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Although readily available to many of the world’s citizens, clean water has become a scarce
resource in much of the world. Rising consumption and over-withdrawal have critically stressed the
water supply in developed and developing regions alike. The increasing frequency of droughts in
California and the massive water deficits of large Arab cities such as Dubai are both indicators of this
global problem. Continuing growth in population and the onset of climate change will only
exacerbate this crisis in the years ahead. A study conducted by the United Nations Department of
Economics and Social Affairs predicted that by 2025, approximately two-thirds of the world’s
population will be living in water-stressed regions.

In modeling this complicated issue, we designed a flow model based on time constrained
functions of withdrawal. These functions were associated to changing populations, GDP growth, and
the effects of climate change. The demand functions were separated by sector (agricultural,
residential, and industrial) and the supply functions by water source. This theoretical conception of
the functions as inflow and outflow provided us with a general metric to measure water
stress/scarcity; we termed this water deficit as equal to water consumed per year over the sustainable
water resources available.

For our case study, we choose to investigate Egypt, because despite having well-developed
infrastructure and pursuing sustainability efforts, the country still experiences water scarcity. In our
research, we found Egypt’s current water deficit to be 102%. By 2030, we predict this could go as high
as 161% if no actions are taken. We believe that with Egypt’s unchecked population growth, this
scarcity has been driven by the country’s massively inefficient irrigation system and overreliance on
agriculture. Thus, we focused our intervention plan on these decisive factors. Our proposal consists
of:

Increasing irrigation efficiency (reducing net irrigation expenditures by 14km?3/yr)
Importing 10 million tonnes of crops per year by 2024

Increasing residential and industrial renewal to 15km3/yr

Strengthening the Nile Basin Initiative to protect against volatility

Using short-term withdrawals of ~35km3 from the Nubian Aquifer to cover the
current deficit

AN S e

We predict that these measures will reduce Egypt’s water deficit to below 100% by 2020 and result in
a sustainable 78% by 2030. Additionally, this will increase the available water resources by 40km3 in
2030 alone and will produce 484km? over the fifteen year period. Ultimately, accomplishing these
goals will require intensive infrastructure development and international cooperation.
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1 Introduction

Although inconceivable to many citizens of wealthy nations, in much of the
developing world clean, drinkable water has become a scarce resource. Across the
world, 2.4 billion people lack access to improved sanitation facilities and approxi-
mately 80% of waste water is dumped into primary water sources.! In addition to
pollution and economic mismanagement, many regions of the world experience the
water problems simply due the burdens of expanding populations coupled and the
decreasing water supplies caused by climate change. The United Nations defines
water stress as annual water supplies of less than 1700 m3 per person, water scarci-
ty as less than 1000 m3 per person, and absolute water scarcity as less than 500 m3
per person. However, this relative lack of water available to a region’s population
may have several different causes. The Food and Agriculture Organization identi-
fies three main causes for such scarcity: a lack of fresh water of acceptable quality, a
physical shortage of water; a shortage of access to the water services, due to the
failure of responsible institutions to ensure reliable supply; a lack of adequate infra-
structure to capture the water, due to financial constraints. The first case is known
as physical scarcity; the latter two cases are known as economic scarcity.

However, despite never breaking into world headlines, the problem of water
scarcity has been developing for quite some time. The United Nations declared the
years from 2005 to 2015 to be The Water for Life Decade in order to raise awareness
and lead actions to address these problems.i Unfortunately, many of the programs
goals were not achieved and the water scarcity problems are only expected to get
worse. One study conducted through the UN program found that by 2025 approxi-
mately two thirds of the world population will be living in water stressed regions.iii
Thus, today it is perhaps even more urgent to find solutions to water scarcity before
the development of a global water crisis.

1.1  Problem Statement

As tasked by the International Clean Water Movement, this study focuses on
using quantitative models and predictions to find sustainable solutions to water
scarcity around the world. Specifically, we will focus on the case study of Egypt to
1lluminate the problems facing much of the developing world and create potential
answers to those threats. This study has inherent challenges; not only is reliable
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data hard to obtain but mathematical predictions require difficult assumptions that
may not always match the full dataset. Therefore, our intervention plan and rec-
ommendations have been tempered by our research and knowledge of the real
world.

2 The Water Scarcity Model

Though the lack of clean water is viscerally real to the people living in water
stressed regions, it can be difficult to capture with quantified data. Thus to facili-
tate proper analysis, careful definitions of the terms are necessary. First, we define
water scarcity as the inability of a region to fulfill its population’s water require-
ments in a sustainable way. This can be measured by percent renewable water
withdrawn (for our purposes we will refer to this as water deficit), calculated by di-
viding the actual water withdrawn in a given year by a region’s available renewable
water resources.V Therefore, a nation is either experiencing or heading towards wa-
ter scarcity when percent renewable water withdrawn is negative. Using this metric
we can make predictions and policy recommendations at the most simple level by
analyzing the dynamics of water available (inflow or supply) and water withdrawn
(outflow or demand).

2.1 Basic Model and Assumptions

To begin the analysis, we decided to look at water deficit in its most basic
form, as a function of inflow and outflow. This conception gives us the general model
of water withdrawal as an open flow system.

In this model, we define the inflow to be the yearly renewable and nonrenewable
water resources available (km3/yr) and the outflow to be water usage per
year (km3/yr). As stated we take the following as our indicator of water scarcity:

o outflow
Water Deficit = Wy = -
lnflowrenewable

Because of this definition, it follows that any deficit over one is withdrawing nonre-
newable water sources and is therefore unsustainable.

