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Abstract: A multidisciplinary study was conducted to investigate the environmental and economic
impact of the Grand Ethiopian Renaissance Dam (GERD). Focusing on Egypt, we estimate projected
losses in Egypt’s annual water allocation from the Blue Nile under the 3, 7, and 10-year GERD
reservoir filling scenarios, which are part of an array of scenarios currently under consideration.
We then examine the resultant losses in Egypt’s agricultural land and the corresponding impact
on selected macroeconomic variables relative to a baseline (no GERD) scenario. For the 3-year
filling period, in particular, we estimate projected losses in Egypt’s annual water allocation to be
51.29 & 2.62%. This translates into annual losses of agricultural land of 52.75 + 2.44% relative to
the baseline, with a resultant decline in food production of 38.47 £ 2.18% and an overall decline in
agricultural sector output by 17.51 £ 0.99%. This contributes to a rise in the national unemployment
rate of 11.24 & 1.77 percentage points above the baseline. Moreover, we estimate projected annual
losses in real Gross Domestic Product (GDP) per capita to be 8.02 + 0.45% relative to the baseline,
which translates into an annual loss in real GDP of $26.30 & 2.81 billion and a loss in welfare of
12.83 & 0.73% annually, relative to the baseline.

Keywords: Grand Ethiopian Renaissance Dam; environmental impact; economic losses; Egypt

1. Introduction

The Nile River stretches from south to north (length: 6853 km) in northeast Africa
through the Nile River Basin (NRB, area: 3.4 x 10° km?; Figure 1a). The main sources of
the Nile River are the While and Blue Niles. The White Nile flows from Lake Victoria and
runs through Uganda and into Sudan, where it meets the Blue Nile (originating from the
Lake Tana in Ethiopia) at the city Khartoum. The Nile River then flows north towards
Egypt (Figure 1a). The NRB extends over 11 African countries and represents a home for
an estimated 300 x 10° people, the majority of whom live in rural areas.

In addition to the transboundary nature of the NRB, which contributes significantly to
political conflicts and disputes, the water resources of the NRB are extremely vulnerable to
both natural climatic and anthropogenic forces [1]. Natural factors include climatic cyclicity
that affects flow volumes and timing [2]. They also include changes in precipitation patterns,
amounts, frequencies, and distributions; changes in temperature, and changes in frequency
and severity of floods and drought events [3].

The construction of new and the heightening of existing irrigation and hydropower
dams also affects the NRB water resources [1]. Ethiopia, for example, just launched a major
project to construct the Grand Ethiopian Renaissance Dam (GERD). The GERD is located
on the Blue Nile, about 15 km east of the Ethiopian border with Sudan (Figure 1a) [4]. The
Blue Nile runs north—south and then east-west through the Upper Blue Nile Basin (UBN;
area: 173,000 km?; Figure 1b). It is estimated that the dam will provide up to 6.45 gigawatts
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of electricity upon completion [5]. This is a significant power source for the Ethiopian
economy. This project is expected to bring employment and business opportunities, as
well as putting the world’s gaze on Ethiopia. Upon completion, the outcomes of this
project are expected to improve Ethiopians’ living standards and initiate and maintain their
sustainable development.
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Figure 1. (a) Spatial distribution of the Nile River within the Nile River Basin (NRB) and location
of the Grand Ethiopian Renaissance Dam (GERD), major lakes, and the Upper Blue Nile (UBN)
sub-basin. (b) Digital elevation model (DEM) of the UBN sub-basin. The location of the 74 km? GERD
reservoir is also shown.

However, this project has the potential to cause irreversible damage to the ecosystem
in the entire NRB, thereby threatening the livelihood of the neighboring communities living
in the downstream countries Sudan and Egypt. This has led to some political tensions
between these affected countries. Many of the arguments posited by the feuding factions
about the project are largely based on media reports that lack scientific rigor. The most
important issues of contention are the size of the reservoir to be created by the GERD and
the time it will take to fill this reservoir.

In a recent study, Taye et. al. [6] argue that in spite of the contentious nature of the
project, GERD—Ilike any major river infrastructure project—can bring about social, environ-
mental, and economic change, and on balance, can provide substantial benefits for regional
development. Similarly, in a study that uses a Computable General Equilibrium (CGE)
framework with dynamic feedbacks between the river system and Egypt’s macroeconomy,
Basheer et al. [7] show that a coordinated operating strategy could result in a situation
where Egypt’s water demands are met during periods of water scarcity while increasing
hydropower generation and storage in Ethiopia during high flows. However, in an analysis
that relies on growth rate projections by the World Bank [8], Heggy et al. [9] find that
implementing GERD in a 3-year span would contribute to losses in Egypt’s Gross Domestic
Product (GDP) per capita by approximately 8%, and to a rise in the national unemployment
rate by about 11 percentage points.
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In this study, we apply a multidisciplinary and comprehensive approach to investigate
both the environmental and economic impact of GERD, focusing on water supply in the
downstream countries, agricultural production, and overall economic activity, with a focus
on Egypt. Specifically, we quantify the volume of projected losses in Egypt’s annual water
allocation from the Nile. We then estimate the resulting losses in Egypt’s agricultural land
and the corresponding impact on Egypt’s economy. Specifically, we examine losses/gains
in economic variables such as agricultural sector output, real GDP per capita, consumption
per capita, male and female employment (both in agriculture and economy-wide), and the
cost of living.

