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Abstract Future energy security and CO, emissions
investigation models indicate that the best option for Egypt
is to adopt a mitigation strategy by using geothermal
energy as an energy source mix and implement energy
efficiency policy. The hydrothermal potential is estimated
to be of the order of 158 x 10° kWh while El Faliq high
heat-generating granite has the potential to generate billion
kWh of electricity. Through these two geothermal energy
sources, the country can mitigate CO, reduction to the
order of 20 million tones and provide sustained freshwater
to domestic, agricultural and industrial sectors. Egypt in
future may have to address two important issues such as
guaranteed future electricity supply and freshwater supply
to meet the growing population and agriculture demand.
The current situation indicates that the Nile River may not
be able to sustain the demand due to uncertainties in the
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monsoon pattern and reduction in storage capacity. A
renewable energy (geothermal) source mix and imple-
menting a sound energy efficient policy in agricultural,
transport and domestic sectors will help the country to meet
the future food and water demand of the country.

Keywords Egypt - EGS - Geothermal - Desalination -
Red Sea
Introduction

It has been reported that Egypt has embarked on a vision to
encourage and support renewable energy-related industries
in the Middle East and North Africa (MENA) mainly to
address issues related to environment resulting due to large
CO,; emissions. The region west of Suez Gulf is the prime
area of focus for investors in wind energy that is estimated
to generate 20,000 MW of installed capacity. Similarly,
solar photovoltaic (solar PV)-based power is estimated at
74,000 TWh/year (Khalil et al. 2010). In the rural areas,
biomass is the main source of energy and in conjunction
with the solid waste the biomass resources are estimated to
generate 20 MTOE/year. What is not realized is the
available geothermal resources that also form a part of
renewable energy that are located along the eastern desert
region adjacent to the Red Sea. The geothermal energy in
combination with other renewables motioned above can
change the socio-economic status of the rural population
and support the future population with energy and food
security. Although the oil and gas resources of Egypt is
supporting the current energy demand, CO, emissions from
power, industrial and transport sectors are causing
anomalous changes in the microenvironmental systems that
is influencing the global climate system. The geothermal
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resources in the eastern desert region are represented in the
form of hydrothermal and enhanced geothermal systems
(EGS) within the radiogenic granites. This paper aims at
describing the geothermal energy (EGS) potential of the
eastern desert region and its contribution in supporting
sustainable development of rural areas by providing energy
and water security.

Present energy demand and CQO, emissions

Egypt is the oil-rich North African country with 2152
billion cubic metres of remaining gas reserves and ranks
seventh among the non-OPEC countries. The country still
has 566 billion cubic metres of undiscovered natural gas
(de la Vega 2010). The country is planning to expand its
exploration programme to enhance gas exports from the
current 17 billion cubic metres to 23 billion cubic metres
by 2030. But, within the country the energy demand is
increasing rapidly due to population growth, industrial and
transportation sectors growth (de la Vega 2010). This
demand will be at its peak when Egypt’s population crosses
100,000 by 2030 from the present 80,000. The country
needs to find alternate energy source mix to support its
demand and increase its oil exports as planned. In a recent
report, de la Vega (2010) analysed Egypt’s energy demand
under three scenarios: (1) business as usual scenario (BAU)
where the gross domestic product (GDP) is expected to
grow at 3.1 % until 2030. In this scenario, the country has
no concern for the CO, emissions. (2) High economic
growth (HEG) scenario where the growth is expected at
4.5 %. The CO, emissions in this scenario will be higher
than the BAU scenario because of higher consumption of
power from the existing power plants supported by fossil
fuels. This growth scenario is detrimental to the country in
future and will have higher impact on the global climate
change. (3) Substitution and efficiency scenario (S&E)
renewables and energy efficiency play an important role in
controlling CO, emissions and sustaining satisfactory
growth and GDP only after 2020. These three scenarios are
shown in Fig. 1.

Substantial emissions reduction can be achieved under
S&E scenario only by the residential sector (Fig. 2) while
the industrial and transport sector may not contribute much
to CO, reduction under this sector (Chandrasekharam et al.
2016).