In modeling the usage of water with a flow model we make several key as-
sumptions. First that consumed is removed from the system. This assumption may
seem counterintuitive, because in real life water is never really destroyed but trans-
formed through the hydrological cycle. Although on a worldwide scale water flow
would behave as a closed flow network, for an individual country it is more akin to
an open system. Secondly, we assume that the system flow continuously. Therefore
all inflow 1s spent as outflow and no water is saved in “supply.” This likewise may
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seem counterintuitive, but is valid because water not used returns to system as re-
newable water inflow.

2.2  Refinements

Using this basic model as a starting point we now add key refinements that
expand the accuracy and reliability of our model while allowing for real world data
to be used. Our goal in these refinements is to separate and clarify all sources of in-
flow and outflow, which will later be modeled as functions of time.

A. Representing Inflow and Outflow as the Sum of Several Functions
Now, we adopt a more realistic

analysis and separate inflow and out- M
flow into several variables. Specifically: o
Inflow = Renewable + Nonrenewable l l

Outflow =1+ A+R — o

where I, A, and R are industrial, agri- / \ \
cultural and residential water

withdrawal respectively. The separa- .
tion of inflow by renewability allows us 4
to model the effects of over-withdrawal,
climate change and pollution over time. The equation for outflow is based on the de-
lineation used by the UN Food and Agriculture Organization (FAO) to study what
factors drive water withdrawal over time.v

To return to our measure of water scarcity, we can now use this model to fur-
ther refine our calculations.

I+A+R I+A+R

D — ~ = 3
lnflowrenewable lnflowtotal - lnflownonrenewable
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B. Adding Water Recycling and Artificial Replenishment
However, the previous model

still considers all water withdrawn as i
consumed (removed from the system).
To account for this we made further
refinements by acknowledging that
not all water withdrawn is wasted and
that technologies enable artificially
expanding the water supply. First, a y v v

portion of the water withdrawn by
each sector is not fully consumed but

1s recycled back into the available wa- \
ter supply. These recycling ratios

depend on the consumption sector (I,

A, or R), the infrastructure of the re- '

gion and, in the case of agriculture, '

the climate of the region. Secondly,

through technologies such as desalina-

tion, damming rivers (creating
strategic reservoirs), and renewing
polluted waters, a region can syntheti- - 7

cally increase its water inflow. This
broad category will be referred to as artificial replenishment. To clarify the distinc-
tion between the two, water recycling is when used water is converted back into
usable water and artificial replenishment is when an unusable water source is con-
verted to usable water.

Introducing the new model’s components into our calculations of water defi-
cit, we derive:
_ I'—len+A—Aren + R = Ryep _ Ieon + Acon + Reon

Inflowrenewable + Inflowartificial Inflowrenewable + Inflowartificial

Where Icon1s the amount of water consumed.

Wp

2.3  Functions of Withdrawal
Our goal now is to transition the general flow system in a combination of var-
1ous functions of time. To accomplish we will discuss how the variable inputs into
water deficit can be associated to the either the growth of population over time or
climate change over time. As is standard, we decided to model population with a lo-
gistic model.
L

PO =1 r

However, because climate change will affect separate regions differently, we
cannot assume a general model that will apply in all cases. In order to incorporate
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this factor into a predictive water deficit model for a given region, a model of climate
change specific to that region is required.

A. Industrial Consumptionv

Industrial usage of water is influenced by many factors: the size of factories,
the products manufactured the efficiency of equipment, the technology used in the
factories, and so on. Individually accounting for each of these factors is extremely
difficult, and bordering on impossible given the lack of data. Therefore, we must
search for a variable which is reasonably correlated to the volume of industrial wa-
ter usage in a country. For the sake of simplicity, we used Gross Domestic Product
(GDP) as our indicator. This is because GDP is a commonly measured variable
which can reflect the total value of goods produced, and therefore should reflect the
quantity of the products produced in industry. Assuming the efficiency of factories is
constant, and the same goods are produced year after year, GDP should then be
proportional to industrial water usage.

However, our data suggested that GDP was not proportional to industrial
production. After further research, we found that industrial production only makes
up a small percentage of GDP, and GDP is in fact not proportional to IP. For the sa-
ke of simplicity, however, we continued to work with the industrial water model
including GDP. Given the principle of diminishing marginal returns, we made the
assumption that over time GDP increases lead to a smaller increase in industrial
water withdrawal. This yielded a logarithmic model:

I(t) = a=*In(GDP) + b

Where a and b are some constants specific to a region’s industry type and water us-
age. We found this to be have good correlation with the data available, given a
spread of twenty to thirty years. Thus for our fifteen year prediction it will be more
than sufficient.

To account for the industrial water renewal is a more complicated and situa-
tional dependent figure. Certain industries have a much higher potential for
renewal (that is, only if the infrastructure is in place) and others have almost no re-
newal capability. As the industrial makeup of each country is unique, it is
1mpossible to create a general model of industrial renewal that will be applicable in
every case. Therefore, when developing a region specific model assumptions must be
made about industrial renewal in that area. Thus our general model for industrial

water consumption 1s:
Ieon = I(t)_lren(t) = ax*In(GDP) + b — Lren(t)

B. Agricultural Consumption
For much of the world’s water stressed regions, agriculture is a large drain on
water resources. To model this, we found that agricultural water uses consist of
three elements: irrigation withdrawals, livestock withdrawals, and aquaculture
withdrawals [cite]. However, due to limited data for the latter two, and their rela-
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tive significance compared to irrigation, we can assume that they are negligible.
Therefore:

Acon = AWW = INyenewar
where AWW represents agricultural water withdrawal and Irrenewal represents the
amount of agricultural drainage that is recycled back into the water supply.

