deficit irrigation strategy showed increased
variability in crop yields over the other irrigation strategies. Stochastic dominance with respect to
a function (SDRF) (Meyer, 1977) was used to show that risk averse irrigators will not choose to
deficit irrigate their crop. Unfortunately, Botes (1990) did not include alternative levels of deficit

irrigation in his analysis.

Grové et al. (2006a) extended the research by Botes (1990) by including increasing levels of
deficit irrigation for wheat and maize in their risk efficiency analyses. A more robust alternative
to SDRF, called stochastic efficiency with respect to a function (SERF) (Hardaker, Richardson,
Lien and Schumann, 2004) was used to rank alternative water use strategies for decision-
makers with varying degrees of risk aversion. Results of the analyses indicated that gross
margins of both crops are more variable under deficit irrigation. In contrast with the findings of
Botes (1990) results also indicated that there might be some level of maize deficit irrigation that
will be preferred by risk averse irrigators under limited water supply conditions whereas full
irrigation is preferred for wheat. These results highlight the importance of weather on the risk
efficiency of deficit irrigation since maize is produced during periods of relatively higher

expected rainfall while wheat is produced during periods of lower expected rainfall conditions.

The research efforts discussed above used simulation procedures to determine the risk
efficiency of alternative deficit irrigation schedules. A shortcoming of simulation is that it shows
the impact of predefined alternatives which ignore the opportunity cost of water. Botes ef al.
(1996) enhanced their previous efforts (Botes, Bosch and Oosthuizen, 1995) to quantify the
value of irrigation information for risk averse decision-makers. However, these researchers did
not allow changes in the area planted while optimising limited water availabilities. Grové (2006a)

incorporated risk into his analysis to evaluate the potential of deficit irrigation to conserve
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irrigation water. Results indicated that it is profitable to use the water that is saved through

deficit irrigation to irrigate larger areas.

Conclusions

The international studies show some important aspects that need to be taken into account when
evaluating deficit irrigation. Firstly, deficit irrigation will decrease expected crop yield and most
likely increase yield variability as the crop is deficit irrigated. Secondly, the importance of using
appropriate crop growth simulation models to quantify the impact of deficit irrigation on crop
yield is highlighted by the fact that water applications might be risk reducing or risk increasing in

some crop growth stage.

The South African studies emphasise the importance of weather conditions on the profitability of
deficit irrigation. The conclusion is made that the potential to use rainfall more efficiently has a
significant impact on the adoption of deficit irrigation strategies by risk-averse decision makers.
Any information that will increase the potential to use rainfall more efficiently, such as improved
localised weather forecasts, will improve the adoption of deficit irrigation strategies. However,
use of deficit irrigation in areas where rainfall is minimal may cause risk averse farmers to adopt
full irrigation. The overall conclusion is that the risk aversion will impact significantly on the
adoption of deficit irrigation in different regions because the impact of deficit irrigation is highly

dependent on prevailing weather conditions.
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CHAPTER 3:
MODELLING PROCEDURES

CATCHMENT SCALE WATER RESOURCES MANAGEMENT
MODELLING APPROACHES

Currently, water resources in South Africa are proactively managed in order to supply water for
human needs as well as the needs of other water-use sectors (e.g. mining, domestic, industrial,
irrigation) and, where applicable, also international flow requirements. In certain catchments
EWRs are being managed, largely via controlled releases from dams. However, in many run-of-
river dominated catchments, water managers have yet to operationalise (give effect to) EWRs.
The draft NWRS-2 acknowledges this fact, and stresses the need for the EWRs to be upheld,
as they together with Basic Human Needs are the only “right” to water recognised by the
National Water Act of 1998 (Act 36 of 1998).

In a global context South Africa has a very high variability of rainfall and runoff. The result is
that, without dams (reservoirs), there are often times of more than enough (and sometimes too
much) water and times of too little water. Water resource managers have had to develop sound
water resource planning techniques to carefully work out how to cater for growing water demand
in the face of the high variability of rainfall and runoff. Water managers in South Africa have,
over the past 20-odd years, developed and refined the Water Resource Yield Model (WRYM)
and Water Resource Planning Model (WRPM) which are used by water resource planners to
help determine the water availability of catchments and how best to meet growing demands.
These planning models replicate water resources, water users and the water apportionment
rules that exist, which help govern assurance of water supply levels to various categories of
water users. The planning models can be used to assess current levels of water availability (for
current water use patterns, but can also be used to project into the future with consideration
being given to changes in water-use patterns and flows (which may change due to climate

change).

When undertaking water resource planning studies, two similar yet slightly differing approaches
are often adopted. In the first option, the water planners only make use of historical river flow
and weather information in their evaluation. This information is based on observed data, which
may be processed (naturalised) to account for water abstractions and discharges that took
place in the past. The second approach is to generate stochastic hydrological sequences (i.e.
synthetically generated hydrological sequences), which are based on the naturalised historical
sequence. The two approaches are explained in more details below. The second approach,

which makes use of multiple flow sequences (i.e. a combination of the historical naturalised flow
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sequence as well as numerous synthetically generated stochastic flow sequences), enables
water resource managers to undertake a more thorough probabilistic (risk-based) overview of

water availability. This is explained in more detail below.

Assessment of water resources using naturalised observed historical data

The assessment of water resources using historical flows is performed to gain an understanding
of the historical yield potential of a catchment with the current water resource infrastructure in
place (e.g. dams &/or inter-basin transfer infrastructure, desalination & water reuse plants, etc.).
Catchment historical firm yields are determined based on historically observed hydrological data
sets. A shortcoming of this approach is that the accuracy of the assessment is highly dependent
on the record length and the spatial coverage of the observed hydrological data. The
hydrological data required for historical assessment of catchment resources is streamflow,
rainfall, evaporation and historical water-use data. This data is mainly highly dispersed spatially
and, where there is a record, the length of the documented data is often short. A typical output,
which is a draft-yield curve, from the historical assessment of a catchment or water resource
unit is shown in Figure 3.1.
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Figure 3. 1: Historical Draft Yield Graph (Basson et al., 1994)
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The total mean annual runoff is a combination of base yield, secondary yield, non-firm yield and
the water lost due to evaporation and spillage from dams when they are over-full. A base yield is
an amount that can be supplied with 100 % reliability, while secondary and non-firm yield are
yields that could be supplied at lesser percentages of reliability. The historical firm yield is the
maximum yield that the catchment/ water resource unit can produce with 100 % reliability based

on historically observed data.

Assessment of water resources using historically observed and synthetically

generated data

The assumption made in historical catchment water resources assessments is that the future
hydrological annual or monthly series/sequence will be identical to the historical hydrological
sequence. However, it is highly unlikely that historical hydrological series will be repeated in
precisely the same sequence in the future. The sequencing of wet and dry cycles has an
impact on the yield of catchments. A probabilistic risk-assessment approach has been adopted
in South Africa, where the probabilistic approach uses stochastically generated (synthetically
generated) streamflow values — with all the possible hydrological sequences (i.e. historical and
stochastically-generated sequences) used as an input into the water allocation network models
to assess all possible risk scenarios. The stochastic approach generates different flow
sequences, but keeps statistical properties, such as the mean constant (i.e. the mean of the
historical time series). Changing the flow sequences, changes the sequencing of wet and dry
cycles. By using a number of separate flow sequences, water resource planners can plot out

probabilities of exceedence (or non-exceedence).

The stochastic streamflow values are generated on the assumption that the historical
annual/monthly streamflow series is stationary. The Stochastic Model of South Africa
(STOMSA) is the stochastic generator software that was used in this project to generate
stochastic streamflow values. STOMSA uses the Auto-Regressive Moving Average (ARMA)
method, which simulates new total annual values that preserve the co-variance structure with
the historical time series and is statistically similar to the original historical time series (Basson

et al., 1994). The software follows three steps when generating stochastic values —namely:

(i) Describes the characteristics of the marginal distribution of the annual flows,
(i) Presents a time distribution that best represents the serial correlation exhibited by
the normalise annual flows

(iii) Establishes cross-correlation between the normalised annual flows.

Besides from STOMSA, there are a number of other stochastic models that are used to

generate synthetic streamflow values in South Africa. One of these models is a stochastic
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model developed by Mallory. The stochastic model determines the probability of future short-
term flows based on the catchment’s antecedent conditions. The model is being applied in the

Crocodile Catchment (East) to determine the yield of the catchment.

The probable risk assessment approach to water resources allows water managers to manage
resources at an informed risk level. The probabilistic risk-assessment framework to catchment

water resource management is described in Figure 3.2.
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Long and short term planning

Figure 3. 2: Water resource modelling framework

Within the water resource modelling framework, a number of inputs are required for the network
water-allocation model. These inputs are system details and operating rules; water institutional
arrangements on how water shall be allocated; and evaporation and other water losses from the
system and stochastic streamflow data. Each of the input elements to the water-allocation
model is discussed below:

Institutional arrangements

A “water right” is defined as “the right to take and use water subject to terms and conditions of

the grant” (Burchi and D’Andrea, 2003). An institutional arrangement %is where water rights of

® Institutional arrangement is legal framework, tools and mechanism with which catchments are operated.
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different water sectors are defined and, in South Africa’s case, how water is allocated or
distributed based on some priority water right (National Water Act, 1998). Ecological Water
Requirements (EWR) and Basic Human Needs (BHN) are allocated first priority, where other
legitimate water claims are allocated on a sector priority basis. Domestic and industrial water
claims have higher priority than irrigation. The water allocation framework distributes water

according to the institutional arrangement of the country.

System details and operating rules

In the water-allocation modelling framework, the system details are configured to represent the
system ground truth. Catchments, reservoirs, rivers, channels and water users are configured
and a relationship or link is created where a link exists on the ground. Reservoirs, rivers and
channel operating rules are configured or detailed in the water-allocation modelling setup to

realistically represent the operation of the catchment in the modelling framework.

Stochastic streamflow

Stochastic streamflow values are generated using a stochastic streamflow generator (e.g.
STOMSA) from naturalised streamflow data/values. Naturalised streamflow refers to flows that
would have occurred without an anthropogenic effect. The naturalised flows are estimated by
subtracting the anthropogenic effect from the historical or simulated streamflow data. The
anthropogenic effect could be summarised as past human activities in the catchment (e.g. past

water use for economic and social benefits).

Traditionally, in South Africa, the anthropogenic effects are estimated using different models
(e.g. past irrigation water use is determined using the WQT model). However, another
approach to determine natural flows could be to use a suitable physical process based rainfall-
runoff. The naturalised flows are simulated by using historically observed rainfall and natural

past landuse (e.g. Acocks Landover).

Demand time series

Demand time series are monthly/daily time series that are legitimate claims of the water users.
In areas where the legitimate claim figure is available from a relevant authority (e.g. Irrigation
board), the water allocation figure is used. However, as the licensing process is still in progress,
the demand time series are estimated using different models (e.g. irrigation water demand is
determined using WQT model). International Trans-boundary flows are also included as

demand time series in the modelling framework.
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Evaporation and Seepage losses

Significant water is lost from reservoirs, rivers and channels through evaporation and seepage.
It is important to account for the water lost from the system in the modelling framework. The
losses are represented as time series in the modelling framework and, in arid and sub-arid

climate areas, evaporation losses have a big impact on catchment yield.

Framework outputs

The outputs from the probabilistic approaches are stochastic yield-target draft graphs and short

or long term yield curves, as shown in Figure 3.3 and Figure 3.4.

Rt i Some stochastic firm ;
g yields exceed target draft Stochastic
;é o0 b responses
2
=
4 o
= g0k Historic 5
firm yield
Tﬂ -
60
4
ore

50+ %Je

w -

0 r

20

m -

0 ] D 1 |

60 70 80 90 100

Draft (10¢m?/annum)

Figure 3. 3: Stochastic Draft-yield curve (Basson et al., 1994)
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Figure 3. 4: Probability of exceedence of a system/catchment (Findikakis et al., 2003)

MODEL DEVELOPMENTS FOR APPLYING THE CATCHMENT WATER RESOURCE
MODELLING FRAMEWORK

It was necessary to develop a catchment-scale modelling framework which could be used to
test various scenarios to deal with the over-allocation. Scenarios include options such as
building one or more dam/s, changing dam-operating rules, or imposing curtailments on water
users. As a probabilistic approach is used by Water Resource Planners in South Africa to
determine the extent to which catchments are over or under-allocated, and these planning
approaches are not formally included in MIKE BASIN, certain new routines were developed to
enable MIKE BASIN to perform the functionality required to successfully complete probabilistic

evaluations.

In-stream Ecological Water Requirement Implementation

The 1998 National Water Act has recognised the importance of “Reserving” an amount of water
to sustain ecological process (NWA, 1998). This is known as the Ecological Water
Requirement. The Riparian Rights system which preceded the 1998 NWA did not make specific
provision for EWRs. The inclusion of EWRs to the water balances of catchments throughout
South Africa has led to some of the catchments becoming over-allocated. The compulsory
licensing process is the process whereby water may be re-allocated from existing water users to
the environment and/or other users which should be granted water according to the letter of the

new National Water Act.

25



Integrated hydro-economic modelling procedures

Human activity in a catchment to utilise the resource for economic and social benefits affects
the balance of river ecology. Various water-related infrastructure to store water, or to divert
water from its natural course, are typical human interventions in a catchment and such activities
impact heavily on the ecological health of a river. In the Crocodile Catchment there is one major
dam( the Kwena Dam) and four sub-catchment supply dams, where their main purpose is to
supply water to water-users. According to the National Water Act (1998), the Ecological Water
Requirements (EWRs) and Basic Human Needs (BHNs) have a first priority call on water
resources, though the exact amount of water required for the EWR has been controversial. A
number of EWR sites have been identified in the Crocodile Catchment. In each of the EWR
sites, a Class of Instream EWR is recommended to maintain the ecology of the river. Where a
flow duration curve is developed for each ecological class — and this can be translated to a
demand time series for environmental use, where it can be input as demand time series as

shown in Figure 3.5.

A general modelling framework has been developed to implement the In-stream ecological
water requirement at these different EWR sites of the Crocodile catchment. A script (macro)
was written in the Vb.net platform to run a MIKE BASIN Crocodile setup and produce the flow
required at each of the sites, based on flow duration curve recommended for each sites. The
conceptual description of the framework is shown in schematic diagrams as shown in
Figure 3.5. The first step in implementing EWRs at the EWR sites, or minimum flow at an outlet,
is to simulate naturalised streamflow for the sub-catchments of the Crocodile Catchment.
Natural vegetation is used as the land-use to simulate naturalised flows. Use was made of the

ACRU process-based rainfall-runoff model.

In implementing the new Reserve, monthly flow duration curves of EWR sites are translated into
daily minimum flow requirements at each EWR site. A daily minimum flow requirement from
each sub-catchment is calculated proportional to the naturalised flow of each sub-catchment,
respectively. The daily minimum flow requirement from sub-catchments is translated into daily
minimum flow requirements at each water-user intake. Therefore, whenever the daily flow at
water-user intake is lower than the daily minimum flow EWR at that respective node, the MIKE
BASIN algorithm restricts water user/s on based on priority operating rules, with the EWR

receiving water before the water users.
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Figure 3. 5: Schematic diagram of the modelling framework developed to implement

the EWR

The relationship described in Figure 3.5, i.e. between the sub-catchment/s and the EWR sites,

refers to the contribution of the sub-catchment towards the EWR at the site. If the sub-

catchment is expected to contribute a share of the flow at the EWR site, then there is a

relationship and the contribution from the sub-catchment is calculated in the framework.
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Simplified Graphical user interface to enable the running of a probabilistic risk
based assessment in MIKE BASIN

The probabilistic risk-assessment approach to catchment water resources is performed using a
number of stochastically generated streamflow sequences as model inputs — which are then
processed to develop meaningful indicators that show the status and future risk levels of the
catchment for a particular scenario. The probabilistic approach is not currently an in-built feature
of the MIKE BASIN model. There was thus a need to add the probabilistic approach to MIKE
BASIN. In this project, a simplified Graphical user interface for MIKE BASIN, Water Resource
Assessment Scenario Manager (WRASM) as shown in Figure 3.6, was developed to perform
the probabilistic risk assessment for different scenarios and to view the processed/developed
outputs of the Scenarios. The simplified graphical user interface is built in the Vb.net Interface,
which allows users to access the Crocodile Catchment MIKE BASIN setup. Users can change
initial dam levels, amount and distribution of water requested by water user/s make historical or
stochastic simulation runs through the graphical interface. In the WRASM, there is a
functionality which allows users to see processed statistical outputs in an Excel framework, both

for the historical or stochastic simulations.

—
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e — .

File  Help

Scenario Name:  inKomati_MB
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Dam Level Data Loaded.

Figure 3. 6: Simplified graphical user interface for MIKE Basin
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INTEGRATED FARM SCALE MODELLING

A key focus of the research project was to determine the impact of changes in catchment
operating rules or the imposition of curtailments on irrigation farming profitability and livelihoods.
This objective was achieved through the application of an integrated hydro-economic modelling
framework that uses compartment modelling. The previous section described how MIKE BASIN
was used to quantify the impact of changes to the operating rules on water availability. The
main emphasis of this section is to explain the procedures that were used to translate these
changes in water availability to changes in irrigation farming profitability and the irrigators’

livelihoods through the application of the integrated hydro-economic modelling framework.

An overview of the integrated modelling framework is given next, followed by a more detailed
description of the specific models used to model the impact of changes in water availability on

irrigation farming profitability.

INTEGRATED HYDRO-ECcONOMIC MODELLING FRAMEWORK

The MIKE BASIN model is referred to as a node-and-channel network model. There are
different types of nodes, including nodes to represent catchments, nodes to dams and nodes to
represent water uses. The channels represent rivers, pipes, canals and other links between
water sources and water users. The MIKE BASIN model requires time-series of river flows,
details of dams (e.g. the height, volume area relationship of dams), and a time series of water
demands by water users. There are two options with which a time series of water demands can
be specified in MIKE BASIN. The first option can be referred to as a pre-determined time series
of water demands. The second includes a model which dynamically calculates demands
specifically for crops. The model considers the type of crop, the area of the crop, weather and
soil moisture conditions. This MIKE BASIN Irrigation Model (MBIM) is dynamic water demand
calculating model which can be described as a soil water balance model, which computes crop
water requirements under given climatic and field conditions/constraints. It is built as an optional
module in MIKE BASIN, where the MIKE BASIN catchment model handles the allocation of the
available water to different users according to the operating rules and local/global priority
institutional arrangement of the catchment. The MBIM computes the crop water requirement
and requests water accordingly and it computes the crop yield from field/s, although it doesn’t
translate the crop yields from the field/s into monetary value, or doesn’'t advise the optimal
approach for maximum profit under giving constraints. The economic water use optimisation
(WUO) model factors in all the constraints of the farm and prescribes irrigation schedules that

will maximise total farm gross margin.