The oil consumption by the domestic sector in 2030
under S&E scenario is about 20,000 million tonnes less
compared to present-day consumption due to the proposed
energy efficiency measures adopted by Egypt and contri-
butions from renewables (Chandrasekharam et al. 2016).
The three scenarios analysed by de la Vega (2010) are
based on solar PV, wind and biofuels substituting the fossil
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Fig. 1 Energy consumption and CO, emissions under the three
scenarios (modified after de la Vega 2010)
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Fig. 2 CO, emissions by a transport and b residential sectors under
the three scenarios

fuels-based energy sources. However, Egypt has substan-
tial quantity of geothermal resources that have not been
taken into account (Chandrasekharam et al. 2015). The
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Fig. 3 Geological and [30°E
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structural map of Egypt
showing the geothermal
provinces (modified after
Chandrasekharam et al. 2015)
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geothermal resources are represented by hydrothermal
systems around the Gulf of Suez and EGS represented by
high heat-generating rock of granitic composition in the
eastern desert region that are discussed in the following
sections.

Geological and tectonic setting

The Gulf of Suez is considered as the failed arm of the Red
Sea rift that was initiated near the Afar junction and
propagated north between Oligocene and Early Miocene
(Colletta et al. 1988; Patton et al. 1994; Zaher et al. 2011).
The Red Sea rift truncated the Nubian—Arabian shield into

the Nubian and Arabian shields. A major part of the Nubian
shield is located in the eastern desert region along the
western margin of the Red Sea and southern part of the
Sinai desert (Fig. 3).

The Nubian—Arabian shield was formed under an island
arc accretion tectonic environment between 800 and
600 Ma (Stern 1985, 1994; Stern and Johnson 2010). The
Nubian shield forms the basement over which the subse-
quent formations that are present on the eastern margin of
Red Sea are deposited in this region (Fig. 3). Extensional
rift tectonics within the Gulf of Suez, resulting from the
active Red Sea rifting, gave rise to several horst and graben
structure along the western and eastern side of the Suez
Gulf and along the eastern desert adjoining the western Red
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Sea margin. Early regional tectonic regime in Egypt is
represented by two mega lineaments that cut across the
African continent and truncate towards the Red Sea in
Egypt. The Precambrian shield is transacted by the Trans-
African Lineament (TAL) and the Central African Linea-
ment (CAL), the two regional mega lineament extending
from Cameroon and Central Africa, respectively (Nagy
et al. 1976; Schandelmeier and Pudlo 1990; El1 Ahmady
Ibrahim et al. 2015). These two regional mega lineaments
host alkaline granite plutons and its equivalents. They are
highly sheared and hence are silicified and kaolinized.
These silicified and kaolinized granites are rich in rare
earth elements (REE and radioactive elements such as
uranium, thorium and potassium (Eby 1992; Elsayed et al.
2014)). The thorium and uranium in these weathered and
altered granite vary from 12 to 1100 and 13 to 300 ppm,
respectively (Elsayed et al. 2014). In addition to the alka-
line granites, the Precambrian basement is intruded by
older (800-610 Ma) calc-alkaline granites and younger
(530 Ma) alkaline granites that are also rich in uranium and
thorium content.

In the eastern desert, older and younger granites outcrop.
The older rocks of granitic composition, varying in age
from 880 to 610 Ma, include diorite to tonalite, trond-
hjemite and monzonite and are deformed. In Egypt, the
emplacement of these granites was related to Shaitian
(850-800 Ma), Hafafit (760-710 Ma) and Meatiq
(630 Ma) deformation phases (Lundmark et al. 2012; EI
Ramly and Akaad 1960; Bentor 1985; Hassan and Hashad
1990). The younger granites are the post-orogenic and syn-
orogenic granites (600-530 Ma), and are alkaline to per-
alkaline in nature. These are the plutons that are emplaced
in the older crust along the strike slip shear zones con-
trolled by TAL and CAL (Stern et al. 1984; Fritz et al.
1996; Breger et al. 2002; Moussa et al. 2008; Lundmark
et al. 2012). Like other countries around the Red Sea,
Egypt also experienced volcanic activity between Jurassic—
Early Cretaceous (Mesozoic volcanics; 155-125 Ma) and
Late Cretaceous—Early Tertiary (90-60 Ma). They are
exposed in the eastern and western deserts and Sinai
(Fig. 3). The Cretaceous volcanic activity continued during
Cenozoic and Palacocene represented by pulses of volcanic

activity. This is followed by wide spread tertiary basaltic
volcanism that continued in Eocene. This episode is fol-
lowed by volcanic activity related to the opening of the
Red Sea (Perrin et al. 2009).