It is worth mentioning that this study assumes that there is no mitigating strategy
put in place by Egypt. Our estimates for environmental and economic impacts therefore
represent the worst-case scenario in terms of losses generated by GERD. We would also
like to note that, while this study focuses on Egypt, there are other downstream countries
(Sudan) that would be impacted in various ways. Furthermore, Ethiopia is expected
to benefit tremendously from GERD when the project takes off. It would constitute a
significant source of power for the Ethiopian economy and is expected to bring employment
and business opportunities. By some estimates, up to 12,000 new jobs would be created
in the wake of GERD [10]. These benefits would go a long way to improving the overall
living standards in the country. Sudan’s accumulated GDP gains from GERD (2020—2060)
are estimated between US$ 27 billion and US$ 29 billion relative to a baseline without the
GERD [11] The coverage of this study is therefore limited in terms of the overall impact
of GERD.

2. Materials and Methods

In this multidisciplinary study, we investigate the environmental and economic impact
of the GERD. In particular, we examine the effects of GERD on downstream water flows
along the NRB, focusing on Egypt. We also assess the impact of the project on available
agricultural land, agricultural production, and overall economic activity in Egypt. In
carrying out this exercise, we first quantify the volume of projected losses in Egypt’s annual
water allocation from the Blue Nile while taking into account specific reservoir filling
periods that are currently under consideration. We then estimate the resultant losses in
Egypt’s agricultural land and the corresponding impact on macroeconomic variables such
as food production, food import and export, employment, the cost of living, real GDP per
capita, and welfare. In order to provide a clearer presentation, we confine our study to
three of the reservoir filling scenarios under consideration. Specifically, we examine losses
under the 3, 7, and 10-year filling scenarios. Figure 2 presents a flow diagram illustrating
the sequence of events from water losses through economic losses.

Water Losses
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Figure 2. Egypt’s water and economic losses due to GERD construction.

2.1. Nile River Water Losses

The current Egypt annual Nile water allocation is estimated at 55 km?. This volume
will be significantly affected by the construction of the GERD reservoir, particularly by
the reservoir volume and filling period. Media reports suggest different GERD reservoir
volumes to be filled in different time periods, for example, filling 16, 63, 67, 70, and 74 km? in
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3,5,7,10, and 15 years. In this study, we simulate the Nile water losses attributed to filling
the GERD reservoir volume of 74 km® over 3, 7, and 10 years. We calculate the volume
by summing up the impoundment (filling) volume, infiltration losses, evapotranspiration
losses, and climate change-related losses. Errors in the average annual water losses were
calculated as the standard deviation of water losses in individual years. Figure 3 and Table 1
show the average annual losses in Egypt’s Nile water allocation as a function of the GERD
filling scenarios.
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Figure 3. Average annual water loss from Egypt’s Nile water allocation (in km3 and %) as a function
of filling scenarios (in years).

Table 1. Average annual losses in Egypt’s Nile water allocation and the associated losses in agricul-
tural land relative to the baseline (no GERD) scenario.

Loss in Egypt’s Water Allocation Loss in Egypt’s Agricultural Land

Filling Period %) (%)
3 51.29 £ 2.62 52.75 £ 2.44
7 2475 £2.76 28.14 + 2.56
10 18.78 £2.76 22.61 +2.58

Impoundment Volume: The annual impoundment volume was calculated by divid-
ing the GERD reservoir volume (74 km?3) by the number of years in each filling scenario.
We assumed a constant yearly filling volume for each filling scenario.

Infiltration Losses: Given the lack of infiltration information at the GERD site, we
used the infiltration rate of the High Aswan Dam reservoir (e.g., Lake Nasser; Figure 1a).
The Lake Nasser infiltration rate was estimated at 2% of the lake volume [12].

Evapotranspiration Rate: The evapotranspiration rate at the Roseries reservoir (90 km
downstream from GERD) was used in this study. This rate was estimated at 2000 mm/yr [13].
We also accounted for an 8.3% increase in evapotranspiration rates, predicted in different
climatic models [14]. The final evapotranspiration rate used in this study is 2166 mm/yr.
The evapotranspiration volume was calculated by multiplying the rate by the area of the
GERD reservoir (1770 km?). The GERD reservoir area was calculated using a 30 m digital
elevation model (DEM) extracted from the Shuttle Radar Topography Mission (SRTM) for
the UBN sub-basin (Figure 1b) [4]. Knowing the GERD reservoir volume (74 km?), the
water height could be estimated using ArcGIS tools, yielding a raster with the shape of the
final reservoir. This raster was then used to calculate the reservoir area at each filling stage.



Water 2022, 14, 312

50f18

Average Annual Agricultural Land Loss (%)

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Climate Change Losses: We use the average annual rainfall rates over the UBN sub-
basin to calculate the rainfall/discharge ratio. This ratio was then used to calculate the
loss in discharge rates as a result of climate changes. The Global Precipitation Climatology
Project (GPCP) rainfall data was used to calculate the average annual rainfall for the UBN
sub-basin during the period from 1979 to 2020. An annual discharge rate of 48.9 km? was
reported at El Diem station (located right above the GERD location). Using this rate, the
discharge to rainfall ratio was calculated at 28%. We accounted for a 5.5% decrease in
rainfall rates, predicted from different climatic models [14]. The corrected average annual
discharge rate was estimated at 46.21 km3.