The WUO model includes a simplistic farm-scale soil water budget. It assumes the water

demand calculated, or the water allocation of the farm is available at the time it is requested,
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considering pump capacity and other farm constraints. It has no knowledge of the dynamics of
the catchment water availability, whereas the MBIM simulates the catchment and farm
hydrological dynamics, but has little or no knowledge on the economics or financial aspect of
the farm. A farmer manages a farm as an entity with consideration of water availability, financial
capacities and hydrological dynamics of the farm. Therefore, a farmer requires catchment water
availability information, soil water budget knowledge of the farm and financial constraints and

opportunity to make informed and profitable decisions.

Kirda and Kanber (1999) believe that there is a shift in irrigation management practices. They
point out that the ever increasing competition for water, economic pressure and negative effect
of irrigation on the environment will motivate the economic efficiency, rather than crop water
demand. Hence, in order to help a farmer to make informed and profitable decisions based on
scientific findings, it is imperative to integrate the best of the two disciplines, namely hydrology
and economics. One of the main objectives of this project is to integrate the MBIM with the
WUO model to show the impact of different future scenarios on farmer finances. As explained
above, the MBIM is built to be accessible through the COM interface, while the WUO model is
built using the General Algebraic Modelling System (GAMS), which could be called using
command text in the COM interface. Therefore, a logical flow of information between the MIKE

BASIN irrigation model and GAMS WUO model was designed as shown in Figure 3.7.

The WUO model optimises financial opportunities by allocating water between different irrigation
fields, and takes into consideration the different irrigation technologies used on each field. There
are two ways of checking if the optimised response is hydrologically feasible; that is whether the
water demand required for the optimised response could be supplied from the catchment
hydrological system. The first option is to correct the changed parameters in the MBIM and run
the MIKE BASIN Irrigation model to establish that the total water demand of the farm is not
above the water allocation amount of the farm; and that the daily water demand profile of the
farm can be supplied with little or no restrictions. The second option is to represent the farm
using a demand node with a pre-determined demand profile, or time series, outputted by the
optimisation model and to evaluate the feasibility of supplying the required amount from the
different sources in the catchment. It shall be noted that the second option will not cater for the

return flow from the irrigation farm.
If the required daily amount of water by the farm is not available from the different sources in the

catchment to the farm, then weekly available water to the farm is fed back to the optimisation

model to optimise the financial opportunity with added constraints.
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Figure 3. 7: Description of MIKE BASIN Irrigation Model and Water Use Optimisation

Model Integration

In the next sections the MBIM and the water use optimisation model are discussed in more

detail.

MIKE BASIN IRRIGATION MODEL (SCS SOIL WATER BALANCE MODEL)

Irrigated agriculture often exerts a major influence on the water balance of a catchment. The
impacts of irrigated agriculture on available water supplies and vice versa are, therefore, key
aspects of any proposed changes to water resources management and allocation. However,
existing water resources planning tools and methods used by the Department of Water and
Environmental Affairs (DWAE) have a very coarse temporal and spatial representation of the
irrigation water balance. For example, in the Water Quality TDS WQT irrigation model (Allan
and Herold, 1988) — a simulation software system developed to assist in the evaluation of
salinity related management measures — is used to represent irrigation in Vaal River System

and other water resources systems in South Africa. In the model, there are so-called ‘return flow
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factors’, ‘rainfall efficiency factors’ and ‘irrigation efficiency percentages’. These ‘factors’ can
have independent values ranging from 0 to 1 (or 0 to 100 for the percentage) and are reported
to be set by so-called ‘fundi’s’, rather than related to physical characteristics of the environment,

the type of irrigation and its management.

To undertake scenario analyses for water resources planning and operations with
fixed/calibrated and independent ‘factor values’ (for example, for irrigation return flows), is of
dubious value. Irrigation efficiency, uniformity and return flows are inter-dependent. They also
depend on, amongst other things, catchment water supply constraints and water
management/scheduling approaches. Furthermore, to assess potential impacts of water supply
constraints as may occur with water-allocation reform, or the implementation of different levels

of the reserve, associated crop yield and economic impacts should be assessed.

DHI have developed a very powerful network analysis tool for water-resources planning and
management. Amongst other things, the tool, MIKE BASIN, has unique capabilities in terms of
being able to represent the fractional water-allocation and capacity sharing institutional
arrangement. However, the standard irrigation module in MIKE BASIN was relatively simple
and did not adequately represent either the inter-dependence of irrigation efficiency, uniformity
and return flows or the dependence of these on water management approaches. Furthermore,
crop yield impacts were not represented so the economic consequences of, for example,
various water supply options/allocations or mitigating management strategies were difficult to

assess.

The ACRU agro-hydrological model is well-proven and very capable of representing irrigation
water supply and demand and associated crop-yield impacts in an integrated fashion. However,
a limitation of the ACRU model is that it cannot represent complex catchment operating rules
and constraints; and only a limited number of crops are represented in the crop yield

predictions.

To overcome constraints in representing irrigation and crop-yield impacts in water resources
planning studies, a new irrigation module was developed and linked to the MIKE BASIN model.
In the new integrated modelling system, the ACRU or NAM or MIKE SHE model is used to
simulate the catchment rainfall / runoff response. The runoff information generated from the
hydrological model is used as an input to the MIKE BASIN model. The new irrigation module is
used to simulate irrigation crop water demands on a daily basis based on the crop, growing
environment, type of irrigation system and irrigation management approach. The irrigation crop
water demands are sent to MIKE BASIN as a demand node request. Depending on the
operating rules governing water supply, and the runoff generated during a particular time period,
the MIKE BASIN model determines how much water is available to meet the irrigation crop

water demand request. The application of available irrigation water is then simulated in the new

32



Integrated hydro-economic modelling procedures

irrigation module, and any return flows generated are then fed back to MIKE BASIN and
potentially become available for downstream, or ground-water, abstraction. It is important to
note in this study, a return flow from Mhlati Farm is simulated, but it wasn’t made available to
downstream or groundwater. The new irrigation module can also be used to predict the crop
yield response to the simulated water supply and demand scenarios. A schematic of the

integrated modelling system is shown in Figure 3.8.

Irrigation Supply and Demand in a

Systems Context

Linkage in series
Hydrological model g

ARCGIS system

MIKE BASIN
Network/Systems Model

Use GIS to aid setup
Parallel link / integrated
Refined FAO56
Irrigation Model

Figure 3. 8: An integrated modelling system for scenario analysis in water resources

planning and operations (after Hallowes and Lecler, 2005)

The MBIM is an optional sub-model in MIKE BASIN, which when selected will determine the
water demands of the irrigated crop/s dynamically. This is important when one is working on
scenario cases or optimisation. For example, if one is looking at how to optimise crop yield
during drought season, this can be achieved by assessing different scenarios of area irrigated,
field water supply priority or irrigation scheduling strategy. The water balance and crop yield
algorithms are described as well as the irrigation scheduling options and water supply

constraints.
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Climate model Yield model Crop model
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Irrigation Farm Scheme < Field
MIKE BASIN Water inflow
Irrigation node <4+ Return flow

Figure 3. 9: Schematic diagram of the MBIM flow of process

The complexities of water budgeting (Figure 3.10) were integrated in the form of robust
algorithms based on leading research reported in, inter alia, the Food and Agricultural
Organisation Irrigation and Drainage Paper No. 56 (FAO 56, Allen et al., 1998) the ACRU 3.00
Theory Manual, Schulze (1995) and the ZIMsched 2.0 irrigation and crop yield model developed
by Lecler (2004). The following processes are represented in the new irrigation module, named
MIKE BASIN Irrigation model (MBIM):

o Evaporation from the soil surface and transpiration in relation to:
o Atmospheric evaporative demand
o Auvailable soil water, including excess and/or deficient conditions
o Crop and rooting characteristics of different crops,
o lIrrigation system type, for example, sub-surface drip irrigation versus overhead
sprinkler irrigation
o lIrrigation scheduling approaches
e Stormflow (surface runoff)

o Deep percolation.
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The processes listed above have a bearing on:
e Irrigation efficiency
o Rainfall effectiveness

e Irrigation return flows

Irrigation
Evapotranspiration | Rain

Runof

saturation

field capacity

threshald

wilting point ¥

Capillary Deep
Rise Percolation

Figure 3. 10: Irrigation Water Balance

A summary of the algorithms used in the MBIM and a discussion on their validity follows.

Evaporation

In the MBIM, evaporation from the soil and the crop are determined separately, based largely on
the algorithms described in the FAO Irrigation and Drainage Paper No. 56 (FAO 56, Allen et al.,
1998). It was very important to separate these processes because, prior to the development of
significant canopy cover, water losses are dominated by evaporation from the soil surface. This
evaporative loss can be very variable because different types of irrigation systems wet different
fractions of the soil and there are also variations in wetting frequencies. Effective early season
water losses and associated crop coefficients can thus vary significantly, depending on the type

of irrigation system and its operation.
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The main modification to the algorithms given in FAO 56 (Allen et al., 1998) involved small
refinements to the procedures used to calculate the soil surface water evaporation coefficient
(Ke). The calculation of the soil surface water evaporation coefficient, K, is simplified in FAO 56
calculations, where it is assumed that all water infilirates — i.e. zero runoff and that transpiration
from the surface layer that contributes to the accumulated ‘Stage 1’evaporation losses from the
soil surface, (E)) is negligible (Allen et al., 1998). In the MBIM, stormflow/runoff is not assumed
to be zero, but is calculated using the modified SCS stormflow equation (Schulze, 1995).
Transpiration from the soil layer contributing to E; is also not assumed to be zero. The
proportion of the actual transpiration for a day, that is extracted from the topsoil layer and added
to the accumulated ‘Stage 1’ E; is related to the total rooting depth and the soil water content in

this layer as described by Lecler (2004).

The effects on water-uptake and crop-yield caused by either too much, or too little. water are
based on algorithms used in the ACRU model, following research by Dijkhuis and Berliner
(1988), Slabbers, (1980) and also FAO 56 Allen et al. (1998). Details of these algorithms are
given in Lecler (2004). The relationships account for the fact that, under very hot and dry
conditions, a crop will experience stress at relatively higher soil water content compared to
when conditions are more cold and humid, where, even with a relatively dryer soil, the crop may
not be experiencing water stress. The algorithms also account for the fact that it is harder to
withdraw water from a clay soil than from a sandy soil, even if they are both at the same

volumetric water content.

The MBIM has one option for representing the atmospheric evaporative demand (AED): the
evaporation from a hypothetical short grass crop as described in FAO 56 (Allen et al., 1998).

This method has become an international standard.

Runoff/Stormflow, deep percolation and return flows

Three different options of soil water model are available in MBIM. A soil water model tracks the
water flow in the different soil profiles and calculates return flow/runoff from the irrigation field,
deep percolation. Lecler (2004) describes one of the stormflow/runoff and deep
percolation/drainage algorithms, ZIMsched, which has been used in MBIM. The runoff/storm
flow, deep percolation and return flow algorithms are based on relationships well proven in the
ACRU agro-hydrological model (Schulze, 1995), including verification studies on sugarcane
catchments (Smithers, et al., 1997). A major difference between the SCS equation modified by
Schulze (1995) and the original, ‘Curve Number (CN) based’, SCS stormflow equation (USDA,
1985), is that the potential maximum water-retention capability of the soil is a soil water-deficit
calculated by daily water budgeting techniques. The soil water deficit is taken as the difference
between water retention at porosity and the actual soil water content just prior to a rainfall event.

This represents a substantial refinement to the ‘curve number approach to account for,
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amongst other things, antecedent soil water conditions and is discussed in detail in Schulze
(1995).

In the ZIMsched option of soil water model of the MBIM, drainage due to deep percolation can
take place over a number of days — during which the plant can extract water, but at a slightly
reduced rate due to poor aeration. The amount of drainage and the duration of drainage are
dynamic dependent on soil characteristics, antecedent soil water and the magnitude of the
rainfall or irrigation event resulting in excessive soil water. Thus when compared to many other
water budgeting algorithms, which assume a fixed drainage time -often of only one day — the
time for the soil to drain to field capacity (or the drained upper limit), as determined in the
ZIMSched option (the soil water model of the MBIM), is highly variable. This is a very important
aspect, as the tendency to over-simplify drainage assumptions and assume drainage to field
capacity in a fixed time period, which is often too short, can result in grossly inaccurate water
budgets and lead to a snowballing cycle of over-irrigation and poor root aeration, with large
differences between the theoretical budget and actual field conditions. Often the over-simplified
water budget calculations can indicate a substantial soil water deficit when, in fact, field
observations would show that soils are still close to the drained upper limit (field capacity). This
discrepancy is especially prevalent with furrow irrigation, where irrigation water applications are

typically excessive and ‘time-to-drain’ is underestimated (Lecler, 2004).

The water budget presented in FAO 56 (Allen et al., 1998) does not specifically account for
runoff or deep percolation/drainage, but both of these processes are of great importance in a
water budget when rainfall can provide a significant portion of the crop’s water requirements, as
is often the case in South Africa and in a catchment context where the impact of return flows on
the catchment water balance can be substantial. Therefore, the incorporation of algorithms for
runoff and deep percolation, as described by Lecler (2004) and incorporated into the ZIMSched
option of the soil water model of the MBIM, was considered to be a very important refinement to
the water budget described in FAO 56.

The runoff/stormflow generated in the ZIMSched option of the soil water model of the MBIM
returns directly to the stream. The deep percolation can either be added to the ground water
store in MIKE BASIN or returned to the stream. It will be added to the stream if the groundwater
option in MIKE BASIN is not activated. However, the deep percolation enters a so-called
baseflow store and a portion of the baseflow store returns to the stream according to algorithms
described in the ACRU agro-hydrological model (Schulze, 1995). The magnitude and timing of
the return flows will depend on the type of irrigation system, its management, the crop and the

environment/climate where the crop is grown.

37



3.2.2.3

3.2.2.4

3.2.2.4.1

3.2.2.4.2

Integrated hydro-economic modelling procedures

Rooting characteristics

In the ZIMSched option of the soil water model of the MBIM, the root zone which delimits the
depth of soil from which water is available to the crop is dynamic — in order to account for root
growth and associated soil water stress effects. The depth of the zone from which water uptake
can occur, R, was calculated by assuming that maximum rooting depth coincides with the

development of full canopy (Jensen et al., 1990) as described by Lecler (2004).

Irrigation scheduling options

The mode of irrigation scheduling can have a substantial impact on the agro-hydrology of a
catchment, impacting on the water supply and demand interactions, return flows and crop
yields. There are three primary options for representing irrigation scheduling in MBIM. Within
these three options there are, however, an almost unlimited number of permutations — such that
any irrigation scheduling mode and system likely to be used in practice can be represented. In
all the scheduling options described below, the amount of water actually applied to the field and
crop is limited by water-availability from the supply source, as determined by the MIKE BASIN

model.

Irrigation with a specified cycle and fixed application amount

In this mode of irrigation scheduling, a specified amount of water is applied in a specified cycle.
The amount of water applied and the irrigation cycle time (i.e. the time period in days between
successive irrigation water applications), can be varied on a month-by-month basis. This
allows, for example, the simulation of a typical farmer irrigation strategy where fixed irrigation
applications are applied with different summer and winter cycle times. In MBIM, the irrigation
cycle can be stalled for a period of time if rainfall on a particular day in the cycle exceeds a
threshold amount. The delay, or stall period, is equivalent to the rainfall amount divided by the
average crop evapotranspiration for the month and has a maximum value of the fixed irrigation
cycle time in days. The fixed cycle / fixed amount mode of irrigation scheduling would typically
represent poorly managed irrigation systems and result in excessive runoff and/or deep
percolation, as well as some reduction in crop yield due to too much and/or too little water at

different times in the growing season.

Demand mode scheduling according to a specified soil water depletion using a

specified application amount

In this mode of scheduling, the user specifies a soil water depletion level below Field Capacity

or the Drained Upper Limit (DUL) at which an irrigation application of a specified amount is to
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take place — provided a minimum number of days since a previous irrigation application has

passed.

This option allows a user to assess the impacts of different irrigation system capacities and
various deficit irrigation strategies. For example, compare a dragline irrigation system with the
capacity to apply 42 mm in 10 days with a dragline system with capacity to apply 42 mm in 15
days. In this example, the dragline system, which can apply water every 10 days, will cost
more than the system, which can only apply water every 15 days. However, the ability to apply
water every 10 days, if needed, may result in much better crop yields. A user can also use this
mode of scheduling to simulate different watering strategies at different months in the year.
Thus, strategies which stress the crop to different levels at various times in the year can be

represented and assessed.

This mode of irrigation scheduling is also useful for simulating different types of irrigation system
hardware. For example, a drip irrigation system would be configured to apply a small amount of
water, say, 6 mm, at a certain depletion level. A furrow irrigation system would be configured to
apply a relatively large amount of water, say, 70 mm, at a certain depletion level. The
associated crop and water balance responses for these two different types of irrigation system

could then be very different — dependent on, amongst other things, soil properties.

Irrigation with a specified amounts at specified times

In this mode of scheduling, the user can simulate a known watering regime, which is read into
the model from a data file containing the date and corresponding irrigation application amount.
This mode of watering is useful for model verification studies, where, for example, crop yield
associated with a given watering regime of an experimental trial needs to be simulated and

compared to observed data.

Crop yield simulation

The Land and Water Division of the Food and Agriculture Organization of the United Nations
(FAO) initiated a study, reported on in 1979, to establish generalised crop yield and water use
relationships for selected important irrigated crops. It was acknowledged that developments in
crop growth modelling had met with some success, but that, for practical application, a method

was required to measure yield response to water supply that was:

e Simple
e Required commonly available climatic, soil and crop information/data
o Was widely applicable with acceptable accuracy

o Allowed for easy verification through adaptive research (Doorenbos and Kassam, 1979).
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These requirements have particular relevance to the South African situation. In South Africa,
detailed input information on climate and soils is often limiting and crop genetic parameters for
South African cultivars, which are required as input to the more complex crop growth models,
such as the DSSAT v3. (Tsuji, Uehara and Balas, 1994) suite of models, have only been
derived and tested for relatively few crops (viz. maize, wheat and sugarcane). Even when
sufficient input information/data is available, the expertise required to configure, operate and
analyse the outputs from these more complex crop growth models often limits their useful
application. There appears, therefore, to be a need for more generalised crop yield: soil water
stress relationships, which can be incorporated into operational soil-water-budgeting models
such as MBIM. The rationale and development of such relationships is described in this
Chapter.

In order to quantify the effects of soil water stress on crop yields, Doorenbos and Kassam
(1979) utilised a function relating the relative yield decrease to the relative deficit of total

evaporation (i.e. actual evapotranspiration). This relationship is given below as Equation 1.