Geothermal manifestation

Geothermal springs are occur along the eastern and western
margin of the Suez Gulf (at Hammam Faraun, Ayoun
Mousa and Ain Sukhna) and at Kharga, Dhakla, Bahariya
and Siwa (Fig. 3). Those thermal springs on either side of
the Suez Canal are high-temperature springs (51-70 °C,
Table 1) while those in other localities are warm springs
with temperatures varying from 35 to 42 °C.

These sites registered high geothermal gradient and heat
flow values that are far above the global values of 30 °C/
km and 50 mW/m? as evident from the bottom hole tem-
peratures recorded from oil wells around the geothermal
sites on the west and eastern side of the Gulf of Suez. The
temperatures vary from 120 to 260 °C, and heat flow is
>95 mW/m?> (Morgan et al. 1976; Zaher et al. 2011, 2012).
Shallow geophysical investigation around these sites indi-
cates deep circulation of meteoric water, within the frac-
tured (high heat-generating) granites, as the source for the
thermal springs in Hammam Faraun (Zaher et al. 2011;
Abdalla, and Scheytt 2012).

The thermal waters are enriched in CI™ ions and fall in
the Na—Cl field in Fig. 4 (Piper 1953) but plot away from
the Red Sea data. This shift appears to be due to large
supply of CaSO, (see Table 1) from salt marshes present
around the thermal spring sites and along the Red Sea coast
(El Shaer 2010). The position of the cold spring in Fig. 4
suggests that this spring represents cooled thermal water
emerging to the surface after a long near surface circula-
tion. In the Giggenbach’s CI-SO4,—HCOj3 diagram (Fig. 5),
the thermal springs plot towards the CI apex but away from
the mature—neutral water field of Giggenbach (1988)
indicating involvement of high SO, water in modifying the
chemistry of the thermal waters. The warm waters from
oases clearly show mixing between the thermal and Nile
River waters.

Table 1 Physical and chemical characteristics of cold and thermal waters and Red Sea, Egypt (modified after Chandrasekharam et al. 2015)

Samp. no Temp  Area pH  Na't K+ Catt  Mgtt  CIT HCO;~ SO~ Reff

1 Hammam Faroun 1 70 Egypt 6.5 4750 130 1039 489 9654 132 1450 7
2 Hammam Faroun 2 51 Egypt 7.1 4280 117 1039 422 8713 103 1450 7
3 Ayoun Mousa 37 Egypt 6.6 1794 60 594 267 3768 287 1250 7
4 Ain Sukhna 32 Egypt 7.6 1970 75.0 408 250 3730 207 1300 7
5 Nile R 28 Egypt 8.3 26 5.0 39 15 18 317 24 8
6 4G Spring 28 Egypt 8.0 520 50 270 110 1113 300 633

7 Red Sea 92,850 1870 5150 764 155,500 143 840
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Fig. 4 Piper (1953) diagram
showing the chemical
characteristics of thermal and
cold waters from Egypt
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Ca 80 60 40

The position of the thermal waters in Figs. 4 and 5 may
also indicate thermally heated waters from Sabkhas. But
the fluoride content in the thermal waters (2—4 ppm,
Swanberg et al. 1983) rules out this possibility and repre-
sents waters circulating within the high heat-generating
granites rich in fluorite (Raslan and El-Feky 2012) in this
region (Chandrasekharam et al. 2015; Lashin et al. 2014).
Although the Suez Gulf thermal springs, due to their
location within the high geothermal gradient and high heat
flow value region, represent high-temperature reservoir
conditions, due to this mixing with Sabkha waters, they
slightly shift towards the lower end of the partially equi-
librated waters in the Giggenbach’s Na—K-Mg diagram
(Fig. 6) giving a lower reservoir temperatures
(120-160 °C).