Since we know that the total agricultural withdrawal is assumed to be irriga-
tion alone, we can incorporate the Food and Agriculture Organization of the United
Nations’ (FAO) irrigation model into our flow analysis.vi The ICU represents the
amount of water that plants need for sustainment, and is given by the function:vii

ICU = ET, — P — AS
Where ET. is the evapotranspiration (the sum of water lost due to evaporation and
plant transpiration), P is the volume of precipitation and S is the soil moisture. We
can now input the ICU function into our model, based on the fact that AWW = ICU +
ITyaste; Where I1y,q4:0 1s the amount of water lost in an irrigation system. This equa-
tion and the expanded equation are given here:

Acon =ICU + Irwaste - Irrenewal
Acon = ETC —P—-AS+ Irwaste - Irrenewal

Now with a reliable formula for the agricultural consumption of water we can
begin to associate that to developments over time. The ET.1is equivalent to the crop
yield multiplied by the evapotranspiration rate, which changes from one crop to an-
other. The amount of crops grown in a region is a function of population size if one
assumes that the amount of food trade is negligible (a valid assumption given the
study is being conducted on a large water scarce region.) Similarly, the evapotran-
spiration rate is dependent not only on the types of crop grown but also climate.
Therefore, given reliable models for population growth [p(t)] and climate change
[cl(t)], we can reach the conclusion ET, « f(p(t),cl(t)). Likewise, the precipitation
rates and soil moistures will also be associated with climate change over time.
Therefore, ICU o f(p(t),cl(t)). Since changes in irrigation waste and renewal re-
quire infrastructure changes, we can assume that I, .. and I7yepewq; Will remain
constant in a predictive model.

C. Residential Consumptionix

To model the use of residential water consumption, we first assumed that it
would be proportional to the population of any given region. This is reasonable, as-
suming that average consumption of water per capita would not change over time.
However, we found that residential water use increased at a less than proportional
rate to population, leading us to propose that residential water usage is instead lin-
early related to population, or:

R(t)=a-P(t)+b

The assumption that average water per capita is constant presents particular
problems with our understanding of the water usage in North America and Europe.
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In fact in the developed world, residential water usage is significantly higher than
developing nations, especially developing nations facing water scarcity. We believe
this high rate is due to social and cultural factors and is not necessarily function of
population over time. Therefore, at least in short run, it is perfectly safe to assume
that the residential consumption will continue to be linear.

The renewal of used residential water relies on developed infrastructure to
filter and purify sewage. Therefore, unless otherwise specified, we will assume the
volume of residential waste renewed will be constant. This makes the final of resi-
dential water consumption:

Reon = R(t) = Ryen = a-P(t) + b — Ry

D. Inflow

In order to maintain generality, water inflow can be broken down any further
than renewable, nonrenewable, and artificial. This is because every region has vari-
ety of different water sources that are unique to that area. However, broad insights
can be gained by relating water sources to changes in time. By definition, renewable
water resources will remain nearly constant over time barring climate change, over-
withdrawal and pollution.x These can be incorporated into a region specific model,
but given the variability of these factors over many regions it is unreasonable to
produce a general model that will apply in every case. Similarly, nonrenewable wa-
ter resources can be difficult to model in a general setting, but given that the “pool”
of nonrenewable water is decreasing when it is withdrawn one can almost always
assume it decreases as a function of time. Artificial water resources works in much
the same way as the other inflows in that they will provide a constant supply in wa-
ter unless there is some change made to infrastructure.

2.4  Final Model
To summarize all functions of our general theoretical model:

ICOTL + ACOTL + RCOTL

Inflowrenewanie + Inflowartificial

Wp

Icon(t) = ax* ln(GDP) +b— Iren(t) Rcon(t) =a: P(t) +b— Rren

Acon(t) = ETC —P—-AS+ Irwaste - Irrenewal

These functions essentially serve as rates of flow on the overflow model shown in
2.2. By manipulating these as functions of time we can conclude a general picture of
where a region’s water usage is heading and, by using water deficit (Wp) as an indi-
cator, the effect that will have on water scarcity.
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3 Analysis of the Model

Strengths: Our model of the Egyptian water deficit is desirable in many
ways. First, it is structurally simple. It uses the strategy of divide and conquer to
break up the complex variable of the nation’s water supply and demand into several
simple sectors which can be more easily modeled. Supply is split into renewable and
non-renewable sources, and the former is further split into natural and artificial
sources. Demand is separated into agricultural, industrial, and residential sectors,
each of which is split into consumption, renewal, and waste. The individual func-
tions, due to their specificity, can be relatively simple functions involving a single
variable within reason. This, in turn, can generate a final model relatively easily, in
which future projections and estimates can be made.

Second, the model is very versatile. Different sectors of water and new modi-
fying terms can be easily incorporated into the final equation, and since each sector
has an independent equation, the model can be easily changed without having to
modify most sectors. For example, after creating a model of Egyptian water usage,
we decided to change the parabolic model initially used to estimate industrial water
usage to a logistic model, which seemed more reasonable in that it would not even-
tually decrease. We were able to edit only the industrial model’s equation and leave
everything else the same, saving manpower and time. We were also able to change
irrigation efficiency, crop imports, etc. other statistics easily to determine their in-
fluence on water deficit over time.