2.2. Losses in Agricultural Land

The loss in downstream water flows constitutes a significant shock to Egypt’s agri-
cultural land by rendering a significant part of an otherwise fertile land less suitable for
farming and other agricultural activities. We estimate the losses in agricultural land by
using the conversion rates published by Abdelhaleem and Helal [15]. In their work, they
calculate the average loss in agricultural land for Upper Egypt as follows:

Agricultural Land Loss = —0.0173 x Nile water loss + 1.0376 1
For middle Egypt and Nile Delta, they use the following formula:
Agricultural Land Loss = —0.0164 x Nile water loss 4 0.9369 (2)

We averaged estimates from Equations (1) and (2) in order to calibrate the losses
in agricultural land for all of Egypt that are attributable to GERD. Errors in the average
annual losses in agricultural lands were calculated as the standard deviation of land
losses in individual years. Figure 4 and Table 1 present projected annual losses in Egypt’s
agricultural land as a function of the filling period (in years).
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Figure 4. Impact of the GERD on Egypt’s agriculture land (in km? and %) as function of filling
scenario (in years).
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2.3. Impact on Egypt’s Economy

Having estimated the losses in Egypt’s water allocation under the alternative filling
scenarios (e.g., 3, 7, and 10-year filling scenarios) and the corresponding losses in agricul-
tural land, we then look at mechanisms through which this affects Egypt’s economy. In
particular, we analyze the effects of GERD on Egypt’s agricultural sector output, employ-
ment in the agricultural sector, food import, and food export. We also look at the impact
of this project on Egypt’s real GDP and cost-of-living. In order to carry out this analysis,
we first build an empirical framework to forecast trends in the selected economic variables
(baseline model). We then examine deviations from these trends caused by the shocks from
GERD under the alternative filling scenarios.

2.3.1. Baseline Model Structure

The quantitative framework for trend analysis builds on a Vector Auto Regressive
(VAR) model, presented in the general form as follows:

Y =BYio1+ e 3)

where Y7 is an LX1 vector of endogenous variables, f is an LXL, matrix of coefficients, and
€ is an LX1 vector of white noise. Given the number of lags p, the companion matrix g is
given as follows:

Pr P2 - Bp-1 PBp
1 0 ...

0 0
B = 0o 1 ... 0 0 4)
0o o0 ... 1 0

In order to determine the appropriate number of lags, we carry out fitness tests based
on the Akaike’s Information Criterion (AIC) [16], Schwarz’s Bayesian Information Criterion
(SBIC) [17], and the Hannan and Quinn Information Criterion (HQIC) [18]. We then
set p based on the selection order criteria for the system (Appendix A). We also test for
stationarity by examining the eigenvalue stability conditions of the companion matrix,
thereby ensuring that all the eigenvalues lie within the unit circle [17]. Moreover, we
follow-up with a Johansen test for cointegration to gauge if there is a long-run relationship
between the series [19]. We then employ vector error correction procedures [19] where
appropriate (Appendix A).

Given this multivariate VAR framework, we then map out expected values of the
system n periods ahead recursively [20]. Based on the availability of data up to period ¢,
we can forecast for periods (t + 1), (t + 2), and (t + n) as follows, respectively:

E(Yi1) = BY: + E(er41) ®)
E(Yi12) = BE(Yi41) + E(er42) (6)
E(Yi4n) = BE(Yi1n-1) + E(€t4n) @)

2.3.2. Baseline Model Inputs

We use annual data from the World Development Indicator (WDI) database published
by the World Bank [21]. The data spans a 50-year period, from 1970 through 2019. In setting



Water 2022, 14, 312 7 of 18

up the variables in the system, we follow [22]. The full set of variables in the system are
ordered as follows:

agricultural land
food production
female agric.employment
male agric.employment
food import
(variables) = food export 8)
consumption per capita
investment per capita
real GDP per capita
CPlI inflation
unemploiment rate

The variable “agricultural land”, which is measured in squared kilometers, is the share
of land area that is arable and used for permanent crops and permanent pastures. The
variable “food production” refers to the production index of food crops that are considered
edible and nutritious. The variables “food import” and “food export” are, respectively,
the share of import and export of food items (as defined by Standard International Trade
Classification (SITC) sections 0, 1, 4, and SITC division 22) in total merchandise trade.
The variable “female agric. employment” represents the share of the female labor force
employed in the agricultural sector. Likewise, “male agric. employment” is the share of
the male labor force engaged in the agricultural sector. When appropriate, we substitute
these two employment variables for a single variable termed “agric. sector employment”,
which represents the share of Egypt’s total labor force that is employed in the agricultural
sector. Similarly, we substitute food production for “agricultural sector output”, which
sums up the value added of agriculture, forestry, and fisheries. We note that the term
“agricultural sector output” and “agricultural production” are used interchangeably in
this paper. Moreover, consumption per capita, investment per capita, real GDP per capita,
CPl inflation, and unemployment rate are as defined in standard literature. Although the
data generally spans from 1970 to 2019, we do acknowledge missing entries in some of the
series, especially for the earlier part of the period. We therefore make adjustments as we
see appropriate (Appendix A).