EGS potential of Egypt

Radiogenic granites of the eastern desert

Granites and related intrusives with high radioactive ele-
ment content are extensively found in the eastern desert,

20 Na+tK  gco, 20 40 60 80 a

close to the Red Sea coast (Fig. 7, see “Present energy
demand and CO, emissions”) and are enriched in acces-
sory minerals such as zircon, titanite, monazite, thorite and
uranothorite. These late-stage granitic melts were enriched
in uranium and thorium and have entered lattice of the late-
stage crystallizing minerals such as fluorite. The uranium
and thorium concentration in fluorites from granites varies
from 2200 to 7500 ppm, respectively (Raslan and El-Feky
2012). High concentration of uranium and thorium is also
reported in altered granites near Aswan city and close to
Kukur and Dungul oases (Ibrahim et al. 2015). These
granites are intruded into the 400 Ma sandstone and
216 Ma volcanic flows. The outcrop area of this granite is
about 3 km? (Ibrahim et al. 2015) and a large part of the
granite is covered by alluvium and Palaeozoic sandstone.
Several basic dikes are seen cutting across the granites.
The most characteristic feature of the silicified and
kaolinized granites, described earlier, is that they are
enriched in uranium and thorium (Ibrahim et al. 2015). The
concentration of uranium and thorium in silicified granites
varies from 5 to 954 and 3-180 ppm, respectively. Simi-
larly in the kaolinized granites, the uranium and thorium
vary from 38 to 96 and 12-360 ppm, respectively (Ibrahim
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Fig. 5 ClI-SO,~HCOj; diagram
of Giggenbach (1988) showing
the chemical variation in the
thermal waters, cold and Nile
River waters

4G Spring

SO, 80

et al. 2015). In some cases, these granites host uranium
mineralization of economic importance (Saleh et al. 2014;
Emam et al. 2011; Saleh et al. 2006; Raslan and El-Feky
2012; Gaafar 2014). The concentration of uranium and
thorium in these granites varies from 3047 to 6441 and
2383-1462 ppm, respectively (Lundmark et al. 2012). The
uranium, thorium and potassium values in certain radio-
genic granites and the heat generated by such granites are
listed in Table 2.

Although the outcrop area for these granites is small,
their roots have wider subsurface span occupying area of
several square kilometres. On a regional scale, the Pre-
cambrian granites are insulated by a >600-m-thick sedi-
mentary formation (Fig. 8) that contain (like a heat
insulator) the heat that is generated by the granites and
associated rocks as well as the heat conducted by the
mantle through conduction. This feature is one of the most
important factors for qualifying a site as a potential EGS
site.

The radioactive heat production (RHP in mW/m?) by
these granites has been calculated using the heat generation
constant (amount of heat released per gram of U, Th and K
in per unit time) and the uranium, thorium and potassium
concentrations Cy, Ct, and Ck (Table 2) using the equa-
tion suggested by Rybach (1976) and Cermak et al. (1982):

@ Springer
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HCO,

RHP = p(9.52Cy + 2.56 Cty, 4 3.48 Cx)x 107>

where p is the density of rock in kg/m*; Cyy and Cry, are the
concentration of U and Th in mg/kg, respectively, and Cx
is the concentration of K in weight percentage in the
granites. Th heat generation values by the granites over the
western shield region are shown in Fig. 9 (values >5 mW/
m® only are shown). The surface heat flow values were
calculated using the method recommended by Lachenbruch
(1968).

Heat flow values

Heat flow measurements from boreholes on either side of
Suez Gulf and in the eastern desert regions have been
reported by several authors (Evans and Tammemagi 1974;
Girdler 1970, 1977; Gettings 1982; Gettings and Showail
1982; Morgan et al. 1977, 1981, 1983, 1985). The heat flow
values measured over the sediments and granites and
gneisses along the eastern desert are shown in Fig. 9 and
the heat flow profile across the eastern desert extending
from the Red Sea coast over a distance of about 200 km is
also shown in Fig. 10. The heat flow values reported by
Morgan et al. (1985) are low for the eastern desert region
due to lack of large number of observation boreholes. For
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Fig. 6 Giggenbach K-Na-Mg
diagram (Giggenbach 1988)
indicating high reservoir
temperatures for the Suez gulf
thermal springs