1-Ya/Y, = Ky(1-ET/ETn) (1)

Where:

Ya = actual harvested yield of a given crop (t/ha)

Yo = potential non-water-stressed harvested yield of a given crop, i.e. reference potential
yield (t/ha)

ET = actual total evapotranspiration (i.e. T, + Es , mm)

ETn, = maximum potential evapotranspiration (i.e. T, + Es, mm)

Es = evaporation from the soil surface (mm)

T, = actual evaporation from the plant tissue, i.e. actual transpiration (mm)

T, = maximum potential evaporation from the plant tissue, i.e. maximum potential
transpiration (mm), i.e. assuming no soil water stress effects

Ky, = growth stage specific yield response factor

The response of yield-to-water supply is quantified through the yield response factor, K,, which
relates the relative decrease in yield, (1-Y./Y,) to a relative deficit in total evaporation (1-
ET/ETn). The K, values for most crops were derived on the assumption that the relationship
between relative yield (YJ/Y,) and relative total evaporation (ET/ETy) is linear and is valid for
water deficits of up to approximately 50%, i.e. (1-ET/ET,,) = 0.5. For water deficits greater than
50%, it is likely that feedbacks to canopy development, which are not incorporated in the

Doorenbos and Kassam (1979) approach, could be significant.
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Values for K, for a wide range of crops, were derived based on the analysis of experimental
field data covering a range of different growing conditions. Details of the numerous experiments
analysed to derive the K, values are given in the Appendices of the publication by Doorenbos
and Kassam (1979). In the analysis of these experiments, the magnitude and duration of water
deficits, expressed as relative deficits of total evaporation, were made to correspond closely to
individual crop growth periods. As a result, in most cases, 80 to 85 % of the yield variations due

to different water treatments could be explained (Doorenbos and Kassam, 1979).

The relationships described in Equation 1, between relative yield deficits and the relative deficits
in total evaporation are affected by factors other than water — viz. crop variety, pests, fertilizer
applications, levels of soil salinity and diseases. Therefore, Doorenbos and Kassam (1979)
advised that they be applied to high-producing varieties, growing in large fields where optimum

agronomic practices, including adequate input supply, except for water, are provided.

The use of relative total evaporation rather than absolute total evaporation in Equation 1, is
aimed at permitting some degree of transferability between sites, since site-specific variables,
viz. climate, may produce different absolute total evaporation values for the same amount of
growth. However, researchers, such as, Vaux and Pruitt (1983) who cited the work of Stewart,
Cuenca, Pruitt, Hagan and Tosso (1977) and Hanks, Stewart and Riley (1977) reported that the
relative yield: relative total evaporation functions could not be freely transferred from site-to-site.
From research by De Jager (1994), it can be inferred that this is because attempts to remove
accounting for climatic influences by normalising total evaporation in terms of pan evaporation
or maximum evaporation (ET,) are flawed. They have had limited success because both pan
evaporation and ET, adjust to climate in a manner which differs to that in which plant

evaporation (T,) does, as has been shown, for example, by Van Zyl and De Jager (1992).

According to De Jager (1994), concerns about the transferability of the yield function given in
Equation 1 can, however, be eliminated through the use of transpiration ratios (i.e. T./T;) in the
place of total evaporation ratios (i.e. ET/ET,,). In Equation 3.2, the influences of atmospheric
vapour pressure deficits and climate-crop architecture on ET/ET,, and hence Y./Y, cancel out
(De Jager, 1994). Hence the yield response factor, K, defined in Equation 2 becomes a purely
plant physiological entity and is thus determined by crop genetics and not climate. The K, factor

should thus be neither site nor climate specific (De Jager, 1994).

i=G
YalYo = [11 1_1' Kyi(1 = Ta/Tp)] (2)
Where
i = i-th growth stage in a growing season with a total of G growth periods
Kyi = vyield response factor for the i-th growth period
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De Jager (1994) tested a range of wheat yield functions, including Equation 2, using the water
budgeting algorithms of the PUTU model to calculate T, and T,. Results of these tests showed
that using a yield function based on Equation 2 with values for K, for wheat taken from
Doorenbos and Kassam (1979), was the most accurate of the various different yield functions

tested and that the accuracy was very acceptable for use in decision support applications.

Based on research by, amongst others, Doorenbos and Kassam (1979); De Jager (1994),
Matsebula (2008) and Lecler (2004), Equation 3.2 has been adopted as an option for estimating
crop yields in MBIM. Lecler (2004) and Matsebula (2008) reported good correlations between
simulated and observed sugarcane yields using a water budget based on algorithms described

in Chapter 2 to simulate T, and T, together with the relationship described in Equation 2.

With this facility for estimating crop yields, it is possible to plan and design, amongst other
things, irrigation projects, taking into account the effects of different water supply regimes and

scheduling practices on crop production — and utilising commonly available data/information.

Water supply

The MIKE BASIN model can simulate a range of water supply options. The MBIM is linked to
the MIKE BASIN model at a daily time-step and thus all the water supply options available in
MIKE BASIN can be used to simulate the impact of different water supply constraints and
operating rules on the crop yield and water balance of an irrigated area. Options include:

e Water supply directly from a river.

e  Water supply directly from a dam.

o Water supply from an off-channel storage dam.

o Water supply from any combination of the above, with given operating rules and priorities.

A representation of an irrigation farm in MIKE BASIN is shown Figure 3.11. The farm can be
connected to different water sources. The farm in the irrigation model is further divided into

fields, where water is supplied to fields based on equal shortage or priority basis.
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Figure 3. 11: Schematic Diagram of a MIKE BASIN setup with an Irrigation Node

A brief description of the supply options is provided together with how irrigation supply losses

are accounted for.

Unlimited water supply

It is often required to simulate irrigation options assuming unlimited irrigation water supply. This
can be done by configuring the MIKE BASIN model appropriately, so that excess water is
available at an irrigation demand node. One way to do this is to make the irrigation area very

small relative to the water supply source.

Irrigation water supply from a reservoir or dam

In this option, irrigation water supply is simulated in combination with a reservoir water balance
taking into consideration associated reservoir operating rules. Irrigation requirements are
abstracted from the reservoir/s provided it/they has/have sufficient water available and provided
any operating rules do not enforce restrictions. The dams can be on the mainstreams or off-

channel or a combination of mainstream and/or off-channel dams.

Irrigation water supply from a river

In this option, daily streamflow is abstracted at the irrigation demand mode according to the
simulated irrigation demand and any associated operating rule restrictions (for example, EWRSs).
The streamflow remaining is reduced accordingly. In MIKE BASIN, irrigation requirements can

be supplied from a combination of streams and dams.
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Irrigation supply losses

The in-field water losses such as surface runoff/stormflow and deep percolation are simulated
on a day-to-day basis, based on irrigation water balance. These depend on the interaction of
the soil, climate, crop, type of irrigation system and the scheduling strategy adopted. Losses
due to non-beneficial spray evaporation and wind drift and any conveyance losses, need to be
specified by the user when configuring the model.

Sub-section summary

A key focus of the research project was to understand how an irrigation farm could, or should,
respond to changes in catchment operating rules or the imposition of curtailments. A hydro-
financial framework is needed to help model irrigation behaviour, as irrigators are influenced by
financial considerations (and others) in their decision-making. Although an optimisation model
would be used for the hydro-financial analysis, the optimisation model required meaningful
inputs, which could only be generated from a physical process based model. Thus a process
based crop modelling framework, based on FAO 56 and Zimsched 2.0, was built into the MIKE
BASIN framework. Results are then taken from the MIKE BASIN Irrigation Model and fed into
the economic optimisation model. Outputs from the GAMS water use optimisation model are
then fed back into the MBIM.

GAMS WATER USE OPTIMISATION MODEL

The general structure of the SKELETON water use optimisation model is well-documented
(Grové, 2006b). The main objective of this section is to describe the modifications that were
necessary to model the impact of catchment-scale operating rules and water curtailments on the
economic efficiency of irrigation farms. Since the modelling framework relies on an interactive
linkage between MIKE BASIN and the optimisation model, a steady state was assumed. By
implication no long-run adjustments to the farm structure was modelled. However, the model
was setup for two different farm sizes with different irrigation technologies to demonstrate the
impact of farms using more efficient irrigation technologies on water use and the resulting

irrigation farming profitability.

Modelling gross margin variability

Water-use optimisation with the aim of achieving economic efficiency implies some form of
deficit irrigation (English et al., 2002). The specific level of deficit irrigation is a function of the
price of the output produced; the cost of irrigation water and the application thereof; and the

productivity of water and whether water availability is constraining the optimal level of output
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that should be produced. A major problem with modelling the impact of irrigation water supply
reliability on irrigation farming profitability is the fact that irrigation farmers’ responses are
dependent on the state of nature. By implication, irrigators will apply different degrees of deficit-
irrigation, depending on the state of nature. State-contingent theory suggests that a production
function exists for every state of nature (Quiggin and Chambers, 2006). The state of nature is
picked by “nature” after, and independently of, the production decisions made by the decision

maker. Therefore the responses of farmers are determined by the state of nature.

Following a state contingent approach, the gross margin of each field was calculated as follows:

GM; = Ys(AET;(Ws|D)Py — WIC,, = Y(AET,(W| D)V Cy =V, 3)

Where:
GM, Gross margin of state of nature s (R/ha)
Y.(AET,(W;|I)) Crop yield produced as a function of actual seasonal evapotranspiration in
state of nature s (4ET;) where AET;, is again a function of the amount of

water applied in state of nature s with a given irrigation technology (W;|I)

(ton/ha)
AET, seasonal evapotranspiration (mm)
Py price of sugarcane (R/ton)
W applied irrigation water in state of nature s (mm)
IC,, cost of applying irrigation water (R/mm)
VC, area dependent cultivation cost (R/ha)
VC, yield dependent cost (R/ton)

Gross income, represented by the term Y,(AET,(W;|I))Py, is calculated by multiplying the
sugarcane yield with the price per ton (Py). Important to note is that the sugarcane yield is
estimated as a function of the level of actual evapotranspiration, while the actual
evapotranspiration level is determined by the amount of irrigation water supplied. The gross
margin is calculated by subtracting variable cost of production from gross income. Variable
costs are divided into costs that are dependent on the amount water supplied to the crop
(WsIC,) — costs that are dependent on the crop yield harvested (Y;(AET;(W;|I))VC,) and the

costs that are dependent on the area irrigated.

The term YS(AETS(WSU)) represents the irrigation system specific crop water response function
that is used to model sugarcane water use. Two separate functions are integrated to yield the
irrigation specific crop water response function. Firstly, the Thompson (1976) sugarcane model
is used to relate actual evapotranspiration to sugarcane yield. Important to note is that the
literature review indicated that although the relationship between AET and crop yield may be

linear, the relationship between applied water and crop yield is nonlinear. In this research, the
45



3.2.3.1.1

3.2.2.1.1

Integrated hydro-economic modelling procedures

uniformity with which an irrigation system applies water is used to approximate the non-linear
relationship between applied water and actual water consumption. Next, the development of

the irrigation system specific crop water response function is discussed in more detail.

Sugarcane yield as a function of actual evapotranspiration

The Thompson (1976) sugarcane yield function is somewhat different from other crop yield
functions, since it relates crop yield directly to AET, whereas other crop-yield functions relate
crop yield to a relative consumptive use deficit (De Jager, 1994). The Thompson (1976)

sugarcane yield function is given by:

Ys = 0.09534ETs — 2.36 4)

Application of the formula is straight forward given a good estimate of AET is used. AET; is
crop specific and a function of the atmospheric water demand. In the next section, it is shown
how an estimate of AET is obtained in relation to the crop water requirements of the crop and

the irrigation technology that is used to irrigate the crop.

Actual evapotranspiration as a function of applied water

Not all the water that is supplied to an irrigation field is consumptively used by a crop. The
relationship between the uniformity with which water is applied and water deficits in the soil is

discussed by Li (1998). Figure 3.12 will be used to describe the relationship in more detail.

Let us assume the irrigator needs to compensate for a soil water depletion or required depth
(Hg). In normal practice, one will apply gross irrigation depth (Hg). Due to non-uniform
applications, some portion of the field will receive more water; and some less with an average
deficit of Hp. Assuming a uniform distribution, an irrigation system will apply water uniformly
between a minimum (H,;) and maximum (H,,) level. The result is that triangle HrxOH,,,.
represents areas where too much water is applied and triangle BOH,,;, or Hp areas, where too
little water is applied. A deficit coefficient (Cp), which gives the percentage deficit is defined as:
Cp=Hp / Hr. Multiplying (1- Cp) with Hy calculates the amount of water that is actually available

to satisfy Hp.
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Figure 3. 12: Probability distribution of irrigation depths assuming a uniform

distribution.

The relationship between the coefficient of uniformity (CU), H,... and Hg iis given by:

H, —-H
CUzl——m;XH “ (5)
G

While the average amount of water applied is calculated as:
+ Hmin ) (6)

For known values of CU and Hg it is possible to calculate H,,,, and H,,;, through manipulation of

Equations (5) and (6). The relationship between Cp and CU, H, and Hg is given by:

(1-2CU+H,/H,)1-H;/H,(2CU -1)]
8—8CU

l:f Hmax 2I_[R

H
1-—% if H
i

R

<H,

max
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Equation (7) indicates that the relationship between H; and Cp is linear if H,,, is less than Hy
and nonlinear if H,,, is greater than Hp. Figure 3.12 shows the relationship between the fraction

of Hy that is applied (H / Hy) and the fraction of Hy that is actually usable (1- Cp).

Fraction of HR supplied (1- HD/HR)

0 0.5 1 1.5 P 2.5 3 8.5 4
HG/HR

—CU=06 —CU=0.7 CU=08 —CU=0.9

Figure 3. 13: Relationship between applied water fraction (Hs/ Hy) and the usable

water fraction.

The relationship portrayed in Figure 3.13 is generic since both axes are given as fractions.
Thus, the usable portion of the applied water can be calculated for any amount of applied water
if it is expressed as a fraction of the required amount. Application of the Equation (7) within a
programming framework is not straight forward because of the “if’ statement in the equation that

makes it discontinuous.

Application of Equation (7) requires the assumption that the irrigation system applies water
uniformly between an upper and lower bound which is a function of the uniformity of the system
(CU), an estimation of the crop water requirement (H.) and the amount of water that is applied.
An estimate of Hj. is obtained from the outputs generated with the MIKE BASIN irrigation

module for each irrigation field.
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Water resource constraints

The main purpose of the resource constraints is to ensure that the actual water use does not
exceed the available irrigation water resulting from changes in the operating rules and
local/global priority institutional arrangement of the catchment. Restrictions to maximum amount
of water that can be utilised have two dimensions. Firstly, the weekly water use of the irrigation
farm is restricted such that the total amount of water abstracted is less than what is available for
a specific water supply scenario in a specific week. The weekly constraints ensure that the
impact of changes in the distribution of water availability resulting from a specific water supply
scenario on irrigation farming profitability is captured even though annual water supply security
to the farm is not changed. Secondly, total annual water use is restricted to be less than the
water quota of 13 000 m®ha. This constraint is used to model the impacts of water curtailments

on irrigation farming profitability.

Calculating key performance indicators

Given the steady state nature of the optimisation model, the main objective of the optimisation
model is to maximise the total farm gross margin by allocating irrigation water between multiple
irrigation fields in each state of nature. The optimised total gross margin of the farm is then used
to calculate key performance indicators to determine the impact of different catchment scale
water management operating rules and water curtailments on the profitability of the irrigation
farms; and to evaluate whether these farms will still be able to provide a decent way of living. A
similar approach was used by Backeberg (1984b) to evaluate the financial feasibility of

sugarcane irrigation farms in the Komati area.

3.2.3.3.1 Profitability

Key to evaluating the profitability of a farm is the calculation of the return on total assets
managed (ROA) and the return on equity (ROE) (Van Zyl et al., 1999).

The formulas to calculate ROA and ROE are as follows:

ROA = T¢M-O-RM (8)
TA
ROE = [GM-O-RM~I (9)
TA-L
Where
TGM Total gross margin of the farm (R)
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0 Overheads excluding owner’s remuneration for management, interest on

capital and rentals (R)

RM Remuneration for management (R)

I Interest paid on borrowed money (R)
TA Total assets managed (R)

L Total liabilities (R)

Financial sustainability requires ROE to be greater than ROA to achieve a positive financial
leverage, which indicates profitable employment of foreign capital. Thus, it will not be necessary
for the farm to use own capital to meet interest payments. Equation (3) shows that the gross
margins will be affected by the amount of water that is available for irrigation in each state of
nature. Consequently, the level of ROE will be the result of the state contingent gross margins
that are optimised and therefore will take on a distribution. The probability of achieving a
positive leverage could be calculated, if the level of ROE at which ROE break even with ROA

could be established.

The breakeven level of ROE was calculated by firstly calculating the level of TGM at which ROE
will be equal to ROA. The breakeven level of TGM is then substituted into Equation (9) to
calculate the level of ROE. The breakeven level of TGM, BTGM, is calculated by equating ROE
to ROA and then solving for TGM as follows:

BTGM = RM + 0 + "1 (10)

Livelihood

Some farmers may not be driven by profitability; rather they strive to achieve a non-operational
objective (Backeberg, 1984b) such as to make a decent living from sugarcane farming. Strictly
speaking a non-operational goal is not achievable in financial terms. However, it is possible to
quantify such a non-operational objective indirectly if one assumes that the non-operational
objective could be achieved if enough cash is produced to satisfy consumption expenditure
(Backeberg, 1984b). Given the assumption that the farm manager’s remuneration is used to pay

for consumption expenditure, the net cash flow surplus/deficit is calculated as follows:

CS=TGM —-0—-1—-C—RM (11)
Where

C Capital payment on borrowed money (R)

A positive cash surplus implies that enough cash is generated to achieve the non-operational
goal of making a decent living from sugarcane farming. On the contrary a deficit implies that the
goal is not met.
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HYDROLOGICAL CATCHMENT AND FARM-SCALE MODEL
CONFIGURATION

In this Section, the model setup that is configured for the Crocodile Catchment on catchment
scale and the Mhlati farm on the farm scale are discussed. In the catchment scale, the
Crocodile Catchment is configured in the MIKE BASIN model, where the operating rules for the
catchment are derived. In the Farm Scale, Mhlati farm is configured in the MIKE BASIN

Irrigation model.