2.3.3. The Transmission of GERD in the Macroeconomy

The loss in Egypt’s available agricultural land due to the construction of GERD is
expected to cause significant disruption in the supply of food and other agricultural
products, which will have significant ramifications for the broader economy. To examine
the extent of this disruption, we first carry out sensitivity analysis where we examine the
responses of selected economic variables to changes in available agricultural land. We then
use the estimated elasticity coefficients and the projected losses in available agricultural
land (Table 1) to map out the potential losses/gains in the economic variables under the
alternative filling scenarios.

First, we estimate the elasticity coefficients for agricultural sector output and food pro-
duction in response to changes in the size of agricultural land. The quantitative frameworks
for estimating these elasticities are given as follows, respectively:

In_AgriYy = ay + Byln_Agriland; + vy Xy ; + €; )

In_Food_Prod; = ar + Brln_Agriland; + yrXp; + € (10)

where the variables In_AgriY; and In_Food—Prod; represent Egypt’s agricultural sector
output and food production in logs, respectively, whereas In_Agriland; represents the size
of Egypt’s agricultural land, also in logs. By and Br are then the elasticity coefficients
between agricultural sector output and food production on the one hand, and Egypt’s



Water 2022, 14, 312

8 of 18

available agricultural land on the other hand, respectively. Xy; and Xr; are vectors of other
independent variables (in logs) which include Egypt’s population, private investment, and
private consumption. Given the composition of variables in Equations (9) and (10), we
conduct model fitness tests through a Variance Inflation Factor (VIF) analysis. The VIFs
and the associated tolerance levels (not shown) suggest the presence of multicollinearity.
To correct for this, we drop private investment and consumption from (9) and (10). This
confines Xy; and Xp; to the size of Egypt’s population.

Moreover, a Breusch-Pagan (BP) test [23] reveals that the baseline model is not robust
to heteroscedasticity (with a reported chi-square statistic and p-value equal to 13.66 and
0.0002, respectively). We therefore employ robust cluster procedures in order to obtain
estimates that are consistent even in the face of the heteroscedasticity. Estimating Equa-
tions (9) and (10) yields By = 0.33 and S = 0.73, which are both statistically significant
at the 1% level. Having obtained the elasticity coefficients for agricultural sector output
and food production, we then regress other macroeconomic variables on agricultural sec-
tor output in order to obtain the elasticity coefficients for these variables with respect to
agricultural production.

3. Results and Discussion
3.1. Losses in Egypt’s Water and Agricultural Land

Figure 3 and Table 1 show the relationship between average annual losses in Egypt’s
Nile water allocation and GERD filling scenarios. Given the GERD reservoir volume
of 74 km3, we estimate losses in Egypt’s annual water allocation to be 51.29 + 2.62%,
24.75 + 2.76%, and 18.78 £ 2.76% for the 3, 7, and 10-year filling scenarios, respectively.
The nature and extent of the loss depends on the length of time it takes for Ethiopia to
fill the reservoir. Losses that emanate from shorter filling horizons are expected to be
more severe on impact, but less persistent, whereas losses from longer filling horizons are
expected to be relatively less severe on impact, but drag on for longer periods.

Egypt will lose 52.75 + 2.44%, 28.14 4= 2.56% and 22.61 + 2.58% of their agricultural
land, relative to the baseline, for the 3, 7 and 10-year filling scenarios, respectively (Figure 4;
Table 1). The losses in agricultural land presented in Figure 4 and Table 1 are calibrated
under the assumption that there is no mitigating strategy in place by the government of
Egypt. These estimates therefore represent the worst-case scenario in terms of losses in
agricultural land. In subsequent studies, we plan to extend the analysis to include various
mitigation strategies that are likely to be implemented by the government of Egypt.

3.2. Projected Trends in Selected Economic Variables: Baseline Model

Table 2 presents a numerical summary of projected trends in selected variables in a
baseline (no GERD) scenario over a 3-year period. In this scenario, Egypt’s agricultural
sector output is projected to grow at an average annual rate of 2.27 £ 0.71% for the next
3 years, with minimum growth expected to be 1.47% and maximum to be 2.83%. Moreover,
consumption per capita, which is a measure of overall welfare to some extent, is projected
to grow at an annual rate of 4.74 &£ 2.12% in the 3-year horizon.

Table 2. Projected average annual growth (%) in selected variables in a baseline (no GERD) scenario
over the next 3 years.

Mean =+ Standard

Variable Deviation Lower Limit Upper Limit
Agricultural sector output
(value added) 227 +£0.71 1.47 2.83
Consumption per capita 474 +2.12 248 6.69
Real GDP per capita 2.38 £ 1.65 1.30 4.28

Real GDP 4.51 £ 1.65 343 6.41
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In addition, real GDP per capita is projected to grow at an average annual rate of
2.38 £ 1.65%. This translates into an average annual growth in real GDP of 4.51 & 1.65%,
with minimum growth in the 3-year horizon projected to be 3.43% and a maximum 6.41%.
Real GDP growth rate in Egypt pre-pandemic was estimated to be 5.6%. This declined
to 3.6% during the fiscal year 2019/2020, following the COVID-19 shocks. However, the
World Bank projects that, assuming vaccines are steadily rolled out through 2021 and
early 2022, Egypt will start regaining its pre-pandemic growth momentum by the fiscal
years 2021/2022/2023 [8]. Similarly, the IMF projects Egypt’s GDP growth to ramp up
from 2.5% in 2021 to 5.8% by the year 2025 [24]. This puts our estimates of real GDP
growth right within the range projected by both the World Bank and the IMF. In what
follows, we examine deviations from these trends arising from GERD under the alternative
feeling scenarios.