Na/1000

K/100 300 240°

example, the heat generated by the El Hidi granites, east of
Aswan City, is about 107 mW/m? (Table 1) and high value
is not reflected in the data published by the earlier authors
while assessing the heat flow values of areas away from the
Red Sea coast. The average heat generation by the granites
is 18 uW/m>, and the average heat flow value is 220 mW/
m? (Table 2). This high value is apparently due to the
occurrence of uranium-rich mineral phases and secondary
uranium deposits in the younger granites and related rocks
in the eastern desert. Thus, the thermal anomaly of the
entire eastern desert is higher by several folds than that
reported by earlier authors in Egypt (Figs. 9, 10) and also
in regions adjacent to the Mediterranean Sea (e.g. Baba
et al. 2008).

Thus, it is apparent that the granites and associated rocks
occurring in Egypt in general and eastern desert region, in
particular, are enriched in heat-generating radioactive ele-
ments and the heat generated by these granites is extremely
high compared to normal granites. Granites of similar
nature occur in the Arabian Shield, on the eastern side of
the Red Sea (Chandrasekharam et al. 2015). Based on the
heat flow values (Table 2), the subsurface temperature has
been calculated using the following relation (Vernekar
1975)

T T T
200° 180° 160’ 140° 120° 80° Mg

—— th/Mg

0 = k(dT/dZ)

where k is the thermal conductivity of the rock and d7/dZ is
the thermal gradient. The subsurface temperature has been
calculated by taking the average surface temperature as
about 30 °C (Vernekar 1975) and thermal conductivity of
the rock (i.e. granite with density of 2.75 g/em®) as
3.98 Wm~' C™'. The estimated subsurface temperatures
of the eastern desert region extending between the Red Sea
coast and Nile River at 2 and 3 km depths have been cal-
culated, and the results are shown in Fig. 11.

Discussion

Due to the scanty rainfall and large CO, emissions, Egypt
and in fact all the countries around the Red Sea in general
have two most important issues to address: (1) guaranteed
future electricity supply to support the growing population,
(2) freshwater to support growing demand in the domestic,
agricultural and industrial sectors. The Nile River may not
be able sustain the demand due to uncertainties in the
monsoon pattern. The per capita freshwater consumption in
Egypt is less than 13 % of the world’s capita consumption.

@ Springer
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Fig. 7 Map showing the [33°
distribution of granites and
associated rocks in the eastern
desert region (Lundmark et al.
2012)
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Further, Egypt suffers from uneven distribution of fresh-
water due to shortage in storage of the Nile river water. It
has been projected that Egypt will face severe water
shortage in future and may not be able to meet the demand
for the growing population (Karameld and Mekhermar
2001). Like Saudi Arabia and other gulf countries, Egypt

@ Springer

has to depend on desalination process to support the above
demand of the current 82 million population with an annual
growth of 1.6-3 % (Chandrasekharam et al. 2016). At
present, 142 tera-Wh h of electricity that is being con-
sumed is supported by oil- and gas-based power plants. The
CO,; emissions from the fossil fuels-based power plants are
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Table 2 Uranium, thorium and
potassium content and heat
generated by certain the granites
from south-western Egypt