CATCHMENT SCALE: MIKE BASIN SETUP AND OPERATING RULES FOR CROCODILE

CATCHMENT

The operations of the Crocodile Catchment are divided into specific areas. The main Crocodile
River is managed with a daily release from the only major dam, Kwena Dam, in the river, which
is used to supply water to the irrigation, domestic and industrial users in the area at consistent
assurance of supply. White River and Crocodile Sand River are operated by the White River
irrigation board and the main objective is to supply water to the white water irrigation board
users (Domestic and Irrigation users), using the sub-catchment supply Dams (Witklip,
Klipkopjie, Longmere, Primkop), hence there are no restrictions of water users from the dams.
The other two sub-catchments, namely Kaap and Elands, have no major resources on them and

users extract water from a run of river, where water is abstracted at numerous locations.

Kwena Dam operating objectives

Kwena Dam operating objectives, which are used in this study, are the operating objectives
drafted by the Crocodile Irrigation Board and were used in the Kwena Dam during the period
when this study was conducted. Since then, the Department of Water and Environment have
revised the operating rules used in the Kwena Dam and there is a new set of operating rules for
the dam. However, there is no final agreement as to which set of operating rules will be
enforced or used. In this study, operating rules that are derived from the operating objectives

that are drafted by the Crocodile irrigation board have been used.

The Crocodile Irrigation Board, has two approaches to the operating objectives for Kwena Dam
in main Crocodile river; a normal year and a drought year approach, based on the medium term
forecast including the El Nino and La Nina forecast. The forecast determines what approach will
be followed for the next water year. The dam level at May will also be taken into account. The
two approaches are summarized below; the first approach is identified as normal or for normal

forecasted weather conditions and second approach as for a drought year forecast.
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a) Normal

The Kwena Dam level should be back above 90% the next May. An increase in dam
level of more than 40% can be expected from November to May.

The Kwena Dam level should preferably not go down below 60%, but be kept above
50% as far as possible.

Restrictions should normally be implemented from May to October/November.

It is assumed the turning point of the dam (when it normally starts to increase again) to
be in November/December. Therefore, the level of the dam is draw down to 60% at 15

December.

b) Drought

The Kwena Dam level should at least be back at 70% if the previous year was a
drought year. Increase in dam level of 30% to 35% could be expected if it is a dry
year again.

The Kwena Dam level should not go down below 35%, but preferably be kept above
40% under these conditions.

Restrictions will be dependent on the situation. During the first year of a drought, the
restrictions will be fairly in line with the rules detailed above therefore maximizing crop
production under these conditions and therefore severe restrictions from half-May to
half-August and making more water available from September to January. Rainfall
could change the situation overnight.

If it is the third or fourth year of a drought and still a dry year ahead, then normally the
dam would not be able to come back to the 70% level. At this stage, water is allocates
just enough for the crops to survive. Normally, at this stage, most of the irrigators
have cut back their area under irrigation by ploughing out their poorest fields and
orchards to lie fallow until after the drought. Under these conditions, it is possible to
go down to below 20%, but not lower than 15%, depending on the time of the year
and the forecast.

In a drought, the turning point is assumed to be the end of January.

Kwena operating rule curves that are developed based on the above operating objectives are

shown in Figure 3.14. In the operating rule curves development, the historical hydrology is

classified statistical into three categories. All the streamflow data that falls below 25 percent is

classified as dry, while above the 75 percent is classified wet and the data that falls above 25

percent and below 75 percent, as normal.

The Crocodile setup in MIKE BASIN is configured to run for each of the streamflow data

sequences (dry, wet and normal) with different Kwena Dam storage levels. The objective

functions for dry and wet optimization exercise is to achieve 70 % and 90 % dam storage levels

at the end of water year respectively.
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Operating Rule Curves
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Figure 3. 14: Kwena Operating Rule curves

International Flow Obligations

The Crocodile Catchment is located in IncoMaputo trans-boundary catchment, which is shared
between South Africa, Mozambique and Swaziland. In August 2002, the riparian countries
signed an agreement (Interim IncoMaputo Agreement) on optimal and sustainable use of the
Catchment. The utilisation of the water course is based on a principle of equitable use as
explained in the Interim IncoMaputo agreement (IIMA) on Article 7(1), “the three countries
(parties) shall be entitled, in their respective territories, to optimal and sustainable utilisation of
and benefits from the water resources of the Incomati and Maputo, taking into account the
interest of the other parties concerned, consistent with the adequate protection of the water

courses for the benefit of the present and future generations.”

The IIMA outlines the agreed flow regimes for the catchments and maximum utilisation of the
water for each of the catchment management units in Incomati and Maputo water courses in
AnnexI. Maximum water utilisations from the Crocodile Catchment by South Africa — outlined in
Table 1, as indicated in the IIMA agreement, Article 4 of Annex I are based on the evaluation of

the availability of water in the two water courses at the time the IIMA was signed (August 2002).
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Table 1: IMA Maximum Utilisation of Crocodile catchment

Mozambique South Africa Swaziland
First Priority Supplies* Nil 73 million m°/a Nil
Irrigation Supplies Nil 307 million m*/a Nil
Afforestation Area Nil 199 715 ha Nil
Afforestation Runoff Reduction Nil 247 million m°/a Nil

As part of the PRIMA (Progressive Realisation of IncoMaputo Agreement), the above allocation
might be enforced into the Catchment Management Agencies. It is important that the Crocodile
Stakeholders are aware of their international obligations and the process of realisation of the

agreement.

Ecological Water Requirement (EWR)

The Ecological Water Requirements (EWRs) in the seven EWR sites in Crocodile Catchments
are described as flow duration curves. In this study, the flow duration curves that are expected
at each site are translated into daily flows, by relating the flow duration curves and the
naturalised flows at the EWR sites. Initially, a C-class EWR is assigned at the outlet of
Crocodile, EWR site 6. However, a close look at the amount of water required to meet a C-class
requirement has led to the adoption of a new set of flow duration curves, which is described as
the “present flow regime” class. Figure 3.15, shows the naturalised flow required for a C-class
EWR, excluding high flows at different probabilities of exceedence per month. Figure 3.16
shows the naturalised flows required for a “Present flow regime” EWR at different probabilities

of exceedence per month.
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Figure 3.15: C-class EWR for specific naturalised flows excluding high flows at

different probabilities of exceedence
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Figure 3. 16: Present regime EWR for specific naturalised flows excluding high flows at
different probabilities of exceedence
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In Figure 3.17, a comparison is made between a historical simulated flow at the outlet of the
catchment with the current water requirement and a trans-boundary flow of 0.9 cubic meters per
second against a C-class and Present environmental flow regime. The C-class requirement is
greater than the historical simulated flows at the outlet of the Crocodile River for the probability
of exceedence from 0.3 to 1. While the present flow regime flows are generally below the
historical simulated flows, the present flow regime flows are higher than the historical simulated

flows for probability of exceedence from 0.5 to 0.7.
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Figure 3.17: Comparison between flows at the out let of Crocodile catchment and C-

class and Present regiment environmental requirement

A further comparison between the EWR at the outlet of the Crocodile Catchment (C-class and
Present flow regime) and the historical simulated flow for the current water requirement with a
trans-boundary flow of 0.9 cubic meters per second is shown in Figure 3.18. The figure clearly
shows that the C-class EWR is very high and the rivers will not meet the demand, without a
significant release from the Dams ( e.g. Kwena Dam) or heavily restricting water users ( e.qg.
Irrigation water users). The present flow regime also exceed the low flow at times and the rivers
fail to meet the requirement, hence, to meet the present flow regime requirement, it will require

an additional release from the dams or further restriction to water users.
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Figure 3.18 A comparison between the simulated flows at the outlet of the Crocodile
catchment for a C-class and Present regime EWRs, including an

International Flow requirement of 0.9 m’/s

3.3.1.4 Catchment scale hydrological management Indicators

Catchment indicators are indicators that explain the status of water availability in the catchment.
Catchment indicators can show water managers if a catchment is stressed, over-allocated or if
the present infrastructures in the catchment are adequate; or if additional water infrastructure is
required to support the current and future water demands. The Catchment indicators used in

this project are listed below:

e Reservoir Storage trajectories — storage trajectories are time varying water levels/ water
storage of reservoirs
o Historical reservoir storage trajectory — it a reservoir storage for a time period for
which historical streamflow data is available
o Stochastic reservoir storage trajectories — statistical probable reservoir storage

trajectories
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e Expected annual water supply reliability to users — it is the expected water supply reliability
for coming year to water users.
o It is assumed the current water demand and distribution is implemented for the
coming year
o Operating rules for the existing dams are developed on the assumption the
distribution and the water demand amount is similar to the current water request
e Short term yield curves — short term yield curves are maximum water availability from a
catchment/dam at different assurance of supply.
o Short term yield curves are produced from a stochastic run of the catchment
models and no restriction is imposed on the existing dams
o lItindicates whether the resources in the catchment sustainably support the current
water request
e Comparison of expected forthcoming water supply reliability against IIMA agreed water
allocation
o South Africa IIMA water allocation for the Crocodile Catchment is deducted from the
flow regimes/water availability study done in 2002. It is believed to be an optimal
usage from the catchment by South Africa without compromising the interest of
downstream- hence it can be used as a measure if the current water supply

reliability is sustainable or not.

3.3.2 FARM-SCALE

3.3.2.1

The farm-scale model configuration consists of the MBIM setup and the configuration of the
optimisation model. To setup the optimisation model, data from the irrigation module is used —
therefore, the irrigation model setup will be discussed first, followed by the optimisation model

setup and data used in the analysis.

MIKE BASIN Irrigation model

The Mhlati farm is configured in a detailed physically based MIKE BASIN Irrigation model and
the model inputs are discussed in this sub section. Mhlati farm is composed of 32 fields and

each field has specific soil properties. The populated soil properties of the fields in the MIKE
BASIN irrigation model are described in Table 2.
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Table 2: Soil parameters used for Mhlati Farm
Depth of Saturated
Evaporable Drainage
Field Field Capacity Wilting Point Iayer4 Porosity coefficient
[mm/mm] [mm/mm] [mm] [mm/mm] [m/s]
AO01 0.254 0.159 70 0.402 5E-06
A02 0.254 0.159 70 0.402 5E-06
AO03 0.254 0.158 70 0.402 1E-06
A04 0.254 0.158 70 0.402 1E-06
A05 0.254 0.159 75 0.402 5E-06
A06 0.254 0.159 75 0.402 5E-06
AQ7 0.189 0.093 70 0.448 6.5E-06
A08 0.189 0.093 70 0.448 6.5E-06
A09 0.254 0.159 55 0.402 5E-06
A12 0.254 0.159 40 0.402 5E-06
A13 0.254 0.159 40 0.402 5E-06
A14 0.254 0.158 75 0.402 1E-06
A15 0.254 0.158 75 0.402 1E-06
A16 0.254 0.159 70 0.402 5E-06
A17 0.254 0.159 60 0.402 5E-06
A18 0.254 0.159 70 0.402 5E-06
A19 0.254 0.159 75 0.402 5E-06
A20 0.254 0.159 75 0.402 5E-06
A21 0.416 0.298 60 0.482 1.5E-06
A22 0.416 0.298 60 0.482 1.5E-06
A23 0.254 0.159 75 0.402 5E-06
A24 0.254 0.158 40 0.402 1E-06
A25 0.254 0.159 40 0.402 5E-06
A33 0.254 0.159 70 0.402 5E-06
A34 0.254 0.159 55 0.402 5E-06
A35 0.254 0.159 40 0.402 5E-06
A36 0.254 0.159 40 0.402 5E-06
A37 0.254 0.159 40 0.402 5E-06
A38 0.254 0.159 40 0.402 5E-06
A39 0.254 0.159 40 0.402 5E-06
A40 0.254 0.159 40 0.402 5E-06
Table 3: Irrigation technology and schedule
Wetted Fraction Spray Loss Application Depth Cycle Time®
(%) (%) [mm] [days]
Centre pivot 100 10 42 6to7
Drag line 100 10 42 6to7
Drip Surface 40 0 5t07 1to2
Solid set — floppy 100 10 35 5t06
Solid set — Impact 100 10 35 5t06

4 Depth evaporable layer is the depth of soil where the soil water evaporation takes place
5 Cycle time is the actual time lapse between the commencement of two successive application for specific
irrigation set
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A modified SCS runoff model is used in MBIM, with soil moisture integration depth (Potential
maximum retention) of 0.4 m and coefficient of initial abstraction of 0.2. In the Doorenbos and
Kassam (1979) crop yield model, four crop stages are considered. However, for sugarcane,
based on the validation work of Lecler (2004) and Matsebula (2008), essentially two stages are
modelled — with 1, 1, 308 and 55 days for initial, developmental, middle and late stages
respectively, with associated yield responses factors (Ky) of 1.2,1.2, 1.2, and 0.1. Crop factors
for initial stage is 0.15 and 1.2 for middle growing stage and the late stage of sugarcane. The
rate of development of the crop factor is related to thermal time (Lecler, 2004). The cut-off
irrigation date is also factored in the crop-yield simulation model. In this project, the crop is

irrigated for the first 320 days and irrigation is cut off after that to simulate drying off.

The uniformities information of the irrigation systems were provided by TSB. Crop water
requirements were simulated with the irrigation module that was developed as part of this
research. The irrigation module is based on the basic methodology proposed in FAO-56 (Allan

et al., 1998) to calculate crop water requirements.

Water use optimisation model

The water use optimisation model integrates information from MIKE BASIN to determine the
impact of changes in catchment scale operating rules and water curtailments on the financial
feasibility and livelihoods of irrigation farmers. The main purpose of this section is to give a
description of the data that was used to configure the optimisation model for four alternative

farm scenarios.

Farm size and irrigation system combinations

The optimisation model was set up for two different farm sizes comprising different irrigation
system combinations. Table 4 is used to define the different irrigation areas and irrigation

system combinations.

Table 4: Irrigation system areas of four different farm scenarios
Farm scenario
S100 S150 SD100 SD150
Sprinkler 50 80 20 50
Pivot 30 30 30 30
Drip 20 40 50 70
Total 100 150 100 150

The farm scenarios are differentiated by the total area irrigated (100 ha or 150 ha) and the

irrigation systems (Sprinkler, Centre Pivot and Drip) used to irrigate sugarcane. Different
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irrigation systems have different water application efficiencies and the combinations were
chosen such that the farms scenarios identified with S have lower overall application efficiencies
when compared to SD farm scenarios with relatively higher overall water application
efficiencies. More specifically 30 ha sprinkler irrigation of the S scenarios was converted to drip
irrigation to reflect the higher irrigation application efficiencies of the SD scenarios. More
efficient irrigation farms should be able to sustain water shortages better since less water is lost

and therefore a larger proportion of the water is consumptively used.

The specific irrigation system designs and layouts were taken from Oosthuizen et al. (2005).
The combination of irrigation systems for the S scenarios were chosen such that the
proportional share of each irrigation system type most closely reflects the proportional share of

each irrigation system used on the Mhtlati farm.
Net farm income budgets
The net farm income (NFI) budgets were prepared using data from SA Canegrowers for the

Malelane area over the last five years. The NFI budget for each farm scenario is given in
Table 5.

Table 5: Alternative farm scenario per hectare net farm income budgets (R/ha) for
a crop yield of 100 tons/ha (2010).

Farm scenario

S100 S150 SD100 SD150

GROSS INCOME 28400 28400 28400 28400
Variable cost 9393 9393 9393 9393
Irrigation Costs 3076 2727 3119 2885
Cane Transport 4750 4750 4750 4750
TOTAL VARIABLE COST 17218 16870 17262 17027
GROSS MARGIN 11182 11530 11138 11373
Overheads 5898 6008 5660 5733
NET FARM INCOME 5283 5523 5479 5640

All values are expressed in 2010 values and the numbers reflect the average cost over the
period. The average values were used to obtain a better representation of cost structures over
the years. However, the irrigation costs were calculated using the irrigation system design
developed by Oosthuizen et al. (2005) assuming that the farmers use the Landrate electricity
tariff. Thus, the irrigation costs are a direct reflection of the irrigation system designs and
combinations of each farm. The information contained in the Canegrowers cost survey
represents the total cost for the entire farm irrespective of the of the production cycle of

sugarcane. Thus, Table 5 represents the average cost over all fields. The cost surveys indicated
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that on average 85% of the area under cane is harvested which was taken into consideration in

the modelling.

The overhead component includes depreciation, which was calculated using the straight line
method assuming that 50% of the useful life of the asset has lapsed. The economic life of the
drip irrigation systems was selected to reflect the fact that the drip system needs to be replaced
when the cane is re-established. According to Radley (2012) replacement takes place every 10
years. The value of the irrigation systems were taken from Oosthuizen et al. (2005) while the
values of the machinery were taken from the Guide to machinery cost (DAFF, 2010). The

specific machinery necessary to operate the farms were provided by Pepworth (2011).

3.3.2.2.3 Return on capital

To calculate the return-on-capital, an estimate of the remuneration of the farm manager, interest

and the value of farm assets is necessary.

The assumption was made that the remuneration of the farm manager has to cover living
expenses. Remuneration values were estimated based on a percentage of total cost using
guidelines proposed by Backeberg (1984b). A value of 14% and 11% were used respectively
for the smaller and larger farms which amount to a monthly remuneration of approximately

R24000 and R29000 per month respectively for the smaller and larger farm sizes.

The value of the biological farm assets were taken from data provided by TSB. The book value
of farm machinery, irrigation systems and other fixed improvements was added to the biological
component to establish the total value of land and fixed improvement. The book value of the
machinery compliment was estimated by assuming 50% of each machine’s economic life has
lapsed. The value of the fixed improvements other than the irrigation systems for each farm was
obtained from Pepworth (2011). On average, the value amounts to R44000/ha in 2010.
Compared to the current market value of land, the value might be more representative of the

productive value of the land.

The total amount of interest paid was calculated by making assumptions regarding the amount
of liabilities and the distribution of the total liabilities between short, medium and long term
liabilities. An asset-to-debt ratio of three was used to calculate the total amount of liabilities,
which was distributed 33% short term, 26% medium term and 41% long term (Backeberg,
1984b). The weighted cost of capital was calculated using the Abstract of Agricultural Statistics
(DAFF, 2011) and amounts to 9.4%.
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Net cash flows

The information above is sufficient to calculate the net cash flows with Equation 11. The only
component that needs to be accounted for is the capital payments on borrowed capital. The
capital payments for the long term and medium term liabilities were calculated by assuming that
50% of the payments still need to be paid. The interest rates reported in the Abstract of

Agricultural Statistics (DAFF, 2011) were used in the calculations.

Model configuration

The optimisation model was configured for each farming scenario using the economic data
explained above. In order to develop the integrated hydro-economic model it was necessary to
assume a steady state situation. The implication is that the optimisation model did not model

any structural changes to the farming situation.