Weaknesses: First, the lack of data markers caused models to be relatively
weak and sensitive to data uncertainty. In the case of industrial and residential wa-
ter usage models, both were created with merely 3 data points, and with
approximated population data. With such scarcity, the r2 values cannot be used as
an effective measure of whether the model correlates with actual data, also making
it difficult to determine a best-fit model.

Second, the simplicity of the models sometimes leads to unreasonable scenar-
10s, where water consumption or population becomes negative, which is clearly
undesirable. For example, when population decreases to less than = 49 million, our
residential water consumption model returns a negative water usage, which is
clearly unrealistic. Likewise, in our industrial consumption model, a nominal GDP
of less than = 6.65 billion USD will return a negative water usage. This i1s because
our models are based on current data, without any consideration for conditions be-
fore or after the data points. Therefore, the ability for the models to predict future
conditions may be speculative.
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4 Case Study: Egypt

Egypt is suffering from one of the most chronic and long-term water scarcity
problems in the world. Although Egyptian civilization has existed for thousands of
years on the Nile, its recent population surge has created an unprecedented drain
on the nation’s primary water source. Indeed, Egypt’s rampant overpopulation is
the primary source of not only its environmental stress but also presents deep chal-
lenges to the country’s political and economic development. According to the CIA
World Factbook, these factors combine to complicate the matter further. “A rapidly
growing population (the largest in the Arab world), limited arable land, and de-
pendence on the Nile all continue to overtax resources and stress society. The
government has struggled to meet the demands of Egypt's population through eco-
nomic reform and massive investment in communications and physical
infrastructure.”

Despite the problems still facing Egypt, its government has historically taken
the challenges of sustaining its water resources under the stress of a growing popu-
lation very seriously. In response to continuous problems with unpredictable
flooding and flow volume, the Egyptian government constructed the Aswan High
Dam in 1970 to regulate and control the river. In its reservoir, Lake Nasser, the
dam has the capacity to store 169 cubic kilometers, roughly triple the annual Egyp-
tian water intake from the Nilexi In addition, the Egyptian government has
attempted several attempts to regulate the use of water in order to ensure that wa-
ter resources are allocated efficiently.

However, management problems have been compounded in recent years by
the political unrest starting with the Arab Spring in 2010. Following the ousting of
President Hosni Mubarak, Egypt struggled through the Islamist regime of the Mus-
lim Brotherhood and a period of direct military control until the election of Abdel
Fattah Al Sisi in May 2014.xii Although the political situation has stabilized and
democratic institutions are being reintroduced, the civil disorder and governmental
upheaval have undoubtedly created problems for Egyptian and international au-
thorities attempting to monitor and manage water scarcity in the Nile River Valley.

The political disruptions have also
had harmful effects on the international
hydro-politics of the region. The Nile is a Eaypt
primary fresh water source for nearly elev- "
en countries in Eastern Africa.xiv Three of
them, Egypt, Sudan and Ethiopia are large
arid countries facing the threat of unsus-
tainable population growth in the near
future.xv For much of the past fifty years,
the usage of the Nile as a renewable water
resource has been governed by the 1959
Agreement for the Full Utilization of the
Nile Waters between Sudan and Egypt. Both nations agreed to limit their water in-

]

Ethiopia

o

(2]

0
1960 1965 170 1975 193 i 120 1905 2000 2005 00
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take from the Nile to a constant volume as part of the construction process of the
Aswan Dam.xvi Later in 1999, nine of the countries sharing the basin agreed to
launch the Nile Basin Initiative (NBI), which established a regional council to coop-
eratively develop the river’s infrastructure.xi However, taking advantage of the
conflict in the past decade, Ethiopia began construction on the Grand Renaissance
Dam prior to full NBI approval. Although, very recently Egypt succeeded in delay-
ing the project until environmental studies are complete, the dam remains a threat
to Egypt’s water security.xviii

4.1 Current Situation by the numbers

A. Physical Scarcity

Egypt’s main natural source of water, the Nile River, is described as heavily
exploited, and Growing Blue claims that groundwater withdrawal in Egypt is cur-
rently 541.8% of recharge—a very unsustainable condition. With Egypt’s annual
available water per capita at 663 m3 per person and decreasing, the nation has long
been in a state of water scarcity. This is not because of lack of infrastructure; it is
simply due to a dearth of freshwater sources, a physical water scarcity. Egypt has a
low average precipitation and is mostly desert, reasons why the vast majority
(>95%) of Egypt’s renewable freshwater comes from the 55.5 km? annual flow of the
Nile River while Egypt is permitted, under the 1959 Nile River Agreement. The
problem with Egypt is not inability to process or capture water; there is simply not
enough water.

B. Economic Scarcity

To some extent, Egypt’s water scarcity is political and economic as well. For
example, though the actual average flow of the Nile River entering the Aswan Dam
averages 84 km3, a treaty allocates 18.5 km3 to Sudan and 10 km3 for natural loss of
water flow. Egyptians have long been eager to change that allocation, given Egypt’s
rapidly growing population. However, the number has remained constant to this
day. In addition, the Nubian aquifer under most of Egypt contains vast amounts of
freshwater, with as much as 150,000 km3 using current estimates; however, most of
the usable freshwater is located as much as 1500 m deep, making it costly to use.
Furthermore, Egypt’s irrigation systems are inefficient and lose large percentages of
water through leakage and evaporation, which could be improved with better infra-
structure, another way the water scarcity in Egypt can be fixed through economic
means. Finally, Egypt may import crops and other materials to save its water,
known as net virtual water import.