Sample no. U (ppm) Th (ppm) K (%) RHP (uW m_3) Heat Flow (mW/mz) Ref.
1 D163 5.0 27.0 42 35 75.4 1
2 D165 6.0 26.0 4.1 3.7 71.3 1
3 D82 6.0 23.0 4.2 3.5 75.2 1
4 D135 4.0 31.0 4.2 3.6 75.7 1
5 D97 10.0 40.0 3.9 5.7 97.0 1
6 D54 11.0 31.0 35 53 93.0 1
7 D59 9.0 30.0 3.7 4.7 87.3 1
8 D93 8.0 30.0 3.7 4.5 84.8 1
9 D43 9.0 36.0 3.6 5.1 91.4 1
10 D40 10.0 29.0 33 4.9 88.9 1
11 1.0 251.0 252.0 34 82.3 862.5 2
12 20 360.0 548.0 2.9 130.7 1346.9 2
13 3.0 230.0 414.0 3.1 88.0 920.2 2
14 40 373.0 571.0 2.6 135.6 1395.9 2
15 50 384.0 439.0 32 129.3 1333.5 2
16 6.0 240.0 432.0 3.6 91.9 958.9 2
17 10.0 2.0 5.0 3.0 1.1 514 3
18 11.0 8.0 13.0 3.1 32 72.4 3
19 120 7.0 17.0 2.8 32 72.4 3
20 17.0 9.0 15.0 3.2 3.7 76.5 3
21 19.0 13.0 24.0 35 53 93.3 3
22 30 17.0 31.0 2.7 6.8 107.7 3
23 6.0 14.0 33.0 2.8 6.1 101.4 3
24 40.0 6.0 22.0 34 34 73.8 3
25  41.0 9.0 30.0 2.9 4.7 86.6 3
26  43.0 13.0 29.0 3.2 5.6 96.4 3
27 46.0 7.0 23.0 3.5 3.7 77.2 3
28  48.0 8.0 27.0 3.0 4.2 82.0 3
29  23.0 5.0 17.0 2.7 2.7 67.2 3
30 26.0 7.0 18.0 2.9 33 73.2 3
31 320 4.0 13.0 2.7 22 61.8 3
32 330 6.0 16.0 2.8 2.9 69.1 3
33 340 2.0 7.0 1.9 1.2 51.7 3
34 36.0 4.0 13.0 2.6 22 61.7 3
35  38.0 5.0 15.0 3.1 2.6 66.1 3
36 39.0 3.0 10.0 2.9 1.7 57.4 3
37 1.0 6.0 22.0 4.3 35 74.7 4
38 20 4.0 17.0 42 2.6 66.0 4
39 30 12.0 30.0 34 5.5 94.7 4
40 4.0 13.0 34.0 4.1 6.1 100.8 4
41 5.0 10.0 27.0 4.0 4.8 88.2 4
42 6.0 10.0 36.0 4.6 55 94.9 4
43 7.0 14.0 50.0 4.9 7.5 115.1 4
44 8.0 34.0 22.0 4.6 10.7 146.9 4
45 9.0 25.0 26.0 3.7 8.6 125.7 4
46 10.0 14.0 20.0 4.1 54 93.7 4
47 11.0 26.0 22.0 4.0 8.6 125.8 4
48 1.0 7.0 13.3 34 3.0 70.3 5
49 2.0 6.6 8.0 0.3 2.3 62.7 5
50 3.0 16.9 33.8 0.1 6.7 106.8 5
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Table 2 continued

Sample no. U (ppm) Th (ppm) K (%) RHP (uW m~>)  Heat Flow (mW/m?)  Ref.
51 4.0 18.5 24.4 2.3 6.7 106.6 5
52 5.0 14.1 18.3 1.6 5.0 90.3 5
53 7.0 10.7 21.1 3.8 4.6 85.7 5
54  AN2 38.3 14.4 3.8 11.2 151.9 5
55 ANl 64.0 26.2 3.3 18.6 225.7 5
56 1S 84.0 12.0 3.0 22.7 267.1 5
57 28 86.0 15.0 33 23.5 274.6 5
58 38 85.0 8.0 3.6 22.7 267.3 5
59 45 85.0 9.0 4.1 22.9 268.5 5
60 5S 78.0 13.0 32 21.3 252.5 5
61 11.0 80.0 7.0 2.8 21.3 253.1 5
62 120 90.0 15.0 2.8 24.4 284.4 5
63 13.0 83.0 5.0 2.6 21.9 259.2 5
64 14.0 78.0 7.0 3.1 20.8 248.3 5
65 15.0 85.0 9.0 3.0 22.8 267.5 5
66 Al 225.0 25.0 4.6 60.0 640.0 5
67 A2 210.0 28.0 5.1 56.4 603.9 5
68  Nwbl 54 18.5 3.7 3.0 70.1 6
69  Nwb2 54 18.2 34 3.0 69.7 6
70  Nwb3 6.5 19.3 4.2 34 74.0 6
71  Nwb4 5.8 234 5.1 3.6 75.9 6
72 Nwb5 5.1 16.8 3.6 2.8 68.1 6
73 Nwbb6 3.7 23.2 4.1 2.9 69.4 6
74  Nwb7 4.7 26.7 39 34 74.2 6
75  Nwb8 2.8 23.1 39 2.7 66.8 6
76 Nwb9 4.8 26.6 4.0 34 74.5 6