Cognisance should be given to the fact that water-use is optimised for each state of nature.
Therefore key output variables are represented by a distribution of outcomes. The production
functions that are used to optimise water use in each state of nature are based on the soil, crop
and irrigation system information provided by TSB for each irrigation field on Mhtlati. The area of
each field was scaled such that the total area reflects the area associated for a specific farm
scenario. To reflect the more efficient use of irrigation water by drip irrigation systems, the

uniformity of the irrigation systems was changed.
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CHAPTER 4:
HYDRO-ECONOMIC MODELLING RESULTS

SCENARIO DEFINITION

According to the New National Water Act, compulsory licensing will be issued to water users;
and, in stressed water management areas, curtailments of water use might be implemented.
Water is allocated according to a priority-based institutional arrangement, where EWR and BHN
needs (together forming the Reserve) have first priority. After discussions with the Inkomati
CMA and Crocodile stakeholders, a number of water apportionment scenarios were identified.
Scenarios are drafted to imitate the changes which could be implemented by Catchment
management agencies. The scenarios are simulated in the framework developed in this project
and the scenarios considered are listed in Table 6 and 7 and Schematic description of the
scenarios is shown in Figure 4.1. Curtailment scenarios are considered for scenarios where a

new dam is not added.

Kwena Tenbosch
Dam Weir
< o

South African /
Mozambican border

Figure 4. 1: Schematic diagram of Crocodile Catchment that describes the different

scenarios considered
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Table 6: Description of the Scenarios considered in this study
Proposed Proposed International
Existing Montrose Mountain flow at EWR at

Scenarios Kwena Dam Dam View Dam Tenbosch Tenbosch

(158 M m?) (253 Mm?3) (328 Mm?®) weir Weir
Base Scenario / 0.9 m3/s None
KD_NO_0.9I / 0.9 m%/s None
KD_NO_1.2l < 1.2 m?/s None
KD_Pres_0.9I / 0.9 m%/s Present
KD_Pres_1.21 < 1.2 m?/s Present
MD_Pres_1.2I < v 1.2 m?/s Present
MD_CC_1.2I s e 1.2 m%/s C-class
MVD_Pres_1.2I < v 1.2 m*/s Present
MVD_CC_1.2I 4 ) < 1.2 m%/s C-class
MDMVD_CC_1.2I < v v 1.2 m%/s C-class

The current conditions in the catchment are considered as a base scenario for the Catchment,
as described in Table 7.

Table 7: Model Scenarios that are considered
No. Scenarios
1 Base scenario : current (No EWR, no curtailment to other users, no new dams, Include

International flow obligations of 0.9 m%/s)

2 current (No IFR, no curtailment to other users, no new dams, Include International flow
obligations of 0.9 m?/s)

3 current (No IFR, no curtailment to other users, no new dams, Include International flow
obligations of 1.2 m3/s)

4 (Present Day flow regime at EWR site 6, no curtailment to other users, no new dams,
Include International flow obligations of 0.9 m3/s)

5 (Present Day flow regime at EWR site 6, no curtailment to other users, no new dams,
Include International flow obligations of 1.2 m3/s)

6 Build Montrose (IFR C-class, no curtailment to other users, include new dam, Include
International flow obligations of 1.2 m3/s)

7 Build Montrose (Present flow regime, no curtailment to other users, include new dam,
Include International flow obligations of 1.2 m3/s)

8 Build Mountain View (Present flow regime, no curtailment to other users, include new
dam, Include International flow obligations of 1.2 m3/s)

9 Build Mountain View (C-class, no curtailment to other users, include new dam, Include
International flow obligations of 1.2 mg/s)

10 Build Mountain View and Montrose (C-class, no curtailment to other users, include new

dams, Include International flow obligations of 1.2 m3/s)
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CATCHMENT SCALE SCENARIOS/ ASSESSMENT OF CATCHMENT
WATER AVAILABILITY

Catchment’'s water availabilities are assessed using yield curves, where yield values are
determined at different assurance or risk level. As explained in Chapter 3, probabilistic yield
curves are produced from short term and long term assessment of the Catchment. In this sub-
section, model results for different scenarios and the stochastic outputs form STOMSA are

discussed.

Naturalised streamflow data is used from the IWAAS (Inkomati Water Availability Assessment
Study). A historical catchment assessment is performed using the naturalised streamflow data
to check the assurance of supply of each water user sectors for their legitimate claims. A
historical catchment assessment is measure if the historical hydrological sequence could
support the existing water requirement from the catchment. The expected historical assurance
level of water supply to different water users is described in Table 5. The historical assessment
shows that the Crocodile catchment hasn’t been able to supply the water required from water

users if the water requirement is equivalent to the current water demand.

Table 8: Historical assurance of water supply at different risk level
1:50 years 1: 10 years 1:50 years 1:10 years
Water users assurance assurance in (% relative to (% relative to
(million m*/a) (million m*a) | total allocation) | total allocation)
Irrigation sector 458 476.07 94.05 97.8
Domestic & Industry 70 70 100 100
Total 528 546 94.8 98.03

However, as explained in chapter 3, future water resources planning are based on stochastic
catchment water resource assessment. Hence in this study, stochastic streamflow values are
generated based on the naturalised flows, adopted from IWAAS study, using STOMSA. The
accuracy level of how the statistics of the naturalised flow is mimicked in the stochastic
streamflow is critical (important) in the prediction of the assurance level of water supply to water
users in the future. There are a number of statistical parameters which could be used to assess
the performance of the stochastic streamflow generator on how well the stochastic streamflow
values mimic the naturalised/historical flows. Figure 4.3 and Figure 4.4 shows a comparison of
the monthly and annual mean of the stochastic streamflow values against the “observed”
naturalised flows for two different stochastic streamflow sets. The monthly and annual mean of
the stochastic streamflow are summarised using box and whisker plots and the % in the box
and whisker plot are shown in Figure 4.2. Figure 4.3 shows that the monthly mean for low
naturalised flows are overestimated while the monthly mean for high naturalised flows are
underestimated. If the stochastic streamflow sets shown in Figure 4.3 are used to assess the
catchment water availability, the assurance of water supply to different water sectors will not

reflect the true picture of the catchment water availability. According to the stochastic streamfow
66



Hydro-economic modelling results

values shown in Figure 4.3, there will be less failures during low flows, because there will be

consistent flows in the river more than what the naturalised flows.

— Min TN

T 50%

25.0

“Observed” :
naturalised flow }’<> 50.0 > Percentiles

75.0

95.0

_— Max _/

Figure 4. 2: Definition of a box and whisker plot
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Figure 4. 3: Comparison of the monthly and annual means of the stochastic

streamflow against the naturalised flows for stochastic sequence 1

The mean of the stochastic streamflow values which are shown in Figure 4.4 are consistent with

monthly and annual mean of the naturalised flows. Generally the stochastic flows are assumed
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to be acceptable if the “observed” naturalised flow is between the 25 and 75% of the box and
whisker plot of the monthly or annual mean of the stochastic flows. For the stochastic
streamflow values shown in Figure 4.4, the “observed” naturalised streamflows are mostly

between the 25 and 75% of the box and whisker plot.

Monthly and Annual Means

@
=

wn
o

50

Fy
o

E
[ =
=
e
x
=]
2
£
[
z
(]
=
=
z
=]
=

F
=

[
n

T T T T T
Dct Nov Dec Jan Feb Mar Apr May Jun dul Aug Sep Annual
Months

Figure 4. 4: Comparison of the monthly and annual means of the stochastic

streamflow against the naturalised flows for stochastic sequence 2

The standard deviation is another statistical parameter which could be used to measure the
performance of the stochastic generator software. Figure 4.5 and Figure 4.6 show a comparison
of the monthly and annual standard deviation of the stochastic streamflow values against the
standard deviation of “observed” naturalised streamflows for two different sets of stochastic
streamflow values. The stochastic streamflow values in Figure 4.5 don’t particularly capture the
standard deviation of the “observed” naturalised streamflows. In the low flows there is higher
deviation from the mean as compared to the deviation of “observed” naturalised from the mean,
while for high flows it is the opposite. Figure 4.6 shows that the standard deviation is mostly
between 25 and 75% of the standard deviation of stochastic streamflow box and whisker plots
or near to the 25 and 75%. This set of stochastic streamflow has captured the standard

deviation of the “observed” flow reasonable well.
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Monthly and Annual Standard Deviations
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Figure 4. 5: Comparison of the monthly and annual standard deviation of the
stochastic streamflow against standard deviation of the naturalised flows
for stochastic sequence 1
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Figure 4. 6: Comparison of the monthly and annual standard deviation of the
stochastic streamflow against means of the naturalised flows for

stochastic sequence 2
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Figure 4.7 and 4.8 show the capacity yield curve of the two set of stochastic streamflow values
against the capacity yield curve of the naturalised streamflow. The blue curve shows the
naturalised streamflow capacity to yield relationship, while the green curve is the median of the
stochastic streamflow capacity yield relationship. If the median of the stochastic streamflow
capacity yield curve is close to replicate the naturalised capacity yield curve, then we can
deduct that the stochastic streamflow set is mimicking the naturalised streamflow well. The
second stochastic streamflow set (Figure 4.8) to replicate better the naturalised capacity yield
curve than the first stochastic streamflow set (Figure 4.7). In this Study the second set of

stochastic streamflow is used to assess the stochastic yields of Crocodile catchment.

Capacity yield box plot
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Figure 4. 7: Capacity Yield Curve for stochastic sequence 1

70



Hydro-economic modelling results

Capacity yield box plot
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Figure 4. 8: Capacity yield Curve for stochastic sequence 2

The long term allocable yields from a crocodile stochastic water resource assessment shown in
Table 9; are total available water from all the dams and the run of rivers. In general, the
Crocodile catchment is over allocated given the current infrastructure. However, the figures
shown in Table 9 are different from what is reported in previous studies conducted in the
catchment. It was reported that Crocodile catchment is over allocated by a fraction more than

what is shown in Table 9.

Table 9: Long term allocable yield of Crocodile catchment
1:50 years 1: 10 years 1:50 years 1:10 years
Water users assurance assurance in (% relative to (% relative to
(million m%/a) (million m*/a) | total allocation) | total allocation)
Irrigation sector 459 481.7 94.2 98.5
Domestic & Industry 70 70 100 100
Total 529 550 95 98.7

The breakdown of the long term allocable yield on subsystem basis is shown in Table 10. The
28.4 million m*/a that is required for trans-boundary flow from the catchment is factored in the
modelling setup and requirement is supplied at 100 % reliability. The breakdown shows that the
Kaap and White river systems are highly stressed and they are over allocated by 14 and 9 %
respectively.
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Table 10: Long term allocable yield
Water Supplied
at 1: 50 years Assurance of
Water User Water Allocation return period Supply
[million m*/a] [million m%a] [% of demand]
Upstream of | Domestic 0.475 0.475 100
Kwena Dam Industry 0 0 -
Irrigation 5.05 5.05 100
Sub-Total 5.525 5.525 100
Downstream  of | Domestic 0.0 0.0 -
Kwena Dam Industry 0 0 -
Irrigation 11.80 11.75 99.5
Sub-Total 11.80 11.75 99.5
Elands Domestic 1.2 1.2 100
Industry 13.3 13.3 100
Irrigation 6.7 6.7 100
Sub-Total 21.2 21.2 100
White River Domestic 1.14 1.14 100
Industry 0 0 -
Irrigation 53.56 48.54 91.4
Sub-Total 54.07 49.68 90.8
Middle Crocodile Domestic 37.11 37.11 100
Industry 0 0 -
Irrigation 110.6 106.15 96.0
Sub-Total 147.71 143.25 974
Kaap River Domestic 0 0 0
Industry 0 0 -
Irrigation 90.6 77.73 85.8
Sub-Total 90.6 77.73 85.8
Lower Crocodile | Domestic 7.75 7.75 100
Allocation Industry 8.95 8.95 100
Irrigation 218.11 214.354 98.28
Sub-Total 234.81 231.1 98.4
Total 556.9 529 95.0
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Table 11: Current water demand and supply for Crocodile catchment
Water Supplied
at 1: 50 years Assurance of
Water User Water Allocation return period Supply [% of
[million m*/a] [million m*/a] demand]
Upstream of | Domestic 0.6 0.592 98
Kwena Dam Industry 0 0 -
Irrigation 5.147 4.271 90.40
Sub-Total 5.747 4.863 84.62
Downstream of | Domestic 0.6 0.592 84
Kwena Dam Industry 0 0 -
Irrigation 11.94 11.01 80.23
Sub-Total 12.54 11.605 92.54
Elands Domestic 0.55 0.526 97
Industry 14.5 14.5 98
Irrigation 6.8 6.313 90.87
Sub-Total 21.75 21.339 98.11
White River Domestic 2.42 2.37 82
Industry 0 0 -
Irrigation 23.27 18.472 77.81
Sub-Total 25.69 20.842 81.13
Middle Crocodile | Domestic 41.61 40.919 98
Industry 0 0 -
Irrigation 107.55 99.029 86.76
Sub-Total 149.16 139.948 93.82
Kaap River Domestic 3.88 3.8 98
Industry 0 0 -
Irrigation 75.7 63.56 73.21
Sub-Total 79.58 67.362 84.65
Lower Crocodile | Domestic 5.39 5.32 98
Allocation Industry 7.39 7.368 98
Irrigation 215.27 187.114 78.44
Sub-Total 228.05 199.802 87.61
Total 522.517 465.761 89.14

CURRENT WATER REQUIREMENT, INTERNATIONAL FLOW AT TENBOSCH 0.9 M® PER
SECOND (KD_NO_09I)

4.2.1

Presently the Crocodile catchment is expected to meet a 0.9 m®/s trans-boundary flow at
Tenbosch, which is equivalent to the Piggs Peak agreement. The Crocodile catchment is
simulated with the current water requirement, trans-boundary 0.9 m?®/s at Tenbosch, and similar
operating rules for all the dams to what is applied currently in the Crocodile catchment on short
to medium term basis. The output for the Crocodile and its sub-catchment (allocation

subsystems) from the MIKE BASIN catchment scale are summarised in Table 12 and 13.
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Table 12: Long term Crocodile water users supply reliability at 1 in 50 years and 1 in
10 years risk level
1:50 years 1: 10 years 1:50 years 1:10 years
Water users assurance assurance in (% relative to (% relative to

(million m3/a) (million m3/a) total allocation) | total allocation)
Irrigation sector 459 481.7 94.2 98.5
Domestic & Industry 70 70 100 100
Total 529 550 95 98.7
Table 13: Long term water users supply reliability at 1 in 50 years risk level for

Crocodile subsystems

Assurance of
Water User | Water Allocation | Water Supglied Supply
[million m*/a] [million m*/a] [% of demand]
Upstream of Domestic 0.475 0.475 100
Kwena Dam Industry 0 0 -
Irrigation 5.05 5.05 100
Sub-Total 5.525 5.525 100
Downstream of Domestic 0.0 0.0 -
Kwena Dam Industry 0 0 -
Irrigation 11.80 11.75 99.5
Sub-Total 11.80 11.75 99.5
Elands Domestic 1.2 1.2 100
Industry 13.3 13.3 100
Irrigation 6.7 6.7 100
Sub-Total 21.2 21.2 100
White River Domestic 1.14 1.14 100
Industry 0 0 -
Irrigation 53.56 48.54 91.4
Sub-Total 54.07 49.68 90.8
Middle Domestic 37.11 37.11 100
Crocodile Industry 0 0 -
Irrigation 110.6 106.15 96.0
Sub-Total 147.71 143.25 97.4
Kaap River Domestic 0 0 0
Industry 0 0 -
Irrigation 90.6 77.73 85.8
Sub-Total 90.6 77.73 85.8
Lower Crocodile Domestic 7.75 7.75 100
Allocation Industry 8.95 8.95 100
Irrigation 218.11 214.354 98.28
Sub-Total 234.81 23141 98.4
Total 556.9 529 95.0

The breakdown of the water availability per sub systems in Table 13 shows that the White River

and the Kaap River are the two sub systems who will face severe restrictions for their respective

water users. In the Kaap River there is no storage infrastructure that could store the unregulated

Kaap River flow, and as a result all the water uses are run-of-river. Whereas in the White River

sub system, there are four sub-catchment seasonal dams that support or supply water users.

That is probably why the sub systems are over-allocated because they don’t have an adequate

storage infrastructure.
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In the stochastic catchment assessment of the Crocodile catchment, the operational operating
rules for Kwena and the four sub-catchment seasonal dams in the White River sub system are
factored in the setup, as explained in Section 3.3.1.1. As a consequence, the operating rules
placed for Kwena Dam in the MIKE BASIN setup kept the relative storage volume to minimum
20 % as shown in Figure 4.9. A relative storage volume of Kwena Dam for different probability
of non-exceedence is processed from the 201 long term stochastic run for the Crocodile
catchment. In Figure 4.9 the relative storage for Maximum (100 %), 50 % and Minimum (0 %)

probability of non-exceedence is plotted against months.

Kwena Dam Storage Trajectory
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Figure 4.9: Kwena Dam relative storage volume

CURRENT WATER REQUIREMENT, IIMA INTERNATIONAL FLOW OF 1.2 M°> PER SECOND
(KD_NO_12I)

The Interim Inco-Maputo Agreement (IIMA) between the three riparian countries signed
stipulates the trans-boundary flow at Tenbosch to be 1.2 m%s. The implementation of the
agreement is expected to be with the finalisation of the PRIMA (Progressive realisation of the
Inco- Maputo Agreement) programme. If the IIMA agree trans-boundary flow at Tenbosch is
implemented as expected, the trans-boundary flow required will increase from 28.4 million m%a
to 37.87 million m*a. With the implementation of the IIMA agreed flow, the yield reliability at 1:
50 years return period for irrigation water users decreases from current reliability 94.2 % to 92.8

%, which is a decrease 1.4 %, as described in Table 14 and the storage level in Kwena Dam
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also be affected negatively as shown in Figure 4.10 as compared to Figure 4.9 . Th

e

implementation will affect the irrigation water users negatively (Table 15), and the lack of water

availability will affect crop yields and as a consequence farmers’ net return to their investments

will also be affected negatively. This may also have a bigger impact in terms of food security

and impact on the country economy. Hence it is important to quantify the financial impact of

implementing trans-boundary flows or environmental flow requirement.