3.3. Effects of GERD on Egypt’s Macroeconomy

Table 3 summarizes results of this quantitative exercise (Appendix B). First, consider
the top panel of Table 3. The results show that a 1 standard deviation (SD) increase in
agricultural land translates into a 0.33 SD increase in the value of agricultural output overall,
and a 0.73 SD increase in food production in particular. This provides a channel for GERD
to manifest in Egypt’s agricultural sector, with implications for the entire economy.

For transmission into the broader economy, we look at the coefficients in the bottom
panel (Panel b; Table 3). The coefficients in this panel represent the sensitivity of the
featured variables to changes in agricultural sector production. Following a 1 SD increase
in agricultural sector output, food import declines by 0.49 SD. This also causes an increase
of 0.94 SD in food export. As expected, female employment, male employment, and total
employment in the agricultural sector respond positively to output in this sector. CPI
inflation, on the other hand, declines in response to an increase in agricultural sector output.
Moreover, real GDP per capita and consumption per capita increase by 0.46 and 0.73 SD,
respectively, in response to a 1 SD increase in agricultural sector output.

Having established the transmission channel for losses in agricultural land in the
economy, we now look at the impact of GERD on specific macroeconomic variables under
the alternative filling scenarios. Using the elasticity coefficients (Table 3) and the expected
losses in agricultural land (Table 1 ), we estimate the projected losses/gains in the variables
for the alternative reservoir filling scenarios. We also trace out the expected deviations in
these variables from trends in the baseline scenario.

Table 3. Elasticity coefficients for selected variables grouped by regressors.

(a) Regressor = Agricultural Land

Variable Elasticity Coefficient
Agricultural output (value added) 0.33
Food production 0.73
(b) Regressor = Agricultural Output (Value Added)
Variable Elasticity Coefficient
Food import —0.49
Food export 0.94
Employment in agric. Sector (female) 5.51
Employment in agric. Sector (male) 1.49
Employment in agric. Sector (total) 493
Unemployment rate (national) —5.58
CPI inflation —4.35
Real GDP per capita 0.46

Consumption per capita 0.73
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3.3.1. GDP, the Cost of Living, and Welfare

We start by examining the overall impact of GERD on agricultural sector output, real
GDP per capita and consumption per capita. We also examine the impact of GERD on the
overall cost of living, as measured by CPI inflation. Figure 5 presents projected trends in
these variables for both GERD and non-GERD (baseline) scenarios. A few comments are in
order. First, in the baseline scenario, agricultural output, GDP per capita, and consumption
per capita are projected to continue trending upwards for the next few years, with projected
average annual growths of 2.27 £ 0.71%, 2.38 £ 1.65% and 4.74 £ 2.12%, respectively,
over the next 3 years (Table 2). Overall, the recent swings in CPI inflation are expected to
continue in the next few years. For a 3-year horizon, however, this variable is expected to
continue a downward trend.

The implementation of GERD is projected to cause disruptions in these economic
trends to various degrees depending on the filling scenario. As shown in the top panel of
Table 4, the projected annual losses in agricultural sector output due to GERD are estimated
to average 17.51 &+ 0.99%, 9.34 £ 0.92%, and 7.50 & 0.90% under the 3, 7, and 10-year
filling scenarios, respectively, relative to the baseline (Figure 5a). This also translates into
annual losses in real GDP per capita of 8.02 & 0.45%, 4.28 + 0.42%, and 3.44 £ 0.41%,
respectively (Figure 5b). The projected loss in GDP per capita under the 3-year scenario is
in line with the findings by Heggy et al. [9]. In a study that relies on growth rate projections
by the World Bank [25], they also find that implementing GERD in a 3-year span would
contribute to losses in GDP per capita by approximately 8%. Moreover, as shown in the
bottom panel of Table 4, the projected losses in real GDP per capita amount to annual
losses in real GDP of $26.30 + 2.81 billion, $15.70 4 3.04 billion, and $13.40 & 3.11 billion,
respectively. For agricultural sector output, this amounts to annual losses equivalent to
$6.99 £ 0.58 billion, $3.96 £ 0.61 billion, and $3.32 = 0.65 billion, under the 3, 7, and 10-year
filling scenarios, respectively.

The disruptive effects of GERD also lead to losses in welfare, as defined by the decline
in consumption per capita, of up to 12.83 = 0.73% relative to the baseline, while augmenting
the cost of living in Egypt to various degrees depending on the reservoir filling scenario
(Figure 5c,d). Under the 3-year scenario for example, CPI inflation is projected to rise
9.38 + 4.38 percentage points above the baseline (Figure 5d). For the 7-year and 10-year
scenarios, the projections are 4.70 & 1.66 and 5.07 &= 2.75 percentage points higher than the
baseline, respectively (Figure 5d).

Table 4. Losses/gains in agricultural sector output, real GDP per capita, consumption per capita, and
CPI inflation relative to the baseline (no GERD) scenario.