The heat flow is calculated assuming a 10-km-thick granite slab (source: 1: Katzir et al. 2007, 2: Saleh et al.
2014, 3: Emam et al. 2011, 4: Saleh 2006, 5: Raslan and El-Feky 2012, 6: Gaafar 2014)

about 204 million tonnes (Chandrasekharam et al. 2015).
As described in “Present energy demand and CO, emis-
sions”, if Egypt adopts BAU or HEG strategyi, it is going to
only increase the CO, content. A renewable source mix
will definitely curtail CO, emissions by half (Fig. 2)
together with implementing energy efficiency policy in all
the sectors by the country. In fact, the levelized cost of
renewable energy projects given in Table 3 (Chan-
drasekharam et al. 2014) clearly indicates that geothermal
energy sources have an edge over other renewables
(Fig. 12). Even though the levelized cost of biomass is
lower than other renewables, black carbon (BC) emissions
from biomass are more harmful than the CO,.

Wind energy that is extensively used in Egypt is gen-
erating about 550 MWe and expected to grow to
8760 MWe by 2022 (EIl Sobki et al. 2009). The New and
Renewable Energy Association (NREA) is currently selling
wind power at subsidized rate of 2.5 US cents/kWh (the
actual cost, on an average, is 10 US cents/kWh) which is
much below the generation cost itself. The American Wing
Association fixed tariff for wind generated power at 6.5 US

@ Springer

cents/kWh (average). Such kind of electricity tariff will not
sustain on a long term and power this is detrimental to the
power producers. But, wind energy cannot provide base-
load electricity, and hence, a backup system is necessary
that will apparently escalate the cost. Even if carbon credits
are factored into the wind power tariff structure, the cost of
power is not economical (Fig. 11).

Egypt has alternative sources to wind. The geothermal
energy sources need to be considered as an energy source
mix together with the wind and other renewables even
though biomass has its own drawback. But in rural areas,
this is the only energy source that supports life. The
geothermal power plants operate at >90 % efficiency all
the 365 days in a year. The life of geothermal power plant
is greater than 30 years (e.g. the Larderello power plants is
100 years old). The payback period of geothermal power
projects in 5 years unlike other sources that take far greater
than 5 years. The rural areas will be highly benefited by
mining the heat from these granites.

The estimated geothermal potential of Egypt is in the
range of 95-221 x 10° kWh (Lashin 2012; Zaher et al.
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Fig. 8 Stratigraphic column around Qusier (see Fig. 7 for location)
showing the sedimentary formations above the Precambrian basement
(modified after Greene 1984)

2012). In Egypt, the current electricity generation from oil
is 25 x 10° kWh. If Egypt can tap 95 x 10° kWh from
geothermal, then the country can save oil equivalent to the
generation of the above amount of centricity that can be
exported. In addition to hydrothermal resources, Egypt has
substantial EGS sources locked up in the radiogenic
granites described above (Figs. 9, 11; Table 2), similar to
that present in the western Saudi Arabian shield (Chan-
drasekharam et al. 2015; Lashin et al. 2014). 1 km? of high
heat-generating granite can generate 79 x 10° kWh
(Somerville et al. 1994). For example, the El Faliq granite
has a surface exposure of 95 km?. Assuming that a reser-
voir is engineered in this granite between 2 and 3 km
depth, about 7 x 10° kWh electricity can be generated.
Thus, a substantial amount of electricity can be generated
from all the radiogenic granites of eastern desert region.
This is possible since in the next couple of years EGS
technology will mature fully and countries can exploit such

Mediterranean
N/\ Heat Flow mW m”
130° ‘Calro

Precambrian

basementand  {

\ . /
N granites \J

Fig. 9 Heat flow values over the eastern desert region (modified
Morgan et al. 1985)

granites to be energy independent (MIT 2006). The tech-
nology to create fracture network in such granites is
maturing (Baria et al. 2004; Hogarth et al 2013; Singh et al.
2015), and technology to circulate CO, instead of water for
heat recovery from hot radiogenic granites is also maturing
(Pruess 2006). These remote sites may not have a trans-
mission network. But electricity generated from EGS
sources can be supplied to the local communities through a
local dedicated transmission network (for example oasis
sites). The third option shown in Fig. 2 can be fully
adopted by the country to save nearly 20 million tonnes of
CO, by 2030.