Table 14:

10 years risk level

Long term Crocodile water users supply reliability at 1 in 50 years and 1 in

1:50 years 1: 10 years 1:50 years 1:10 years
Water users assurance assurance in (% relative to (% relative to
(million m*/a) (million m*/a) total allocation) | total allocation)
Irrigation sector 451.9 479.5 92.8 98.5
Domestic & Industry 70 70 100 100
Total 521.8 549.5 93.7 98.7

Kwena Dam Storage Trajectory
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Figure 4. 10: Kwena Dam relative storage volume
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Table 15: Long term water users supply reliability at 1 in 50 years risk level for

Crocodile subsystems

Assurance of
Water User | Water Allocation | Water Supglied Supply
[million m%a] [million m*/a] [% of demand]
Upstream of Domestic 0.475 0.475 100
Kwena Dam Industry 0 0 -
Irrigation 5.05 5.05 100
Sub-Total 5.525 5.525 100
Downstream of Domestic 0.0 0.0 -
Kwena Dam Industry 0 0 -
Irrigation 11.80 11.70 99.16
Sub-Total 11.80 11.70 99.16
Elands Domestic 1.2 1.2 100
Industry 13.3 13.3 100
Irrigation 6.7 6.7 100
Sub-Total 21.2 21.2 100
White River Domestic 1.14 1.14 100
Industry 0 0 -
Irrigation 53.56 45.8 85.5
Sub-Total 54.07 45.8 85.5
Middle Domestic 37.11 37.11 100
Crocodile Industry 0 0 -
Irrigation 110.6 104.5 94.5
Sub-Total 147.71 141.6 95.87
Kaap River Domestic 0 0 0
Industry 0 0 -
Irrigation 90.6 77.78 85.70
Sub-Total 90.6 77.78 85.70
Lower Crocodile Domestic 7.75 7.75 100
Allocation Industry 8.95 8.95 100
Irrigation 218.11 211.14 96.80
Sub-Total 234.81 227.85 97.03
Total 556.9 535 96.0

4.2.3 PRESENT FLOW REGIME EWR FOR EWR sITE 6 (KD_PRES_12I)

In the new National Water Act (1998), water is “Reserved” for environment as a first priority. A
desktop study has been done to estimate the EWR at different Instream flow requirement sites
in Crocodile catchment. IFR Site 6 is located at lower section of the Crocodile River, and the
EWR at the site from the desktop study is estimated to be C-class. However, the C-class
Environmental Water Requirement, which is 288 million m®a in average, is believed to be high
by the Irrigation boards and Inkomati Management Agency. As a result a study has been
commissioned to investigate into the environment water requirement at the site. Consequently,
a present environmental flow regime, which is 156 million ma in average including high flows,
is believed to be adequate to sustain the ecology of the Lower section of the Crocodile River. In

this scenario where the present environmental flow regime water requirement is implemented,
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the yield for the irrigation users at 1:50 years return period is 92.5 %of the total demand, as

described in Table 16,. This is 1.7 % less than the current yield reliability to the irrigation water

users. This scenario clearly shows any type of EWR implementation will affect negatively to the

yield reliability of irrigation water users (see Table 17).

The same operating rules are used for the implementation of the present environmental flow

regime scenario as the scenarios for the current water requirement with international trans-

boundary flows. The EWR has a first priority to water from the river and the dam. As a

consequence if there is no water from run-of-river flows, the EWR is provided with water from

Kwena Dam without any restrictions. In those instances there is a risk of Kwena Dam failure as

shown in Figure 4.11 as compare to Figures 4.9 and 4.10.

Table 16: Long term Crocodile water users supply reliability at 1 in 50 year and 1 in
10 year risk level
1:50 years 1: 10 years 1:50 years 1:10 years
Water users assurance assurance in (% relative to (% relative to

(million m*/a) (million m*a) | total allocation) | total allocation)
Irrigation sector 450 481.7 92.5 98.8
Domestic & Industry 70 70 100 100
Total 520 551.7 93.5 99

Kwena Dam Storage Trajectory
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Figure 4. 11: Kwena Dam relative storage volume
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Table 17: Long term water users supply reliability at 1 in 50 year risk level for

Crocodile subsystems

Assurance of
Water User | Water Allocation | Water Supplied Supply
[million m*/a] [million m*/a] [% of demand]
Upstream of Domestic 0.475 0.475 100
Kwena Dam Industry 0 0 -
Irrigation 5.05 5.05 100
Sub-Total 5.525 5.525 100
Downstream of Domestic 0.0 0.0 -
Kwena Dam Industry 0 0 -
Irrigation 11.80 11.77 99.74
Sub-Total 11.80 11.77 99.74
Elands Domestic 1.2 1.2 100
Industry 13.3 13.3 100
Irrigation 6.7 6.7 100
Sub-Total 21.2 21.2 100
White River Domestic 1.14 1.14 100
Industry 0 0 -
Irrigation 53.56 48.94 91.4
Sub-Total 54.07 50.08 91.55
Middle Domestic 37.11 37.11 100
Crocodile Industry 0 0 -
Irrigation 110.6 106.15 96.0
Sub-Total 147.71 143.25 97.4
Kaap River Domestic 0 0 0
Industry 0 0 -
Irrigation 90.6 78.15 86.26
Sub-Total 90.6 78.15 86.26
Lower Crocodile Domestic 7.75 7.75 100
Allocation Industry 8.95 8.95 100
Irrigation 218.11 216.65 99.32
Sub-Total 234.81 233.35 99.38
Total 556.9 535 96.0

4.2.4 ApDD MONTROSE DAM

Water Authorities and irrigation boards acknowledge that if the IIMA transboundary flow and
Present flow regime or C-class EWR at the outlet of the Crocodile catchment are implemented,
it will be difficult to supply the current and future water requirement from the catchment at an
acceptable assurance level. One of the proposed solutions is to build a new dam (Montrose

Dam) at the confluence of Elands and Crocodile rivers.

With addition of a new dam, it is expected that the Crocodile catchment will able to meet the C-
class EWR at the outlet of the catchment. In this category two scenarios are simulated, in the
first scenario present flow regime EWR is implemented and in the second scenario C-class

EWR at the outlet of the catchment is implemented.
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With present flow regime EWR at EWR site 6, IIMA international flow of 1.2 m® per
second (MD_Pres_12I)

An addition of Montrose Dam at the confluence of Elands and Crocodile River stabilises the
unregulated crocodile river below the confluence and increase the overall water supply reliability
to crocodile irrigation water users’ from 92.5 % to 95.1 % as summarised in Table 18. The 92.5
% water supply reliability is for the scenario where the present flow regime in combination of the
IIMA water agreed trans-boundary flows are implemented. In this scenario, a trans-boundary
flow of 1.2 m%s or 37.87 million m*a, and a present flow regime environmental flow at the outlet
of Crocodile catchment are met with less than 100 % reliability. Though the water reliability to
water users increased the water reserve in Kwena Dam is highly depleted as compared to the
Kwena Dam relative water storage in the current water requirement scenario with a trans-
boundary flow of 0.9 m’/s (see Figure 4.12 and Figure 4.13) . This scenario demonstrates the
impact of environmental flow implementation to the Crocodile catchment water availability, even

with the addition of Montrose to capture the water flows from the Elands River.

Table 18: Long term Crocodile water users supply reliability at 1 in 50 years and 1 in

10 years risk level

1:50 years 1: 10 years 1:50 years 1:10 years
Water users assurance assurance in (% relative to (% relative to
(million m*/a) (million m*a) | total allocation) | total allocation)
Irrigation sector 463 479.7 95.1 98.5
Domestic & Industry 70 70 100 100
Total 533 549 95.7 98.7
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Kwena Dam Storage Trajectory
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Figure 4.14 compares the current flows at the outlet of the Elands catchment against the
present environmental flow regime requirement at the outlet of the Crocdile River. The Elands
catchment yiled could satisfy the low flow of the present environmental flow regime, whereas
the high flows of the present flow regime are much higher than the yield at the outlet of the

Elands catchment.

Table 19: Long term water users supply reliability at 1 in 50 years risk level for

Crocodile subsystems

Assurance of
Water User Water Allocation Water Supglied Supply
[million m*/a] [million m*/a] [% of demand]
Upstream of Domestic 0.475 0.475 100
Kwena Dam Industry 0 0 -
Irrigation 5.05 5.05 100
Sub-Total 5.525 5.525 100
Downstream of Domestic 0.0 0.0 -
Kwena Dam Industry 0 0 -
Irrigation 11.80 11.71 99.24
Sub-Total 11.80 11.71 99.24
Elands Domestic 1.2 1.2 100
Industry 13.3 13.3 100
Irrigation 6.7 6.7 100
Sub-Total 21.2 21.2 100
White River Domestic 1.14 1.14 100
Industry 0 0 -
Irrigation 53.56 48.54 90.62
Sub-Total 54.07 59.68 90.82
Middle Crocodile Domestic 37.11 37.11 100
subsystem Industry 0 0 -
Irrigation 110.6 105.93 95.8
Sub-Total 147.71 143.05 96.84
Kaap River Domestic 0 0 0
Industry 0 0 -
Irrigation 90.6 77.73 85.8
Sub-Total 90.6 77.73 85.8
Lower Crocodile Domestic 7.75 7.75 100
Allocation Industry 8.95 8.95 100
Irrigation 218.11 218.11 100
Sub-Total 234.81 234.81 100
Total 556.9 533 95.7

With comprehensive C-class EWR at EWR site 6, IIMA international flow of 1.2 m*
per second (MD_CC_12I)

The water users’ water supply reliability in this scenario is similar to the scenario where
Montrose Dam is added and the present environmental flow regime EWR is implemented.
However, the water available in Montrose and Kwena Dam is much lower. This scenario clearly
shows that even with the addition of Montrose Dam, meeting a C-class EWR at the bottom of
the Crocodile catchment will severely affect the water storage in the Kwena Dam. In these two

scenarios where Montrose Dam is added, the same operating rules that are used for the
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Current water requirement with an international flow of 0.9 m%s or 1.2 m%/s is implemented. As
a consequence, the EWR is much more dependent on the storage in the Kwena and Montrose
Dam. The severity of the C-class environmental impact in the water use is not highlighted
because the same operating rules are used as the current water requirement scenarios (Table
20 and Table 21).

If the C-class EWR is going to be implemented in the Crocadile catchment, with the addition of
Montrose or Mountain View Dam, the current operating rules will need to be adjusted and it will
result in severe restriction of the water users, specifically the irrigators. In this scenario, the
severity of the C-class EWR is highlighted in the depletion of Kwena and Montrose Dam
reserve, as shown in Figures 4.15 and 4.16 as compared to the Figures 4.13 and 4.14.

Table 20: Long term Crocodile water users supply reliability at 1 in 50 year and 1 in 10

year risk level

1:50 years 1: 10 years 1:50 years 1:10 years
Water users assurance assurance (% relative to (% relative to
(million m*/a) (million m*a) | total allocation) | total allocation)
Irrigation sector 463.2 479.5 95.1 98.5
Domestic & Industry 70 70 100 100
Total 533.2 549.5 95.7 98.7
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Figure 4.17 compares the current flows at the outlet of the Elands catchment against the C-
class EWR at the outlet of the Crocdile River. The low flows Elands catchment yiled are much
lower than the low flow of the C-class environmental flows, whereas the high flows of the Elands
catchment yield are much higher than C-class EWR at the outlet of the Crocodile catchment.
The conclusion that could be drawn from Figre 4.17 and 4.14 is that the Present environmetal
flow regime have a very high of high flows of environmetal water requirment while the C-class

are high low flow enviromental requirement.

Table 21: Long term water users supply reliability at 1 in 50 years risk level for
Crocodile subsystems
Assurance of
Water User Water Allocation | Water Supglied Supply
[million m3/a] [million m*/a] [% of demand]
Upstream of Kwena Domestic 0.475 0.475 100
Dam Industry 0 0 -
Irrigation 5.05 5.05 100
Sub-Total 5.525 5.525 100
Downstream of Domestic 0.0 0.0 -
Kwena Dam Industry 0 0 -
Irrigation 11.80 11.77 99.74
Sub-Total 11.80 11.77 99.74
Elands Domestic 1.2 1.2 100
Industry 13.3 13.3 100
Irrigation 6.7 6.7 100
Sub-Total 21.2 21.2 100
White River Domestic 1.14 1.14 100
Industry 0 0 -
Irrigation 53.56 48.54 90.62
Sub-Total 54.07 59.68 90.82
Middle Crocodile Domestic 37.11 37.11 100
Industry 0 0 -
Irrigation 110.6 106.15 96.0
Sub-Total 147.71 143.25 97.4
Kaap River Domestic 0 0 0
Industry 0 0 -
Irrigation 90.6 78.15 86.26
Sub-Total 90.6 78.15 86.26
Lower Crocodile Domestic 7.75 7.75 100
Allocation Industry 8.95 8.95 100
Irrigation 218.11 216.65 99.32
Sub-Total 234.81 233.35 99.38
Total 556.9 535 96.0
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4.2.5 MOUNTAIN VIEw DAM

4.2.5.1

Building Mountain View Dam in the unregulated Kaap River is another proposed solution to the
over-allocation of the catchment. With the addition of Mountain View Dam, the dam can support
the supply of water to the lower section of the Crocodile catchment, where half of the total water

demand of the catchment comes from.

Similar to the Montrose Dam, if Mountain View is built in the Kaap River, the Crocodile
catchment is expected to supply the EWR at the outlet of the catchment. Hence, two scenarios
are considered one is with present environmental flow regime and the second one is with C-

class EWR at the outlet of the catchment.

With present flow regime at EWR site 6, international flow of 1.2 m® per second
(MVD_Pres_12I)

In this scenario, a Mountain View Dam is added at the outlet of the Kaap Catchment, a present
flow regime environmental flow and IIMA agreed trans-boundary flow is implemented at the out
let of the Crocodile catchment, site 6. The reliability of irrigation water users increased from
92.5 % to 93.9 % (Table 22). The reliability increase is lesser as compared to the addition of
Montrose Dam; the increase in this scenario is 1.4 % while in the case of Montrose Dam the
addition is 2.6 %. Mountain View Dam is located at the Lower section of the Crocodile
catchment and it can only supply the lower section of the Crocodile catchment while the
Montrose Dam can supply to the middle and lower section of the Crocodile catchment (Table
23).

The depletion of Kwena Dam reserve is more severe on this scenario, than the scenario with
the addition of Montrose and present flow regime environmental flows. This could be due to

more flows in the Elands River in comparison to the Kaap catchment (Figure 4.18 and 4.19).

Table 22: Long term Crocodile water users supply reliability at 1 in 50 years and 1 in 10
years risk level
1:50 years 1: 10 years 1:50 years 1:10 years
Water users assurance assurance (% relative to (% relative to
(million m3/a) (million m3/a) total allocation) | total allocation)
Irrigation sector 461.99 479.9 94.85 98.55
Domestic & Industry 70 70 100 100
Total 531.96 549.95 95.51 98.74
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Kwena Dam Storage Trajectory
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Figure 4. 18: Kwena Dam relative storage volume
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Figure 4.19: Mountain View Dam relative storage volume
Figure 4.20 compares the current flows at the outlet of the Kaap catchment against the C-class

EWR at the outlet of the Crocodile River. The low flows Kaap catchment yiled are equivalent to
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the the low flow of the Present environmental flow regime, whereas the high flows of the Kaap
catchment yield are much lower than Present environmental flow regime water requirement at

the outlet of the Crocodile catchment.

Flow Duration Curve
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Figure 4. 20: Comparison of flows at the outlet of Kaap Catchment and the Present flow

regime environmental requirement at the outlet of Crocodile
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Table 23: Long term water users supply reliability at 1 in 50 years risk level for the

Crocodile sub-systems

Assurance of
Water user Water Allocation Water Supglied Supply
[million m3/a] [million m*/a] [% of demand]
Upstream of Domestic 0.475 0.475 100
Kwena Dam Industry 0 0 -
Irrigation 5.05 5.05 100
Sub-Total 5.525 5.525 100
Downstream of Domestic 0.0 0.0 -
Kwena Dam Industry 0 0 -
Irrigation 11.80 11.67 98.8
Sub-Total 11.80 11.67 98.8
Elands Domestic 1.2 1.2 100
Industry 13.3 13.3 100
Irrigation 6.7 6.7 100
Sub-Total 21.2 21.2 100
White River Domestic 1.14 1.14 100
Industry 0 0 -
Irrigation 53.56 48.54 90.62
Sub-Total 54.07 59.68 90.82
Middle Crocodile Domestic 37.1 37.1 100
Industry 0 0 -
Irrigation 110.6 105.72 95.5
Sub-Total 147.71 143.25 97.4
Kaap River Domestic 0 0 0
Industry 0 0 -
Irrigation 90.6 754 83.2
Sub-Total 90.6 75.4 83.2
Lower Crocodile Domestic 7.75 7.75 100
Allocation Industry 8.95 8.95 100
Irrigation 218.11 215.75 98.92
Sub-Total 234.81 232.46 99.0
Total 556.9 527.6 94.7

With comprehensive C-class EWR at EWR site 6, international flow of 1.2 m® per
second (MVD_CC_12I)

If the comprehensive C-class environmental requirement at the outlet of the Crocodile
catchment is implemented instead of the Present environmental flow regime that used in section
4.2.5.1. The yield to the irrigation water users decreases from 93.9 % to 92.4 %, as shown in
Table 24. The decrease occurs as the C-class EWR is greater than the present environmental
flow regime requirement. The reserve of the Kwena and Mountain View Dam is also highly
depleted in this scenario as compared to the scenario with addition of the Mountain View Dam
and present environmental flow regime. This also demonstrates the impact that the C-class
environmental flow will have on the supply reliability of the water users and the water reserve in
Kwena Dam (see Table 25). The addition of Montrose or Mountain View, could help in

stabilising the river, however they will not fully supply the C-class or present environmental flow
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regime water requirement without severely affecting the water supply reliability of the water

users or the water reserve in the dams (see Figure 4.21 and 4.22).

Table 24:

year risk level

Long term Crocodile water users supply reliability at 1 in 50 year and 1 in 10

1:50 years 1: 10 years 1:50 years 1:10 years
Water users assurance assurance (% relative to (% relative to
(million m*/a) (million m*a) | total allocation) | total allocation)
Irrigation sector 449.9 479.7 92.4 98.5
Domestic & Industry 70 70 100 100
Total 519.9 549.7 93.3 98.7
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Kwena Dam Storage Trajectory
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Figure 4. 23: Comparison of flows at the outlet of the Kaap Catchment and C-class

Environmental Water Requirement
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Figure 4.23 compares the current flows at the outlet of the Kaap catchment against the C-class

environmental flow regime requirement at the outlet of the Crocodile River. The low flows and

high flows Kaap catchment yiled are much lower than to the the low flow and highe flows of the

C-class environmental flow regime at the outlet of the Crocodile catchment, except for the flows

of 99.9 % of probablity of non-exceedence.