C. Model Application
In order to apply our model to Egypt’s specific case we first tried to fit the da-
ta available to a general, theoretical flow system. This proved a simple task given
the similarity of our equations to the data used by FAO AQUASTAT.xix The follow-
ing chart shows data for 2005 overlaid onto our flow model:



Team 53494 ICM 2016 11

Ry 7 i b " i

|._ _ I Key

[ Measured in km3fyr

1*

Wp =102%

*onrsn Appraximats
*Industrial +Water Powsr

D. Defining Functions
Given the facts we collected about Egypt, we were able to collect data for wa-
ter consumption, withdrawal, and other key statistics to create specific functions
based off our model. After creating a specific model, we were able to make predic-
tions on the future water deficit and demand in Egypt.

Inflow: First, we examined our model and decided to fix Wi, o at 57.3 kms3,
ignoring yearly fluctuations of natural water sources. This greatly simplifies our
model and is similar to the actual situation, where Egypt enjoys a steady supply of
water from the Nile due to the Aswan dam’s ability to store and release water when
needed. We will make this assumption because, as stated in the theoretical section,
water resources are depleted by over-withdrawal, pollution, and climate change.

Though some renewable water resources, such as groundwater and lakes, can
be deplete by over-withdrawal, flowing surface water, like the Nile River cannot. It
1s possible for nations upstream to deplete the river before it reaches Egypt, but
such an event would be almost impossible to model with any accuracy.x* Similarly,
studies on climate change are not conclusive on the effect of climate change on the
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flow of the Nile and therefore we do not feel we can make any realistic predictions
without much more data (this will be discussed further later on). Finally, no data on
the pollution of the Nile River over time was found and therefore we could not draw
decisive model for how much pollution we can expect at any time in the future. Alt-
hough not ideal, given the time and data constraints, this assumption is necessary
to reach any conclusions.

Population: Using a model to generate population estimates for the next fif-
teen years is necessary, as it is the basis of our several of our water consumption
models in specific sectors. We gathered data about the population of Egypt to fit our
logistic model of population. The data spanned from 1962 to 2013, and yielded a
function of:

154.5
P(t) = 1 1 e-003(t—47.0)

As shown in Appendix Figure 4.1, the model fits the actual growth curve of
population quite closely. Compared to other Egyptian population estimates, our
numbers are slightly lower than many predictions for the long range future, but our
model certainly remains valid in the short run.

Industrial: The data on industrial usage of water has historically been unre-
liable and scarce in Egypt. Indeed, we found that estimates of water use in the year
2000 varied wildly from 4 cubic kilometers to 9.61 cubic kilometers, depending on
different methods used for estimation. Given the fundamental inaccuracy of the da-
ta, we therefore decided to use one consistent set of data from a single source, a
study of Egypt’s water supply, demand, and management policies conducted by
Mansoura University in 1997. The data suggested that industrial water usage was
increasing, yet the rate at which usage was increasing was slowing down. Given the
data on industrial water usage from the years 1995, 2000, and 2010, we came up
with the following logistic model on industrial water usage:

I1(t) = 3.4741n(GDP) — 6.582

[This model is graphically displayed in Appendix Figure 4.2.]

Furthermore, our model’s predictions rely on an accurate prediction of GDP
in the future. To simplify this task we assume that Egypt’s GDP will continue to
grow at a 2% rate as it for the past 4 years. The reason for this slow growth is the
political unrest in the Middle East, which we do not believe will recede any time in
the near future.xx

Agricultural: Due to the difficulty of finding sufficient data, we had to make a
couple key assumptions about Egyptian agricultural water use. First, we must as-
sume that due to the arid climate of Egypt the effect of precipitation and soil
moisture on irrigation withdrawals will be negligible. Secondly we must assume
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that the crop yields are directly associated to population growth. These two assump-
tions are reasonable given Egypt’s situation and the short term over which we will
be making these predictions.

We begin by solving for ICU using the complete 2005 dataset given by
AQUASTAT.xii Since we know the values for A(t), Irren, and Irwaste, this can com-
pleted solving the linear equation. For 2005 the ICU was 45km3. If we take our
assumptions into account we can consider ICU=ET.=cy*etr. Since the crop yield in
2005 was found to be 19.23 MT, we can say that the etr=2.34. Using a linear regres-
sion, crop yield was found to be equal to 0.262 times population in millions.
Assuming that these coefficients remain static (as was done for Model 1) we con-
clude:

ICU = 0.262 = (2.34 x p(t)) = 0.613p(¢t)

Ion = 0.623p(t) + Lygste — Iren
Additionally, this function can be modified to account for climate change.
Specifically, by increasing the evapotranspiration rate steadily over time and de-
creasing precipitation and soil moisture over time the increasing difficulty of

growing crops in more severe weather is captured. This technique was adopted in
Model 2.

Residential: Again, the dearth of data on residential water use in Egypt lim-
its the accuracy and predictive abilities of our model. Using available data from
Aquastat and other sources, we obtained data of the residential water usage in the
years 1995, 2000, and 2013. Then, using our population model which has already
been proven to very closely approximate actual population, we obtained population
numbers for these years. Using this data, then, we obtained the following linear
model on residential water usage:

R(t) = 0.3029 - P(t) — 14.802

Here, P(t) 1s our previously determined logistic model of population. It should

be noted that due to the lack of data, the model has limited range of validity, and its
14.802

03029
49 million, residential water usage becomes negative and the model is unrealistic.