The third option (Fig. 2) can help the country to enhance
the gas exports from the current 17 billion cubic metres to
23 billion cubic metres by 2030. This will increase the
country’s GDP and make the country energy independent
and food secured by 2030.
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Fig. 10 Heat flow profile across the eastern desert (south of 26°
latitude, Fig. 9), Egypt. Stars (granites) and triangles (sediments)
were reported by Morgan et al. (1985). The heat flow values of El
Hudi and El Missikat granites (Fig. 9; Table 2) are included to show
the wide heat flow values across the desert

Table 3 US average levelized costs (2011 $/megawatthour) for
plants entering service in 2018

1 2 3 4 5 6
Geothermal 92 76 12 0.0 1 9.0
Biomass 83 53 14 42.3 1 11.1
Wind 34 70 13 0.0 3 8.7
Wind offshore 37 193 22 0.0 6 22.1
Solar PV* 25 130 10 0.0 4 144
Solar thermal 20 214 41 0.0 6 2.6
Hydro® 52 78 4 6.1 2 9.0

1 capacity factor, 2 levelized capital cost, 3 fixed O & M, 4 variable O
& M, 5 transmission investment, 6 levelized cost US$c/kWh

# Costs are expressed in terms of net AC power available to the grid
for the installed capacity

" As modelled, hydro is assumed to have seasonal storage so that it
can be dispatched within a season, but overall operation is limited by
resources available by site and season

About a decade, ago Egypt seriously considered nuclear
option to generate freshwater through desalination process
(Karameld and Mekhermar 2001). But now, the country
has a safe option to generate freshwater through EGS
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Fig. 11 Subsurface temperature at 2 ad 3 km depth, eastern desert Egypt
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Fig. 12 Levelized cost of wind power with and without CO, subsidy
compared to gas power (modified after El Sobki et al. 2009)

source to meet the freshwater demand from domestic,
agricultural and industrial sectors. The current supply of
77 billion m> of freshwater can easily be enhanced using
the energy locked up in these granites.

Even though Egypt has the largest oil and gas fields, the
oil production has drastically declined in the recent past
and the current production of 720,000 bbl/day is not able to
meet the country’s growing population which is currently
at the rate of 3 % annually. Egypt’s population is projected
to grow to 108 million by 2025 from the current 87 million
(Karameld and Mekhermar 2001).

To meet the energy demand, Egypt currently is
importing oil to support tourism and manufacturing
industries. Under the current scenario, Egypt needs energy
mix to tone up its economy. Egypt has option to develop its
EGS sources and save on the domestic oil and gas con-
sumption and mitigate CO, emissions. Although wind
energy is supporting part of the energy demand, this source
cannot supply baseload electricity and cost subsidies on
electricity generated through wind is will not sustain for a
longer period and the cost of wind will exceed 12 US cents/
kWh that is not economical on a long term basis ((El Sobki
et al. 2009).

Conclusions

The current energy scenario of Egypt indicates that the oil
and gas resources declining with the current production
rate of 720,000 bbl/day. This amount may not be able to
meet the country’s future energy demand with population
reaching 108 million by 2025. In addition to energy,
demand for freshwater is growing due to uneven distribu-
tion of freshwater supply as a result of decline in surface
flow of Nile River. However, Egypt has an option to mit-
igate future energy demand and freshwater supply by

harnessing its huge geothermal resources locked up in its
high radiogenic granites in the eastern desert region.
Besides energy and freshwater supply, geothermal energy
(energy source mix) will help the country to reduce CO,
emissions there by controlling the CO, content in the
atmosphere. Egypt should also implement energy efficient
policy in sectors such as tourism, transport and agriculture.
The levelized cost of renewable energy projects given in
Table 3 clearly shows that geothermal energy has an
advantage over other renewables. With the advancement of
technology to create fracture pattern in granites at 2-3 km
depths, and CO, being tested to extract heat from such high
heat-generating granites, EGS projects will make Egypt
energy, food and water secured country. Thus, geothermal
energy in combination with other renewables motioned
above can change the socio-economic status of the rural
population and support the future population with energy
and food security.
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