Table 25: Long term water users supply reliability at 1 in 50 years risk level for
Crocodile subsystems
Water Supplied Assurance of
Water user Water Allocation at 1: 50 years Supply
[million m*/a] [million m*/a] [% of demand]
Upstream of | Domestic 0.475 0.475 100
Kwena Dam Industry 0 0 -
Irrigation 5.05 5.05 100
Sub-Total 5.525 5.525 100
Downstream  of | Domestic 0.0 0.0 -
Kwena Dam Industry 0 0 -
Irrigation 11.80 10.84 91.8
Sub-Total 11.80 10.84 91.8
Elands Domestic 1.2 1.2 100
Industry 13.3 13.3 100
Irrigation 6.7 6.7 100
Sub-Total 21.2 21.2 100
White River Domestic 1.14 1.14 100
Industry 0 0 -
Irrigation 53.56 48.70 90.93
Sub-Total 54.07 49.85 91.12
Middle Crocodile | Domestic 37.11 37.11 100
Industry 0 0 -
Irrigation 110.6 102.52 92.70
Sub-Total 147.71 146.85 94.53
Kaap River Domestic 0 0 0
Industry 0 0 -
Irrigation 90.6 74.19 81.88
Sub-Total 90.6 74.19 81.88
Lower Crocodile | Domestic 7.75 7.75 100
Allocation Industry 8.95 8.95 100
Irrigation 218.11 212.43 97.4
Sub-Total 234.81 229.14 97.58
Total 556.9 535 96.0

BUILD MONTROSE AND MOUNTAIN VIEW DAM (MDMVD_CC_12I)

There is higher water assurance to water users by 0.7 percentages at 1:50 year risk level (see

Table 26), while lower reliability than the scenario where Montrose Dam is built and present

environmental flow regime water requirement is implemented. The Reserve in the three dams is

not stable, as it is always trying to satisfy the high EWR implemented in this scenario, which is

C-class, as shown in Figure 24, 25 and 26.
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Table 26: Long term Crocodile water users supply reliability at 1 in 50 years and 1 in 10
years risk level
1:50 years 1: 10 years 1:50 years 1:10 years
Water users assurance assurance (% relative to (% relative to
(million m3/a) (million m3/a) total allocation) | total allocation)
Irrigation sector 462.2 497.7 94.9 100
Domestic & Industry 70 70 100 100
Total 532.2 567.7 93.3 98.7
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Figure 4. 25: Montrose Dam relative storage volume
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Mountain View Dam Storage Trajectory
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Figure 4. 26: Montrose Dam relative storage volume
FARM SCALE WATER AVAILABILITY

A number of outputs are simulated in the MBIM for each field of the Mhlati farm. Some of the
outputs are Crop vyield, Water application or availability to the farm, evaporation, deep
percolation, return flow or runoff. In the subsequent subsections, analyses of Mhlati water
availability for different scenarios are presented.

CURRENT WATER REQUIREMENT, INTERNATIONAL FLOW AT TENBOSCH OF 0.9 M3 PER
seconp (KD_NO_09l)

For the current international water requirement Scenario, which is 0.9 m®%s at Tenbosch, the
Mhlati Farm irrigation water demand is calculated dynamically using the MBIM. There was
almost no supply for the requested water during the two drought spells that occurred in the
considered period. The length of simulation is from 1970 to 1999, and the catchment
experienced drought in 1983/84 and 1990 to 1994. The drought spell from 1990 to 1994 wasn't
as severe as the 1983/84 however it was for an extended period.

Mhlati farm has rights to access water from the run of river, the Crocodile River, and it can
request water from Kwena Dam if there is no sufficient water in the river. From the Figure 4.27
and 4.28 it shows that in most cases during the simulation period water is available to the farm;

however in those drought spells the farm doesn’t get enough to sustain crop production.
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Figure 4. 27:

Graphical description of the Mhlati Farm soil balance
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Comparison of Monthly water demand volumes and application of the

Mhlati farm
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4.3.2 CURRENT WATER REQUIREMENT, IIMA INTERNATIONAL FLOW OF 1.2 M° PER SECOND
(KD_NO_12I)

In this scenario, IIMA agreed international boundary flows are implemented to assess the
implication of water availability to the Mhlati Farm. The water demand of the farm is calculated
using MBIM, and the demand is not capped to 1300 mm per hectare. As shown in Figure 4.30
and 4.31, the difference in restrictions if the IIMA international flow is implemented as compared
to the Piggs Peak agreed flow which is 0.9 m®/s is not clearly visible. However, there is more

restriction to the farm when the IIMA international flow is implemented.
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Figure 4.29: Comparison of Monthly water demand volume and application of the
Mhlati farm
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Water Availability for Mhlati farm
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Figure 4. 30: Daily water availability to the Mhlati farm at different probabilities of

exceedence

PRESENT FLOW REGIME EWR FOR EWR sITE 6 (KD_PREs_12I)

As explained in the Catchment scale scenarios, an EWR at different sites will be implemented in
the future in addition to the international flow requirement. In this scenario, a present flow
regime is implemented at outlet of the Crocodile River in addition to the IIMA agreed
international water requirement and the implication to Mhlati farm water availability is assessed.
Figure 4.32 shows that the severity of restriction to the water availability is comparable to

scenario 2, where IIMA international flow is implemented.
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Comparison of Water Demand and Application
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Figure 4. 31: Comparison of monthly water demand volumes and application of the
Mhlati Farm

4.3.4 ADD MONTROSE DAM

4.3.4.1

In the catchment scale scenarios, it was stated that addition of Montrose Dam was assessed as
a planning scenario to solve the possible water shortage in the catchment due to the
implementation of the international IIMA agreed flows and environmental requirement at the
outlet of the Crocodile River. In this case, a farm scale scenario with Montrose Dam in the
setup is simulated to assess the positive effects that could have on the Mhlati farm water

availability.
With present flow regime at EWR site 6 (MD_Pres_12I)

With the addition of the Montrose Dam, two types of environment flow regime are implemented.
In this scenario Present environmental flow regime water requirement is considered, and the
impact on Mhlati water availability is assessed. Mhlati farm will have more water available if
Montrose Dam is built, where the Present environmental flow regime is implemented in the
exercise. The availability of water to the farm in this scenario is compared to the current water
requirement scenario, where 0.9 m®/s trans-boundary water is considered, as shown in Figure
4.33.
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Water Availability for Mhlati farm
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Figure 4. 32: Daily water availability to the Mhlati Farm at different probabilities of
exceedence

With comprehensive C-class EWR at EWR site 6 (MD_CC_12I)

Figure 35, shows that if the C-class EWR instead of the Present EWR is implemented, then the
water availability to Mhlati farm decreases sharply. This is due to high amount of water required
to meet the C-class EWR as compared to the Present environmental flow regime. If the water
availability to Mhlati Farm in this scenario is to be compared to the current water requirement
scenario, there are high volumes water available when the water requirement is low and less
water available when the water requirement is high. This is could be due to the fact that
Montrose Dam stabilises the river and supplies Mhlati farm according to operating rules when

the river water availability is not adequate.
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Comparison of Water Demand and Application
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Figure 4. 33: Comparison of Monthly water demand volumes and application of the
Mhlati Farm
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Figure 4. 34: Daily water availability to the Mhlati Farm at different probabilities of

exceedence
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4.3.5 MOUNTAIN VIEw DAM

4.3.5.1

4.3.5.2

With present flow regime EWR at EWR site 6 (MVD_Pres_12I)

In this scenario, where Present environmental flow EWR is considered and Mountain View is
added, the water availability to the Mhlati farm is higher than all the scenarios considered.
Mountain View captures water at the outlet of the Kaap River, and Mhlati farm is located below
the Crocodile and Kaap river confluence. In this scenario, as shown in the Figure 36, it
captured adequate water to supply the present regime EWR at the outlet of the Crocodile River
and improve the water availability to water users located below the confluence of the Kaap and

Crocodile River.
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Figure 4. 35: Daily water availability to the Mhlati Farm at different probability of

exceedence

With comprehensive C-class EWR at EWR site 6 (MVD_CC_12I)

Mhlati water availability decreased significantly when the C-class EWR is implemented in place
of the present flow regime. This shows that the Captured Kaap river flow is not adequate
enough to supply the C-class and improve the water reliability of water users below the

confluence of the Kaap and Crocodile River.
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Water Availability for Mhlati farm
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Figure 4. 36: Daily water availability to the Mhlati Farm at different probabilities of

exceedence

BuILD MONTROSE & MOUNTAIN VIEw DAMS WITH COMPREHENSIVE C-CLASS EWR AT
EWR siTE 6 (MDMVD_CC_12I)

If both the Montrose and Mountain View Dams are built, operating rules will be implemented for
the two dams in a vision to manage the Crocodile catchment water sustainably and efficiently.
Hence, there will be less runoff river water to the Mhlati farm, as water from the Elands and
Kaap catchments are conserved in Montrose and Mountain View Dams respectively. However,
the supply of water to the farm will be stable and there is higher reliability for the minimum

required amount water to sustain the farm.
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Water Availability for Mhlati farm
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Figure 4. 37: Daily water availability to the Mhlati Farm at different probabilities of

exceedence

In all of the above scenarios discussed above, the return flow from the Mhlati irrigation farm
averaged between 6-10 % of the water application. At the start of this study it was envisaged
that the impact of the return flow from the irrigation fields on the total catchment water
availability will be investigated. However, to estimate the return flow from each of the irrigation
fields in the Crocodile catchment, it requires a detailed farm scale modelling of each of those
irrigation fields. And it is beyond this study, to put a detailed farm scale MBIM model for each of

the irrigation farms of Crocodile catchment.

FARMS-SCALE ECONOMIC ANALYSES

The farm-scale economic results show the impact of the alternative catchment scale
management options on the profitability and the livelihood of different irrigation farms. The
results should be interpreted taking cognisance of the steady state assumption. Thus, the
different farm situations should not be interpreted as a transition from one to another, but rather
as an entity on its own. The same scale is used to portray the cumulative probability
distributions of return on equity and the net cash flows. Thus, the graphs are visually directly

comparable. Figure 4.38 is used as an example to aid interpretation of the results that follow.
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Figure 4. 38: Example cumulative probability distribution of ROE

Figure 4.38 shows the cumulative probability distribution of ROE for one farming scenario as
well as the breakeven ROE of 7.66%. The cumulative probability distribution indicates the
chance to obtain a specified ROE or less. The probability to obtain a ROE less than zero is 29%
(red) whereas the probability to obtain a ROE greater or equal to 7.66% is 67% (1-0.33) (green).
The results for each scenario is summarised using a stoplight chart where red is used to
indicate ROE levels below zero, yellow for ROE levels greater than zero but less than the
breakeven of 7.66% and green if ROE is greater than the breakeven level. The same logic is

applied to the livelihood analyses.

CURRENT WATER REQUIREMENT, INTERNATIONAL FLOW AT TENBOSCH OF 0.9 M° PER
SECOND (KD_NO_09I)

Profitability

Profitability is measured by the return on equity (ROE) of the farming business. The farming
business is financially feasible if ROE is greater than the return on total assets (ROA). A positive
leverage is obtained when ROE > ROA which indicates that foreign capital is employed
profitable in the farming business. Capital is profitably employed if the returns exceed the cost of

capital. The amount with which the ROA is greater than the cost of capital accrues to the owner.
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Consequently the ROE of the farming business should be greater than ROA. In cases where
ROA < ROE, a negative financial leverage prevails which means that own capital needs to be
used to pay for interest and rental obligations. Figure 4.39 shows the cumulative probability

distributions of the ROE for four farming businesses.
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Figure 4. 39: Cumulative probability distributions of ROE for four farming businesses

for catchment water management scenario KD_NO_09I.

All four the cumulative probability distributions show similar forms with the larger farm sizes
dominating the smaller farm sizes. The drip irrigation farms (SD100 and SD150) are also more
profitable than their counterparts. Results also show that water availability is not secure. The
vertical portions of the cumulative probability distributions for the alternatives indicate that water
availability has only marginal effects on the profitability of the irrigation farms. The sprinkler
dominated farms will be affected for about 45% of the time by water restrictions while the farms
with relatively larger areas of drip will be affected for about 35% of the time. The impact of using
water more efficiently is therefore evident from the results. The probability of achieving a
negative return on equity is around 30% for all the farm scenarios considered. Although the
probability of achieving negative returns hover around 30% only farm scenario SD100 of the

smaller farm sizes are financially feasible (ROE=ROA).
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Next the results from the cash flow analysis are discussed to determine whether the farms are

generating enough cash flows to sustain a livelihood.

Livelihood

Figure 4.40 indicates the cumulative probability distributions of net cash flows for the four

different farming businesses.

Cumulative Probability
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Figure 4. 40: Cumulative probability distributions of net cash flow for four farming

businesses for catchment water management scenario KD_NO_09I.

The results clearly shows the ability of the larger farms to generate larger cash flow surpluses
(values > 0) when compared to the smaller farms. Within each farm size category the drip
irrigation farms dominate the sprinkler irrigation farms. Contrary to the larger farms ability to
generate larger cash surpluses, these farms also have the greatest possibility of generating
larger cash flow deficits when compared to the smaller farms. The last mentioned is mainly due
to the effect of larger overheads and debt repayment requirements. The probabilities of
generating positive cash flows vary between 71% and 78% for all the farm scenarios. The
analysis shows that although the farm scenario S100 is not financially feasible it does generate

enough cash flows to provide a livelihood more than 70% of the time.
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4.4.2 CURRENT WATER REQUIREMENT, IIMA INTERNATIONAL FLOW OF 1.2 M° PER SECOND

4.4.2.1

(KD_NO_12I)

Profitability

Scenario KD_NO_12I represent the situation where the international flow requirement is

increased to 1.2 m*/s. The results from the profitability analyses are given in Figure 4.41.
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Figure 4. 41: Cumulative probability distributions of ROE for four farming businesses

for catchment water management scenario KD_NO_12I.

The results show that the same general trends as with Scenario KD_NO_09 are observed with
Scenario KD_NO_12I. There are, however, some noticeable differences between the scenarios.
Water restrictions will impact the profitability of farms with relatively lower water application
efficiencies more quickly when compared to the farms with relatively higher efficiencies. As a
result ROE of the sprinkle farms diverges more quickly from the maximum obtainable values to
lower levels before converging to more or less the same levels as the SD farms. The point of
convergence corresponds to a probability level of 35%. From there on the farm scenarios within
a specific farm size category follows the same path till it reaches the minimum level of

profitability. The minimum levels are, however, lower than Scenario KD_NO_09. Cognisance
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should also be taken of the fact that water restrictions will occur more frequent and therefore the
probability of achieving a positive leverage is reduced to 40% for SD100 and S150 and 50% for
SD150.

4.4.2.2 Livelihood

The cash flow results shown in Figure 4.42 suggest that the more frequent restrictions imposed
by the increase of the international flow requirement will decrease the probability of all the
scenarios to generate positive cash flows by about four percentage points. In addition the

magnitude of net cash flow deficits have increased by about R250 000.
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Figure 4. 42: Cumulative probability distributions of net cash flow for four farming

businesses for catchment water management scenario KD_NO_12I.
4.4.3 PRESENT FLOW REGIME FOR EWR sITE 6 (KD_PRES_12I)

4.4.3.1  Profitability

Figure 4.43 shows the profitability results from imposing an EWR based on the present flow

regime in addition to an international flow requirement of 1.2 m¥s.
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Figure 4. 43: Cumulative probability distributions of ROE for four farming businesses

for catchment water management scenario KD_Pres_12I.

Figure 4.43 shows that the general form of the distributions of ROE are almost identical to the
distributions portrayed in Figure 4.41 for Scenario KD_NO_12l. The only difference is that the
distributions are slightly stretched to the left resulting in a small increase in the probability of not

achieving financial leverage.
Livelihood
The fact that the EWR based on the present flow regime in addition to an international flow

requirement of 1.2 m*s has minimal impact is also echoed in the results of the cash flow

analysis shown in Figure 4.44.
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Figure 4. 44: Cumulative probability distributions of net cash flow for four farming

businesses for catchment water management scenario KD_Pres_12I.
Visual inspection of Figure 4.44 and Figure 4.42 shows that the results are almost identical.

Thus, the conclusion is that the addition of the EWR based on the present flow regime will have

little effect on the farmers.

ADD MONTROSE DAM

With present flow regime EWR at EWR site 6 (MD_Pres_12I)

Profitability

The purpose of building the Montrose Dam is to stabilise flows in the river and to increase the
availability of water in the system. The profitability results from building the Montrose Dam with
an international flow of 1.2 m*s and an environmental flow requirement based on the present

flow regime are shown in Figure 4.45.
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Figure 4. 45: Cumulative probability distributions of ROE for four farming businesses

for catchment water management scenario MD_Pres_12I.

The impact of water availability on profitability is evident from the fact that for 64% of the time
ROE will not deviate much from the achievable levels of ROE under conditions of no water
restrictions (vertical part of the distribution). When compared to Scenario KD_Pres 12| the
results indicate that the probability of achieving a positive financial leverage has increased when
the Montrose Dam is built

to about 65% for the larger farming scenarios and 48% for scenario SD100 while S100 which is
still infeasible. The probability of achieving a negative return has also decreased slightly. More
significant is the reduction in the level of shortfalls that were reduced significantly as indicated

by the reduction of the area under the graphs to the left of a ROE of zero.

Livelihood

The positive impact of Montrose Dam on the profitability of the farm has also translated into a
positive impact on the net cash flows of the farms as shown in Figure 4.46. Although the
reduction in the probability of realising a negative cash flow is not significant, the reductions in

average shortfalls are substantial.
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Figure 4. 46: Cumulative probability distributions of net cash flow for four farming

businesses for catchment water management scenario MD_Pres_12I.

With comprehensive C-class EWR at EWR site 6 (MD_CC_12I)

4.4.4.2.1 Profitability

The hydrological simulations for Scenario MD_CC_12I indicated higher water availability when
demand for water is low and the converse if water demand is high. The impact of the water

availability scenario on profitability is shown in Figure 4.47.
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Figure 4. 47: Cumulative probability distributions of ROE for four farming businesses

for catchment water management scenario MD_CC_12lI.

Figure 4.47 indicates that the profitability of the irrigation farms will be severely reduced when
the environmental flow requirement is enforced using the Class C flow regime. Farm Scenario
S100 remains infeasible and the probability of achieving a positive leverage for the other farm
scenarios is less than 20% while the probability of achieving negative returns are all above 75%.
When compared to Scenario MD_Pres_12| the minimum return has decreased with only about
seven percentage points. Cognisance should be taken of the fact that the average size of the

shortfalls is significantly higher.

Overall the results clearly show that enforcing the environmental flow based on a Class C flow

regime will cause these farms to cease farming.

Livelihood

Implementing the Class C environmental flow regime is also detrimental to the livelihoods of the

farming business as is evident from the net cash flow results shown in Figure 4.48
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Figure 4. 48: Cumulative probability distributions of net cash flow for four farming

businesses for catchment water management scenario MD_CC_12lI.

The results are in accordance with the profitability analysis where the probability of achieving
cash surpluses is low and average shortfalls are high. Thus, none of the farm scenarios will be

able to sustain their livelihoods.