(a) Average Annual Losses/Gains (%) Relative to the Baseline (no GERD) Scenario

Variable 3-Year Filling 7-Year Filling 10-Year Filling
Agricultural output (value 17 51 99 ~9.34 +0.92 750 + 0.90
added)
Real GDP per capita —8.02 £ 0.45 —4.28 £ 0.42 —3.44 + 041
Consumption per capita —12.83 £0.73 —6.85 £ 0.67 —5.50 + 0.66
CPI inflation 9.38 +4.38 4.70 £ 1.66 5.07 £2.75

(b) Approximate Dollar Equivalent in Annual Losses/Gains (Billion $) in Agricultural Sector
Output and Real GDP

Variable 3-Year Filling 7-Year Filling 10-Year Filling

Agricultural output (value ~6.99 + 0.58 ~3.96 + 0.61 ~3.32 + 0.65
added)

Real GDP —26.30 £ 2.81 —15.70 £ 3.04 —13.40 £3.11
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Figure 5. Projected trends in (a) agricultural sector output (billion $), (b) GDP per capita, (c) con-
sumption per capita, and (d) CPI inflation under the alternative filling scenarios.

3.3.2. Food Production, Food Import, and Food Export

We now look at the impact of GERD on food production, food imports, and food
exports. Figure 6 presents projected trends in these variables in both GERD and the baseline
(no GERD) scenarios. A numerical summary of these trends is presented in Table 5.

Table 5. Average annual losses/gains (%) in food production, food imports, and food exports relative
to the benchmark (no GERD) scenario.

Variable 3-Year Filling 7-Year Filling 10-Year Filling
Food production —38.47 £2.18 —20.53 £+ 2.02 —16.49 +1.98
Food imports 8.56 £ 0.49 4.57 £0.45 3.67 £0.44
Food exports —16.50 & 0.94 —8.80 + 0.87 —7.07 £ 0.85

Notes: The variable “food production” refers to the production index of food crops. “food import” and “food
export” are, respectively, the share of import and export of food items in total merchandise trade.

In the baseline scenario, the graph shows a generally upward trend in the index
of food production. With GERD, however, food production declines significantly, with
the shorter filling scenarios constituting larger shocks to this variable (Figure 6a). Under
the 3-year filling scenario, GERD is projected to cause an average annual loss in food
production of 38.47 £ 2.18% relative to the baseline scenario (Table 5). For the 7-year and
10-year filling periods, the corresponding average annual losses are 20.53 + 2.02% and
16.49 £ 1.98%, respectively. To partially compensate for the shortage in domestic food
production, food import, as a share of total merchandise import, is expected to rise by
8.56 £ 0.49%, 4.57 £ 0.45%, and 3.67 £ 0.44% annually relative to the baseline, depending
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on the filling scenario (Figure 6b). Compared to food import, food export is projected to
decline more dramatically, with the 3-year filling scenario causing an annual decline of
16.50 £ 0.94% relative to the baseline scenario (Figure 6¢; Table 5).

Food Production Index Food Import
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Figure 6. Projected trends in (a) food production index, (b) food imports, and (c) food exports under
the alternative filling scenarios.

3.3.3. Trends in Employment

In this part, we focus on employment trends with and without GERD. Specifically, we
examine the impact of GERD on employment in the agricultural sector by gender and how
that translates into overall national unemployment numbers. Figure 7 presents projected
trends in employment for both GERD and the baseline scenarios.

In the baseline scenario, the share of female workers engaged in agricultural activity
is projected to trend upwards in the next few years, with noticeable swings in the short
run (Figure 7a). A similar trend is projected for the share of male employment in the
agricultural sector (Figure 7b). Not surprising, the share of the labor force engaged in the
agricultural sector as a whole inherits the properties of these two series.

With the implementation of GERD, both male and female employment in the agricul-
tural sector is projected to drop drastically, with female employment suffering significantly
higher losses than that of male (Figure 7a,b). As shown in Table 6, the share of female
workers in the agricultural sector is expected to decline by 25.48 + 5.32 percentage points
annually under the 3-year filling scenario relative to the baseline. For male workers, the
losses are projected to be 5.00 £ 0.44 percentage points below the baseline. These translate
into a total loss of 18.10 £ 1.85 percentage points in the share of the labor force engaged in
the agricultural sector (Figure 7c), thereby contributing to the national unemployment rate
of 11.24 £ 1.77 percentage points (Figure 7d). This is also consistent with the findings in
Heggy et al. [9] amid the differences in methods.
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Figure 7. Projected trends in (a) female employment in the agricultural sector, (b) male employment
in the agricultural sector, (c) total employment in the agricultural sector (male and female), and
(d) the national unemployment rate under the alternative filling scenarios.

Table 6. Average annual change (%) in agricultural sector employment and the national unemploy-
ment rate relative to the benchmark (no GERD) scenario.

Variable 3-Year Filling 7-Year Filling 10-Year Filling

Employment in agric.

2548 4+ 5.32 ~18.40 + 7.81 ~16.31 + 6.45
sector (female)
Employment in agric. ~5.00 + 0.44 ~2.86 + 0.50 2334042
sector (male)
Employment in agric. ~18.10 + 1.85 ~10.85 4+ 2.42 892+ 1.88
sector (total)
Unemployment rate 1124 +1.77 6.73 + 135 519 4+ 0.83

(national)

Notes: The variable “employment in agric. sector (female)” represents the share of female labor force employed in
the agricultural sector. Likewise, “employment in agric. sector (male)” is the share of male labor force engaged in
the agricultural sector. “employment in agric. sector (total)” represents the share of Egypt’s total labor force that is
employed in the agricultural sector.