Nevertheless, the plot between residential water usage, predicted by this model,
and actual usage is quite close for the given as shown in Appendix Figure 4.3.

correlation coefficient is artificially high; in fact, when population is below

4.2  Fifteen Year Predictions

Now that our models are established relative to Egyptian water consumption,
we can make concrete predictions for the next fifteen years. We conducted three sets
of predictions: the first based on a simple regression of water consumption to time
(this will serve as a baseline for analysis); the second using our models and func-
tions given that trends stay the same; and the third using our models and functions
with the addition of factoring in predicted climate changes.
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Baseline: We first assumed the total consumption of water was linearly corre-
lated to the population: an increase in population would cause a proportional
Increase in water consumption. Although this assumption is an incredibly simple
way to view water consumption, which is in fact influenced by population, economic
growth, climate change, political unrest, etc. After visual examination of the data,
however, it was found that water usage grew less than proportionally to population
growth, which led to the idea of water consumption per capita decreasing as a func-
tion of time: (a — bt). This led to the following model of water consumption:

C(t) = (a—bt)-P(t)
In Egypt’s case these coefficients were found to be:
C(t) = (1.255 — 0.007¢) * p(t)

This produced the following data predictions (all values in km3/yr):

Year Water Sustainable Nonrenewable Water Deficit
Consumption Withdrawal Withdrawal
2016 74.6 57.4 18.1 129.95%
2017 75.0 57.4 19.3 130.65%
2018 75.4 57.4 20.4 131.30%
2019 75.7 57.4 21.5 131.93%
2020 76.1 57.4 22.6 132.51%
2021 76.4 57.4 23.7 133.07%
2022 76.7 57.4 24.8 133.58%
2023 77.0 57.4 25.8 134.06%
2024 77.2 57.4 26.9 134.50%
2025 77.4 57.4 28.0 134.91%
2026 77.6 57.4 29.1 135.28%
2027 77.8 57.4 30.1 135.61%
2028 78.0 57.4 31.2 135.90%
2029 78.2 57.4 32.2 136.15%
2030 78.3 57.4 33.2 136.37%

In many ways this model is not reliable because it does not take into account
the complexity of the factors that influence water consumption and the trends of
those factors. Furthermore, it based on assumptions that hold in the short run but
are not realistic in the long run. However, this model has some utility as a baseline
to measure how taking multiple factors into account affects predictions.

Model 1: This model uses the functions developed to separate the factors driv-
ing water consumption over time without taking into account climate change. We
intended this to serve as a starting point to further refine our model. Model 1 relies
on two new assumptions:

1. All water recycling values remain constant.
ii.  All effects of climate change are disregarded (for now).
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Our first assumption is valid given that in order for water recycling to in-
crease, a region must improve its water infrastructure and have the necessary
facilities to treat used water. This assumption is fine for our predictions given that
we will account for improving recycling in our intervention plan and policy recom-
mendations. The second assumption is not valid for accurate predictions, but by
separating the effects of climate change from the current trends allows us to ana-
lyze the relative threat posed by each of these changes.

The following is the yearly water usage data produced by this model:

Year | Population | Sustainable | Nonrenewable Water Water Deficit
Resources Withdrawal | Consumption
2016 85.1 57.3 18.1 75.4 131.67%
2017 86.2 57.3 19.3 76.6 133.61%
2018 87.3 57.3 20.4 7.7 135.55%
2019 88.5 57.3 21.5 78.8 137.48%
2020 89.6 57.3 22.6 79.9 139.40%
2021 90.7 57.3 23.7 81.0 141.31%
2022 91.8 57.3 24.8 82.1 143.21%
2023 92.9 57.3 25.8 83.1 145.11%
2024 94.0 57.3 26.9 84.2 146.99%
2025 95.1 57.3 28.0 85.3 148.86%
2026 96.2 57.3 29.1 86.4 150.72%
2027 97.3 57.3 30.1 87.4 152.56%
2028 98.4 57.3 31.2 88.5 154.39%
2029 99.4 57.3 32.2 89.5 156.21%
2030 100.5 57.3 33.2 90.5 158.01%

Additionally, the water consumption can be further broken down by sector as shown
below. In general his model predicts that population growth will continue to drive
up water consumption, primarily because of agricultural demands, at a much high-
er rate than the baseline model predicts.

Year Industrial Agricultural Residential
Consumption Consumption Consumption

2016 13.1 55.15 7.2
2017 13.2 55.84 7.5
2018 13.2 56.54 7.9

2019 13.3 57.24 8.2
2020 13.4 57.93 8.6

2021 13.4 58.61 8.9
2022 13.5 59.30 9.3

2023 13.6 59.98 9.6
2024 13.6 60.65 9.9

2025 13.7 61.32 10.3
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2026 13.8 61.99 10.6
2027 13.9 62.65 10.9
2028 13.9 63.31 11.2
2029 14.0 63.96 11.6
2030 14.1 64.60 11.9

Model 2: Building off Model 1, this model removes the constraint of ignoring
climate change and implements its effects as discussed in section 4.1. Specifically
the effect climate change would have agricultural water requirements was modeled
by increasing the evapotranspiration rate steadily over time and decreasing precipi-
tation and soil moisture over time. These models are based on the conclusion that
increased temperatures would have both of those effects. Both of these changes
cause agriculture to consume higher rates of water over time:

Agricultural Consumption (km3/yr)
Model 1 Model 2
55.15 55.66
55.84 56.44
56.54 57.22
57.24 58.01
57.93 58.79
58.61 59.57
59.30 60.34
59.98 61.12
60.65 61.89
61.32 62.66
61.99 63.42
62.65 64.19
63.31 64.94
63.96 65.70
64.60 66.45

As shown by the chart above, factoring in the effects of climate changes has a
relatively small effect on the agricultural water consumption in fifteen years of
time. This increases the predicted water deficit in 2030 by 4%. Below is the final
predictions produced by our model:

Year | Population | Sustainable | Nonrenewable Water Water

Resources Withdrawal Consumption Deficit
2016 85.1 57.3 18.7 76.0 132.56%
2017 86.2 57.3 19.9 77.2 134.65%
2018 87.3 57.3 21.1 78.4 136.74%
2019 88.5 57.3 22.2 79.5 138.82%
2020 89.6 57.3 23.4 80.7 140.90%
2021 90.7 57.3 24.6 81.9 142.98%
2022 91.8 57.3 25.8 83.1 145.04%
2023 92.9 57.3 27.0 84.3 147.10%
2024 94.0 57.3 28.2 85.5 149.15%
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2025 95.1 57.3 29.3 86.6 151.19%
2026 96.2 57.3 30.5 87.8 153.22%
2027 97.3 57.3 31.7 89.0 155.24%
2028 98.4 57.3 32.8 90.1 157.25%
2029 99.4 57.3 33.9 91.2 159.24%
2030 100.5 57.3 35.1 92.4 161.23%

4.3  Analysis of Results

Because it encompasses more of our knowledge and more of the complexity of
the data we believe Model 2 is the most reliable and robust predictor. Thus we will
use to reach some conclusions about the future of water scarcity crisis. When factor-
ing in the total effects of an expanding population and negative climate changes,
Egypt’s water deficit in 2030 will be 25% greater. Truly, if the Nile Basin is with-
drawn continuously at a water deficit of 161%, the results will be an unprecedented
water crisis. The primary driver of the potential catastrophe is the continued
growth of agricultural water consumption. Unless Egypt can decrease this over
time, there is little hope to prevent this disaster.

5 Intervention Proposal

Based on our modeling predictions and circumstantial analysis, we believe
that Egypt can work towards decreasing its water deficit by means of infrastructure
development and international cooperation. Since Egypt’s ability to support its pop-
ulation with its annual water resources is represented by the ratio between water
withdrawal and inflow of renewable water resources, all recommendation for im-
provement should seek to reduce withdrawal or increase inflow. Therefore, we
propose and subsequently explain the following courses of action for the Egyptian
government:

1. Increase irrigation efficiency by both reducing waste and increasing renewal

2. Replace a portion of domestic crop production with international imports

3. Invest in industrial and residential water treatment and renewal programs

4. Coordinate climate change response plans within the Nile Basin Initiative

5. Cover the short-term water deficit with reserves from the Nubian Aquifer

5.1 Recommendations
The following are explanations of the specific points of our intervention plan.

Increase Irrigation Efficiency: Because irrigation is the primary use for agri-
cultural water withdrawals, which in turn is the largest component of overall
annual water consumption in Egypt, it should be targeted first in an initiative to
conserve water. In areas that have recently been reclaimed for agricultural purpos-
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es, the government only condones drip and sprinkler irrigation methods, as they are
more efficient with water in the sandy desert soil. In many of the older areas, how-
ever, farmers still use surface irrigation methods, which waste large amounts of
water every year.xii To address this issue and encourage a complete transfer to drip
and sprinkler irrigation systems, we suggest expanding the law enforced in the re-
claimed areas to all of Egypt. This may require tax incentives and a grace period for
the adjustment to take place, but the water savings are vital to fixing the deficit in
the country’s water resources. Our objective in this conversion is to cut irrigation
waste in half, from 14 km3 to 7 km3 by 2030. Given that many Californian farms
that have employed the same drip technology have reported up to 66% decrease in
water consumption from their original surface systems, and have even seen better
crop performance accompany their water savings, we believe this is a reasonable
goal_xxiv

Egypt renews most of its irrigation drainage through its multiple pumping
stations located along the Nile, mostly near its delta. These stations are officially
sanctioned to renew agricultural runoff and pump it back into the water supply of
the river to be used for further irrigation. These pumping stations accounted for 7.5
km3 of water renewal in 2011.xxv However, Egypt’s Ministry of Water Resources and
Irrigation estimates unofficial reuse to total 2-3 km3 and other estimates are as high
as 4 km3. This illegal reuse of water 1s illegal but lightly enforced, as poor farmers
cannot afford to develop pumping stations to safely recycle their agricultural run-
off xvi If they had access to the same resources, they could theoretically reuse
irrigation waste more efficiently and more safely. Therefore, we suggest that the
government continues to invest in additional pumping facilities on top of establish-
ing economic incentives in the form of tax breaks for poorer farmers to adopt the
pumping system in order to increase this number to 18 km3 by 2030.

Crop Imports: One of the fundamental causes for Egypt’s water deficit is that
people are expending resources trying to grow crops in a desert. While farming di-
rectly along the Nile is an efficient use of land and water, a farmer will have to
expend significantly more water to cultivate crops the further out from the river he
plants.