MouNTAIN VIEw DAM
With present flow regime EWR at EWR site 6 (MVD_Pres_12I)

4.4.5.1.1 Profitability

The hydrological simulations indicated that the introduction of Mountain View Dam will increase
the water availability in the catchment the most. Significant improvements in the profitability of
all the farming scenarios are observed. The results from the profitability analysis are shown in
Figure 4.49.
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Figure 4. 49: Cumulative probability distributions of ROE for four farming businesses

for catchment water management scenario MVD_Pres_12I.

The positive impact of increased water availability is observed by the fact that the cumulative
probability distributions for which a positive leverage is obtained has become much more
vertical. More verticality indicates a lesser chance of deviating from the maximum profitability
that could be obtained when water is not limiting. However, increased water availability did not
necessarily increase the chance of obtaining a positive leverage for all farms (again excluding
S100 since it has negative leverage all of the time) when compared to scenario MD_Pres_12.
SD150 has the same probability of achieving a positive leverage while the probabilities for S150
and SD100 have decreased. Important to observe is that the magnitude of returns below ROA
were significantly reduced. Furthermore the chance of achieving a negative return is only 12%
for all the farm scenarios considered. The overall result may be directly linked to the operating

rules associated with operating the new dam.

Livelihood

Figure 4.50 shows the results of the net cash flow analysis for scenario MVD_Pres_12I.
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Figure 4. 50: Cumulative probability distributions of net cash flow for four farming

businesses for catchment water management scenario MVD_Pres_12I.

The net cash flow distributions follow the profitability distributions. Results show a very

favourable situation where there is only a 11% chance of not achieving a positive net cash flow.

The maximum net cash flow deficits are also much less when compared to the other scenarios.

With comprehensive C-class EWR at EWR site 6 (MVD_CC_12I)

Profitability

Scenario MD_CC_12l is used to demonstrate the impact of implementing the EWR according to

a Class C flow regime. Results from the analysis show a profound impact on the ROE as

portrayed in Figure 4.51.
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Figure 4. 51: Cumulative probability distributions of ROE for four farming businesses

for catchment water management scenario MVD_CC_12lI.
Figure 4.51 shows that the probability of achieving a positive leverage varies between 18% and
22% with farm scenario S100 being infeasible. The probability of achieving a negative return

has also increased to above 55%. More significant, however, is the magnitude of the negative

returns that are realised. The magnitude is of such an extent that it will be impossible to recover.

4.4.5.2.2 Livelihood

The sustainability of the farms contribution towards living expenses also come under severe

pressure as is evident from the net cash flows shown in Figure 4.52.
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Figure 4. 52: Cumulative probability distributions of net cash flow for four farming

businesses for catchment water management scenario MVD_CC_12l.

As with the profitability analysis the concern is not only the high probability of not realising net
cash flow deficits but also the extent of the deficits. The probability of not achieving positive net
cash flows varies between 42% and 57%. The maximum net cash flow deficit for each of the

100 ha farms 150 ha farms are respectively R1.6 million and R2.3 million.

BuUILD MONTROSE AND MOUNTAIN VIEW DAMS WITH COMPREHENSIVE C-CLASS EWR
AT EWR siTE 6 (MDMVD_CC_12I)
Profitability

Scenario MDMVD_CC_12l was included to determine whether building both the Montrose and
Mountain View dams will stabilise water supply to such an extent that it is financially justifiable
to implement a Class C environmental flow requirement. The simulated water availability
(Figure 4.37) indicated that building two dams will increase water supply reliability when water
availability is low. However, there exist a 45% chance that the water availability might be slightly
less when compared to a situation where only the Mountain View dam is built. Figure 4.53

shows the impact of the two dams on the profitability of the case study farms.
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Figure 4. 53: Cumulative probability distributions of ROE for four farming businesses

for catchment water management scenario MDMVD_CC_12lI.

The impact of stabilising the flows with increased reliability to satisfy water requirements is
evident from the rightward shifts in the lower tails of the distributions for all the farming
scenarios. Although the magnitude of the losses was reduced, there still exists a chance of
between 25% and 36% to realise a negative ROE irrespective of the farm scenario. SD150 has
a 20% chance of a positive financial leverage whereas all the other scenarios are infeasible.
The results further show that the financial situation of farms with higher irrigation efficiencies will
improve most. The conclusion is that building both dams will definitely improve the financial
situation of the farmers but the magnitude of the improvements is too little to render the

implementation of a C-Class EWR profitable.

Livelihood

Figure 4.54 shows the results of the net cash flow analysis for scenario MDMVD_CC_12I.
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Figure 4. 54: Cumulative probability distributions of net cash flow for four farming

businesses for catchment water management scenario MDMVD_CC_12lI.

Again the net cash flow distributions tend to follow the general shape of the ROE distributions.
Differences in the net cash flow situation of the farms are less profound for negative cash flows
when compared to positive cash flows. Results also corroborate the results from the other
scenario which indicate the tendency that larger farms are able to generate larger cash
surpluses, but also that the shortfalls are greater. From a livelihood perspective building both

dams may stabilise the situation to such an extent to provide a livelihood.

SUMMARY OF KEY PERFORMANCE INDICATORS

In this section a summary of the catchment water management scenarios with respect to
profitability and net cash flows is given. Stoplight charts are used to summarise the results. A

Stoplight chart provides an indication of the probability that a key output variable will be within a

specified range.
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Profitability

The stoplight chart that summarises the profitability of the alternative catchment scale water
management scenarios is shown in Figure 4.55. Three ranges were used in the graph. The
bottom part of a bar indicates the probability to realise a negative return on your investment
while the top part of the bar indicates the probability to achieve a positive leverage. The middle
section shows the probability that ROE will be greater than zero but smaller than ROA.
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Figure 4. 55: Stoplight chart of the profitability of four farming businesses under
different catchment water management scenarios.

Figure 4.55 shows that farm scenario S100 has no chance of obtaining a positive financial
leverage and is therefore financially infeasible. Next only the other farm scenarios are
considered. Increasing the international flow requirement to 1.2 m®s from 0.9 m®%s will
negatively affect farming profitability of all the farm scenarios. Introducing the EWR based on
the present flow regime will affect SD100 and S150 negatively while the impact on SD150 is
negligible when compared to a 1.2 m®/s international flow requirement.

The logic behind building dams in the system is that it will stabilise the flow in some rivers
thereby increasing water availability in the system. Building the Montrose Dam will increase the
chance of being financially feasible for the larger farms to more than 62% of the time while

maintaining an EWR that is implemented using the present flow regime. Of the two dams
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considered, the Mountain View Dam has the greatest potential to increase overall profitability of
the farms. However, the scenario tends to decrease the probability of achieving a positive
financial leverage. Implementing the Class C EWR will be detrimental to the farming profitability
of the irrigation farms. With a Class C environmental flow the probability to be profitable is
reduced to 20% and 24% respectively for a water management scenario that includes the
Montrose and Mountain View Dams. Contrary to expectation building both dams did not
enhance the ability of the farmers to improve their financial leverage. However, the chance of
achieving a negative ROE was decreased significantly. The fact that SD100 and S150 became

infeasible highlights the importance of further refinements to the operating rules of the two

dams.
Livelihood

The stoplight chart that summarises the net cash flow position of the farms for alternative
catchment scale water management scenarios is shown in Figure 4.56. Only two ranges were
used in the graph. The bottom part of a bar indicates the probability to realise a negative net

cash flow while the top part of the bar indicates the probability to achieve a positive net cash

flow.
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Figure 4. 56: Stoplight chart of the net cash flow (NCF) position of four farming

businesses under different catchment water management scenarios.
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In general the cash flow results confirm the results obtained from the profitability analyses. From
a cash flow perspective implementing a Class C EWR will be detrimental to the livelihoods of
the farms. Construction of the Mountain View Dam has the largest positive impact on the cash
flows of the farmers since it increases water availability most. Building the Montrose Dam wiill
only marginally increase cash surpluses. From a livelihood perspective, building both dams will

improve the probability of a decent livelihood most when a Class C EWR is maintained.

WATER CURTAILMENT SCENARIOS

All the catchment water management scenarios considered this far cause the water availability
of the farms to change. The curtailment scenarios test whether the irrigation farms will sustain a

curtailment in their water allocation.

10% Curtailment
Profitability

The cumulative probability distribution of ROE for a 10% water curtailment is given in
Figure 4.57.
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Figure 4. 57: Cumulative probability distributions of the profitability of four farming

businesses for a water curtailment of 10%.
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The results show that a 10% curtailment will reduce the profitability of the farm under the status
quo management and irrigation technology because the water applications per unit area will be
reduced. Thus, the reduction in profitability is directly related to changes in crop yields. The
reduction in crop yields will cause a reduction in returns to such an extent that none of the farms

will achieve a positive leverage.

4.4.8.1.2 Livelihood

The impacts of a 10% water curtailment on the net cash flow of the different farms are shown in

Figure 4.58.
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Figure 4. 58: Cumulative probability distributions of the net cash flow position of four

farming businesses for a water curtailment of 10%.

The results from the cash flow analysis show that the ability of the farm to provide a livelihood

will not be jeopardised. However, the magnitude of the cash surpluses is reduced.
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4.4.8.1 20% Curtailment

4.4.8.1.1 Profitability

The profitability analysis of a 20% curtailment in the water allocation is shown in Figure 4.59.
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Figure 4. 59: Cumulative probability distributions of the profitability of four farming

businesses for a water curtailment of 20%.
Figure 4.59 shows that the impact of a 20% curtailment in the water allocation will be

detrimental to the irrigation farms. None of the farms will generate a positive return on their

investment.
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4.4.8.2.2 Livelihood

The net cash flow analysis of for the 20% curtailment scenario is shown in Figure 4.60.

Cumulative Probability
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Figure 4. 60: Cumulative probability distributions of the net cash flow position of four

farming businesses for a water curtailment of 20%.
The results echoed those of the profitability analysis in a sense that the farms will be unable to

generate enough cash flows to cover living expenses. The conclusion is that the irrigation farm
will not be able to sustain a 20% curtailment in the water allocation.
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CHAPTER 5:
CONCLUSIONS AND RECOMMENDATIONS

BACKGROUND

The National Water Act (Act No. 36 of 1998) requires that water must be allocated to the
environment. The Crocodile East catchment presents an interesting situation in that the
Crocodile River forms the southern border of the Kruger National Park, which makes allocating
water for the environment a sensitive endeavour. Furthermore, South Africa is obliged to
increase the international flow requirement to Mozambique from 0.92 m%s to 1.2 m%s. The
challenge is that the catchment is now over-allocated, which requires a reconciliation of the
water balances in the catchment. Irrigated agriculture is the dominant water user in the
catchment and is likely to face water curtailments required to reconcile the water supply
imbalances. Water curtailments imply that water availability will be permanently reduced. As a
result, the financial feasibility of the farming enterprises and the farmers’ livelihoods are

threatened. Questions that stakeholders and water managers are currently grappling with are:

e How will different levels of water use curtailments influence the financial viability of irrigation
farms? This can help identify the break-even point, after which curtailments will be
detrimental to the sustainability of the irrigation farms.

e Can other water management options be considered to address the over-allocated nature?
How will these options impact the financial viability of the irrigation farms? Examples of
other (non-curtailment) related options include:

o The building of one or more new dams

o Improving the dam operating rules associated with existing dams

o Changing the quantity of water allocated to the EWRs

o Changing the quantities of water associated with the International Flow

o A combination of the items listed above

The overall objective of this research was to develop an integrated hydro-economic modelling
framework that can be used to explore the potential impacts of the afore-mentioned alternative
catchment scale water management strategies and water curtailments on the financial feasibility
and livelihoods of irrigation farming. The water use optimisation model was set up for two
different farm sizes comprising different irrigation system combinations to reflect relatively more

and less efficient water use.

The literature review indicated that the compartment modelling approach will be the best suited

for the research. With compartment modelling, it is possible to represent the institutional setting
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that provides the rules for using and developing water resources with a hydrological systems
model like MIKE BASIN. The resulting water availability time-series generated from MIKE
BASIN, and associated with the water intervention scenarios identified by the stakeholders,
could then be linked to an economic optimisation model to determine the likely economic impact
associated with each intervention scenario. Linking the different models proved to be difficult,
due to fact that the economic and hydrological models operate on different spatial and temporal
scales. In order to meaningfully link the SKELETON optimisation model to MIKE BASIN, a
steady state needs to be assumed, therefore no long-run adjustments to the farm structure were
modelled. Irrigation system specific state contingent production functions were developed to
quantify the impact of changes in irrigation water use on sugarcane yields — to reflect

differences in irrigation water application efficiencies.

Via a process of consultation, stakeholders in the Crocodile Catchment identified 12 catchment
scale water management intervention scenarios, as well as two water curtailment scenarios,
which could be possible solutions to help address the over-allocated nature of the catchment. .
The integrated hydro-economic framework was used to generate results for all the scenarios

where after the modelling results were validated with the stakeholders.

SUMMARY OF RESULTS AND CONCLUSIONS

The research made a significant contribution towards a better understanding of the potential
hydro-economic impact of alternative water management intervention scenarios (to address the
over-allocation) through the development and application of the integrated hydro-economic
modelling framework. Application of the adopted modelling framework demonstrated the ability
of the framework to realistically capture changes in catchment water management scenarios on
the financial feasibility of irrigation farming. The following represents a summary of the results —

and the conclusions made:

e Results for the baseline (the baseline simulation includes the existing Kwena Dam and
the international flow requirement of 0.9 m%s, but with no EWR) showed that the
irrigated farms do not have secure water supply reliability. On average, the farms will
not be able to achieve their potential production levels 40% of the time. Achieving a
positive financial leverage (Return on equity >Return on assets) for the larger farms
(150 ha) was closely linked to the ability to produce according to potential. The small
farm, with relatively higher water application efficiencies, was barely financially feasible
— while the other farm with lower efficiencies was not financially feasible. All the farms
may provide a livelihood more than 70% of the time. The conclusion is that irrigated
farming in the area is risky, which emphasises the importance of conducting risk

analyses to determine the potential impact of catchment-scale water management
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scenarios on irrigation farming profitability and their livelihoods. Furthermore, small

farms will be under severe pressure to handle any water curtailments.

Increasing the international flow requirement to 1.2 m®/s has a negative impact on both
the profitability and livelihoods (potential to generate cash surpluses) of the irrigated
farms. Results showed that the potential to achieve a positive financial leverage was
affected most, while the probability of a negative return was only slightly increased. The
potential to provide a livelihood was affected only marginally. The conclusion is that the

irrigation farming may still be viable if the international flow requirement was increased.

Implementing the Class C EWR was significantly detrimental to the profitability of all
farms and none of the farming scenarios were financially feasible or could provide a
livelihood to irrigators. As an alternative to the C Class EWR, operating rules were
developed to implement the EWR based on the present flow regime. Results showed
that the impact on irrigation farming would be minimal when compared to the scenario
with an international flow requirement of 1.2 m?®/s. The conclusion is that implementing
the Class C EWR should be seriously reconsidered since it would have a devastating
impact on irrigation farming in the area. Alternatives, such as implementing the EWR

based on the present flow regime, should be further investigated.

Several scenarios, which included the development of new dams in the catchment,
were investigated to determine whether it will be possible to allocate water to the
environment while stabilising the flow in the catchment. Results showed that neither of
the dam scenarios (Mountain View Dam and/or Montrose Dam) would improve the
financial feasibility of irrigation farming to justify implementing the Class C EWR.
However, building both dams would improve the ability to provide a livelihood. The
conclusion is that implementing the Class C EWR is infeasible — even when building
dams is considered. When considering the implementation of the EWR based on the
present flow regime, the dam scenarios showed interesting results. Generally, the
results showed that building Montrose Dam would increase the ability of the irrigated
farms to achieve a positive financial leverage with only slight improvements in the
livelihoods of farmers. Contrary to these results, building the Mountain View Dam would
not improve the chance of achieving a positive financial leverage as much, but would
increase the chance of generating cash flows to provide a livelihood significantly. The
conclusion is that building dams will definitely improve the financial situation of farmers
in the catchment, given the EWR is implemented using the present flow regime.
Cognisance should be taken that the cost of building the dams was not considered in

the analysis.

The impact of water curtailments was evaluated — also considering an international flow

requirement of 1.2 m%s. Results showed the financial feasibility of irrigation farming
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would come under severe pressure even with a curtailment of 10%. However, the
livelihoods of the farmers would not be jeopardised. A water curtailment of 20% is
detrimental to irrigation farming profitability and irrigation farming will be unable to
provide a livelihood to farmers. The conclusion is that, of all the water-management
scenarios, the impact of water curtailments is the most profound and that the magnitude

of water curtailments needs careful consideration before it is implemented.

Overall, the results showed that small farms will come under severe pressure to provide a
livelihood to farmers and to be financially feasible. Farms with higher application efficiencies will
also be in a better position to handle any changes in their water allocation, or decreased

security of supply.

RECOMMENDATIONS FOR FURTHER RESEARCH

e The research was successful in determining the impact of changes in water management
scenarios on different farms within a specific location of the catchment. The implication is
that changes in all irrigators’ reactions to changes in water management are not
incorporated into the modelling framework. More research is necessary to extend the

research to catchment level.

Specific issues that need consideration are the following:

o Currently, the HE frame allows for the modelling of one irrigation node to represent
the case study farms. The modelling framework should be extended to represent all
the irrigation areas in the catchment.

o Modelling the impact of return flows on water availability of users. The current setup
of the catchment scale hydrological model is not sensitive to return flows of
irrigators, which will change in response to the manner in which these irrigators
adapt to the various water management intervention scenarios. The existing
hydrological model needs to be improved to better represent how all irrigators may
adapt to the water intervention scenarios and the consequent impact on return flows,
which may have a significant impact on the flows available to downstream users.

o Improving economic modelling procedures and hydrological model integration to
model dynamic responses by irrigators to changes in water management rules in the
long-run.

o Developing economic decision rules that will enable the MBIM to allocate water
economically between different irrigation fields. In this regard, the application of
genetic algorithms should be further investigated.
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e The economic modelling could be enhanced in various ways. The following points provide
directions for further developments and applications:

o The application of the state contingent framework to modelling irrigators’ responses
to changes in water availability should be further researched to model long-run
responses.

o Procedures should be developed to reduce the dimensionality of states of nature
that is used to represent the security of water supply over the long-term within a
state contingent framework.

o Sources of risk, other than the impact of insecure water availability on crop vyield,

should be considered.

e The current operational rules should be optimised and other institutional arrangements,
such as water markets and capacity sharing, should be investigated. Specifically, a water
accounting and auditing framework needs to be developed to give effect to water markets

and capacity sharing — and to help enforce compliance.
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