4. Conclusions

In this multidisciplinary study, we investigate the environmental and economic impact
of the GERD. We do so by quantifying the volume of projected losses in Egypt’s annual
water allocation from the Blue Nile, focusing on the 3, 7, and 10-year reservoir filling
scenarios that are part of the array of scenarios currently under consideration. We then
estimate the resultant losses in Egypt’s agricultural land and the corresponding impact on
macroeconomic variables such as food production, food import and export, employment,
the cost of living, real GDP per capita and general welfare.
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Given the GERD reservoir volume of 74 km?, we estimate losses in Egypt’s annual
water allocation be 51.29 £ 2.62%, 24.75 &+ 2.76% and 18.78 + 2.76% for the 3, 7 and 10-year
filling scenarios, respectively. These translate into projected annual losses in agricultural
land of 52.75 + 2.44%, 28.14 4 2.56%, and 22.61 + 2.58% relative to the baseline scenario.
Under the 3-year filling scenario, these losses lead to an average annual decline in food
production of 38.47 £ 2.18% relative to the baseline, leading to a rise in food import by
8.56 + 0.49% and a corresponding decline in food export of 16.50 &= 0.94%. With regards
to overall agricultural sector output, the losses are projected to be 17.51 4= 0.99% annually
for the 3-year filling period relative to the baseline. Moreover, the decline in the supply of
food and other agricultural raw materials leads to a rise in the overall cost of living (CPI
inflation) by 9.38 & 4.38 percentage points above the baseline.

Furthermore, with GERD, both male and female employment in the agricultural sector
is projected to drop drastically, with female employment suffering significantly higher
losses compared to male employment. Specifically, the share of female workers engaged in
the agricultural sector is expected to decline by 25.48 4 5.32 percentage points annually
below the baseline under the 3-year filling scenario. For male workers, the losses are
projected to be 5.00 + 0.44 percentage points below the baseline. These translate into
a total decline of 18.10 £ 1.85 percentage points in the share of labor force engaged in
the agricultural sector, thereby contributing to a rise in the national unemployment rate
of 11.24 & 1.77 percentage points. Moreover, we estimate the projected annual losses in
real GDP per capita to be 8.02 £ 0.45%, 4.28 £ 0.42%, and 3.44 £ 0.41% for the 3,7, and
10-year scenarios, respectively. These translate into annual losses in Egypt’s real GDP of
$26.30 £ 2.81 billion, $15.70 = 3.04 billion, and $13.40 =+ 3.11 billion, respectively, leading to
overall welfare losses, defined as the decline in consumption per capita, by 12.83 &= 0.73%,
6.85 £ 0.67%, and 5.50 £ 0.66%, respectively.

There are a few caveats that we would like to reiterate. First, we carried out this study
under the assumption that there are no mitigating strategy in place by the government
of Egypt. Therefore, these estimates represent the worst-case scenario in terms of losses
generated by GERD. In subsequent studies, we plan to extend the analysis to include
various mitigation strategies that are likely to be implemented by the government of
Egypt. We would also like to note that, while this study focuses on Egypt, there are other
downstream countries (Sudan) that would be impacted in various ways. Furthermore,
Ethiopia is expected to benefit tremendously from GERD when the project takes off. It
would constitute a significant source of power for the Ethiopian economy, and is expected
to bring employment and business opportunities. These benefits would go a long way
to improving the overall living standards in the country. The coverage of this study is
therefore limited in terms of the overall impact of GERD.

We also assume that the GERD reservoir will be filled gradually under a constant
filling rate (fixed water amount per year). This constitutes a departure from reality, since
Ethiopia will be filling the reservoir using “phase” mechanisms. For example, in each
filling phase, they would add a certain volume of water to the reservoir for which the
filling rate might not be constant from year to year. Moreover, we assume full recovery
in Egypt’s water allocation following the end of reservoir filling. We assume the same for
the subsequent loss in agricultural land. However, we acknowledge that recovery may
take longer, and in the case of agricultural land, the loss in productivity may not be fully
recoverable. These shortfalls likely limit the robustness of our results. In spite of this, the
results provide some useful insights into the real-world consequences of GERD.
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Appendix A. The VAR System

The time span for the series is from 1970 to 2019. However, some of the variable in
the system have missing entries that are significant. For example, variables for agricultural
sector employment including that for male, female, and combined are only available from
1991 through 2019. Likewise, the entries for unemployment rate are spotty, especially in
the earlier part of the series. We therefore make adjustments by excluding these variables
where we see appropriate.