The idea in economics of comparative advantage may lend some insight into
how Egypt should approach its agricultural production. Obviously the country can-
not suspend farming operations; however, it could change its agricultural self-
sufficiency model to a more internationally dependent one. Organizing trade
agreements with other nations that are more environmentally suited for crop culti-
vation would allow for less of a need to grow crops domestically. Egypt could then
expand other market sectors that rely less on water withdrawal. An example of a
more efficient use of water would be aquaculture, in which fish hatcheries can be in-
tegrated into existing water bodies such as rice patties, irrigation tanks, and even
the Nile by means of cages.>vii While this is just one example, many options exist
for Egypt to specialize in sectors that do not rely on heavy water expenditure, and
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can lead to the development of an export good used in trade for needed agricultural
products.

Industrial and Residential Water Recycling: Egypt successfully renewed 6.9
km3 of industrial and residential water in 2005.xviii However, we can still see signif-
icant progress in these areas with heightened investment in wastewater and
industrial treatment facilities. While water treated in such plants may not be ideal
for human consumption, it can easily be transferred to agricultural and further in-
dustrial uses given upgraded infrastructure. In order to achieve a sustainable water
flow, we would like to see this renewal rate increase to approximately 15 km3 per
year. While this would require major construction of more advanced facilities, it
would significantly contribute to reducing Egypt’s water deficit.

Strengthen the Nile Basin Initiative: Given that climate change may affect
volatility of the Nile River, Egypt and surrounding countries must place greater
emphasis on establishing contingency agreements through the Nile Basin Initiative
in order to develop courses of action in case water flow is drastically lower over any
given period of time.xxix If countries upstream of Egypt decide to continue using the
same amount of water in the event of a climate incident that impacts water levels,
the nation could easily approach dangerous water scarcity. The most ideal solution
to safeguard against such an event would be establishing a protocol for distributing
the Nile’s water at a fixed ratio among the countries included in the agreement.
This way, all nations bear the same level of burden rather than Egypt having un-
sustainable water shortages.

Nubian Aquifer: At the dawn of the century, the Nubian Aquifer contained
approximately 260,000 km3 of water resources.xxx While a portion of that has been
depleted over the years, enough still exists to sustain the region for the short-term.
Therefore, Egypt can continue to withdraw their water deficit from this semi-
renewable resource until it can get on track with its renewal water plan. Ideally, af-
ter the nation fixes its water deficit and begins to rely more heavily on other sources
and water savings plans, the aquifer will be able to begin replenishing via natural
groundwater processes.

5.2  Modeled Impact

As can be seen in Appendix 5.1, each of the policy implementations was mod-
eled by making adjustments to Model 2. If Egypt successfully implements our
recommendations, by 2030 Egypt’s water deficit will return to a sustainable 78%.
The effects of the recommendations were modeled as follows:

1. Increasing irrigation efficiency was modeled by gradual decreasing irrigation
waste to 7 km3/yr and increasing recycled irrigation water to 18 km?3/yr. This
was found to increase the sustainable water supply to 14 km3/yr in 2030 and
introduce an additional 119 km3 over the fifteen year period.
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2. Increasing crop imports was found to have the greatest impact. By slowly in-
creasing crop imports to 10 MT, and thereby decreasing the crop yield
necessary to sustain the Egyptian population, approximately 25 km3 would
be saved in 2030 alone. Over the fifteen year span of the program it would
save approximately 275 kms3.

3. Increasing water recycling was modeled by solely increasing the residential
water renewed for mathematical simplicity. (The modeled is designed under
the assumption that I(t)=I.n.) This simplification is mathematically equiva-
lent to separating total renewal into sectors, but is easier to compute. This
model was found to increase the water available by 11.2 km3 in 2030 alone
and nearly 90 km3 over the fifteen year period.

4. In order to implement our plan, we require the withdrawal of 35 km3 of non-
renewable water resources by the year 2020, when Egypt will head below
100% water deficit. This is actually quite low considering that under the
Model 2 with no intervention plan 35 km3 of nonrenewable water was re-
quired for 2030 alone.

6 Conclusion

The current state of Egypt’s water deficit is very urgent: according to our def-
inition, the water deficit has reached 102%. By using a flow model and breaking
down water supply into natural and artificial factors, and separating demand into
agricultural, industrial, and residential factors, we were able to model the water
situation in Egypt with some precision. We assumed the volume of natural renewa-
ble water sources remains constant, while artificial and non-renewable water
resources will change with demand. Then, we modeled population with a logistic
model, which yielded a high r2 value of 0.9995. Using this model, we created a linear
model for residential consumption which yielded an rZ value of 0.994. We initially
also used a linear model for industrial consumption related to GDP, yet further ex-
amination of data suggested a logarithmic model would fit the model better. This
logarithmic model had an r? value of 0.994. Finally, we modeled agricultural con-
sumption as a linear model of consumption, then added renewal and water recycling
as modifying constants. This model states that if current recycling efficiencies and
population growth trends continue, water deficit could run as high as 161% in fif-
teen years. With our intervention plan we were able to reduce water deficit to 78%.

For further work, we suggest collecting further data on different sectors of
water consumption in Egypt. The added data will allow us to create a more suitable
consumption model for different sectors, increasing the model’s accuracy and its
ability to predict future conditions. More variables, such as urban population per-
centage, percentage of agriculture in GDP, distribution of income, nature of crops,
etc. may be incorporated into future models to allow for a comprehensive view and
more solutions for the water deficit in Egypt.
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Figure 4.1 — Model of Egypt’s Population
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Figure 4.2 — Model of Egypt’s GDP to Industrial Water Usage
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Figure 4.3 — Egypt’s Residential Water Usage
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