Model 1: In order to obtain the projected values for agricultural sector output, con-
sumption per capita, real GDP per capita, and real GDP, we use the following system

of variables:
agricultural land

agricultural sector output
food import
food export
consumption per capita
investment per capita
real GDP per capita
CPI inflation

(variables) =

We carry out a fitness test based on the Akaike’s Information Criterion (AIC), Schwarz’s
Bayesian Information Criterion (SBIC), and the Hannan and Quinn Information Criterion
(HQIC). We set p = 5 based on the selection order criteria. We also test for stationarity by
examining the eigenvalue stability conditions of the companion matrix. The results show
that all the eigenvalues lie inside the unit circle. However, a Johansen tests for cointegration
fails to support the absence of long run relationships between the series (with a reported
rank = 4). We therefore estimate both the short run VAR model and a long run Vector Error
Correction Model (VECM). Results generated by the VAR model are reported in Tables 2
and 4, with graphs in Figure 5 (in the main text). Predictions based on the VECM estimation
are presented in Tables A1l and A2.

Table Al. Projected average annual growth (%) in selected variables in a baseline (no GERD) scenario
over the next 3-year period based on VECM estimates.

Variable Mean St. Dew. Lower Limit  Upper Limit
agricultural output (value added) 3.35 0.17 3.16 3.48
consumption per capita 3.10 2.10 1.27 5.39
real GDP per capita 4.48 0.71 3.96 5.29

real GDP 6.61 0.71 6.09 742
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Table A2. Losses/gains in agricultural sector output, real GDP per capita and consumption per capita
relative to the baseline (no GERD) scenario based on VECM estimates.

(a) Average Annual Losses/Gains (%) Relative to the Baseline (no GERD) Scenario

Variable 3-Year Filling 7-Year Filling 10-Year Filling
Agricultural output (value B B B
added) 17.51 9.34 7.50
Real GDP per capita —8.02 —4.28 —34
Consumption per capita —12.83 —6.85 —5.50
(b) Approximate Dollar Equivalent in Annual Losses/Gains (Billion $)
Variable 3-Year Filling 7-Year Filling 10-Year Filling
Agricultural output (value _ B B
added) 7.18 413 3.51
Real GDP —27.70 —17.00 —15.20

Model 2: In projecting values for food production, food import, and food export, we
substitute the variable “agricultural sector output” for the variable “food production”,
in which case we set p = 4 bases on the selection order criteria. The resultant system
also satisfies stability conditions. However, like the preceding system, a Johansen test
for cointegration fails to support the absence of cointegration (with a reported rank = 3).
Estimating this system via VAR generates the values in Table 4 and Figure 6 (in the main
text). Results of the VECM estimates are presented in Table A3.

Table A3. Average annual losses/gains (%) in food production, food imports, food exports, and CPI
inflation relative to the baseline scenario based on VECM estimates.

Variable 3-Year Filling 7-Year Filling 10-Year Filling
Food production —38.47 —20.53 —16.49
Food imports 8.56 4.57 3.67
Food exports —16.50 —8.80 —7.07

Model 3: For agricultural sector employment variables (with a shorter time span from
1991 to 2019), the unemployment rate, and CPI inflation, we use the full set of variables,
while acknowledging the limitations of the data. The resultant system is given as follows:

agricultural land
food production
female agric.employment
male agric.employment
food import
(variables) = food export
consumption per capita
investment per capita
real GDP per capita
CPI inflation
unemploiment rate

For this system, we set p = 3 based on the selection order criteria. We also confirm sta-
tionarity of this system by examining the eigenvalue stability conditions of the companion
matrix. The Johansen test in this case supports the absence of cointegration. Estimating
this system leads to the values that are reported in Table 6, with graphs plotted in Figure 7
(in the main text).
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Appendix B. Elasticity

In Section 2.3.3, we presented a framework for estimating elasticity coefficients in
agricultural sector output and food production given changes in available agricultural
land. We now present a framework for obtaining elasticity coefficients for the other
macroeconomic variables. This is given in the general form as follows:

In_Yy =a+ Bln_AgriYy +vZ; + € (A1)

where In_Y; is the log of the dependent variable of interest and In_ AgriY; is the log of
agricultural sector output. Z; is a vector of other control variables, also in logs. The constant
B is then the elasticity coefficient for the variable Y; with respect to changes in agricultural
sector output. Table A4 summarizes the methods for estimating these coefficients, which
are reported in Table 3 (in the main text).

Table A4. Summary of methods for obtaining elasticity coefficients for selected variables with respect
to agricultural sector output.

Regressand (Y;) Regressors (AgriY;, Z;) Estimator B p-Value
Food import - agric. sector output OLS, vce cluster by time —0.49 0.001
- exchange rate
Food export - agric. sector output OLS, vce cluster by time 0.94 0.006
- exchange rate
CPI Inflation - agric. sector output IV 2SLS, vce cluster by time —4.35 0.006
- consumption per capita agric. sector output = pop

- investment per capita
- exchange rate
Employment in agric. - agric. sector output OLS, vce cluster by time 5.51 0.000
sector (female) - female population
- adult fertility rate
- interaction b/w
- female population
- and adult fertility rate

Employment in agric. - agric. sector output OLS, vce cluster by time 1.49 0.000
sector (male) - male population
Employment in agric. - agric. production IV 2SLS, vce cluster by time 4.93 0.015
sector (total) - population population = energy use
Unemployment rate - agric. sector output IV 2SLS, vce cluster by time —5.58 0.000
(national) - population population = energy use
Real GDP per capita - agric. sector output IV 25LS, vce cluster by time 0.46 0.000
- investment agric. sector output = pop
- exchange rate
Consumption per capita - agric. sector output IV 2SLS, vce cluster by time 0.73 0.000
- investment agric. sector output = pop
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