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Abstract 

Pumped storage hydroelectric power plants are one of the most applicable energy storage technologies on large‑
scale capacity generation due to many technical considerations such as their maturity, frequency control and higher 
ramp rates, thus maintaining following loads in case of high penetration of renewables in the electrical grid. Eco‑
nomic viability of PSHPPs is still questionable when compared with other electricity generation technologies. In this 
manuscript, the key factors that affect the viability of constructing PSHPP in Attaqa Mountain, Egypt, are defined. An 
economic comparison between PSHPPs and simple cycle gas turbine power plants has been carried out to identify 
the conditions at which PSHPPs will have competitiveness as an on‑peak solution, over traditional SCGT power plants. 
This assessment is based on calculating levelized cost of electricity taking into account different scenarios for PSHPP 
pumping cost and capital cost, and different scenarios for SCGT fuel prices. The results showed the key factors of the 
best case at which PSHPPs have the highest economic competitiveness over SCGT power plants when fuel prices are 
non‑subsidized. This is only valid provided that the PSHPP’s capital cost should not exceed 4180 $/kW at zero pump‑
ing cost.

Keywords: Pumped storage hydroelectric power plant, Levelized cost of electricity, Simple cycle gas turbine, 
On‑peak demand
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Introduction
Energy strategic planning is one of the world’s main con-
cerns to cover the fast-growing energy demand taking 
into account the wise use of available energy resources 
to achieve the optimum electricity generation mix. One 
of the main difficulties of energy planning for any coun-
try is selecting the most compatible alternative to fulfill 
its requirements, as the selected alternative will have a 
long-term impact on its economy and the utilization of 
the available resources.

The on-peak electricity demand is a challenge for grid 
operators because it requires special generating power 
plants that can directly follow the increase in demand and 
maintain its balance with the supply. The electricity load 

duration curve of Egypt is not flat and consists of two 
major periods through the whole day: The first period is 
in day time from 1 am to 7 pm (off peak) during which 
the demand can be easily covered by base load genera-
tion power plants such as combined cycle, steam and 
simple cycle power plants, ordered, respectively, accord-
ing to better economic dispatch and efficiencies and the 
second period is at night starting from 7  pm to 12  am 
(on-peak), as shown in Fig. 1 (EEHC 2015), at which elec-
tricity demand requires high ramp rate generation solu-
tions (balancing the supply with the demand fluctuations 
over short times) that can quickly respond to the increase 
in that demand.

Typically, reservoir hydropower plants (HPPs) and 
PSHPPs supply primary control power. However, it is 
not the case for the Egyptian National Grid. In Egypt, the 
daily on-peak periods are met with peaking units, espe-
cially simple cycle gas turbine (SCGT) (specific), or using 
electrical interconnection between neighboring countries 
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because they can quickly start up and shut down to meet 
brief peaks in demand. These solutions for on-peak peri-
ods are typically the most expensive to operate when 
considering peaking units and have low reliability when 
considering interconnection because it is dependent on 
other countries’ technical and political situations. Peak-
ing units also serve as spinning reserve and as “quick 
start” units which are able to go from shutdown to full 
load in minutes. A peaking unit typically operates for 
only a few hundred hours a year. They run only as needed 
to meet the highest loads (Kaplan 2008).

Another solution that can cover on-peak demand 
through the day is electrical energy storage (EES) tech-
nologies whose operation is based on storing electrical 
energy when there is an excess generation then releasing 
this energy when needed, so this released electricity can 
promptly follow the electricity demand.

Many energy storage technologies are technically appli-
cable, but they still have challenging issues related to the 
scale of their use, their capital costs and the installing 
site selection. Another challenge of energy storage tech-
nologies is the loss between charging and discharging 
energy that requires a specific technique of pricing and 
new energy market rules, thus increasing their economic 
viability.

 This energy storage technology can provide two main 
services: supplying electricity during on-peak or high 
ramp demand rates and putting off some capacity expan-
sions in the electrical grid.

EES technologies can be classified into different cate-
gories [Fig. 2 (OWOE 2014)] according to their suitable 
storage durations, response times, functions or the form 
of energy they store.

One of the EES technologies is pumped hydro stor-
age. In 2011, the International Hydro Power Asso-
ciation (IHA) estimated that pumped hydro storage 
capacity to be between 120 and 150 GW (IRENA 2012) 
with a central estimate of 136 GW. In 2014, the total 
installed capacity of pumped storage hydroelectric power 
plants (PSHPPs) around the world reached 140  GW, 
which is very large compared to other EES technolo-
gies (976  MW) (IEA 2014). Pumped storage represents 
about 2.2% of all generation capacity in the USA, 18% 
in Japan and 19% in Austria (IRENA 2012). According 
to energy storage exchange Web site statistics (Sandia 
National Laboratories 2016) in 2016, there are about 7 
projects under construction until 2018 with a total capac-
ity of 5.95 GW including 4 projects in Africa with total 
capacities of 2.05 GW in both Morocco and South Africa. 
There are many studies that have been done on different 
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sites to construct a PSHPP in Egypt. The most viable site 
was found to be Attaqa Mountain (Fig. 3), based on the 
techno-economic study which has been done by a Swed-
ish Consultant (SWECO 1997).

According to this study, the site can involve six revers-
ible turbines (overall flow rate 318  m3/s) with a total 
power capacity of 2100  MW with an upper reservoir, 
of 9  mcm volume capacity, at a height of 850  m. The 
horizontal distance between the upper and the lower 

reservoir is expected to be 1450  m; hence, the effective 
head is 600 m.

There are six vertical steel lined penstocks (with inner 
diameter of 3.6  m) for the flow of water up and down 
between the reservoirs, linked two by two to horizontal 
circular concrete lined tunnels with larger diameters. 
The access to the underground power plant is by a long 
tunnel, while there are three horizontal lower tunnels 
between the lower reservoir and the turbines. There will 
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be a machinery hall (180  m long and 16  m wide) and a 
specific area (175 m long and 15 m wide) to include the 
power transformers (SWECO 1997).

The basic concept of PSHPPs involves pumping water 
from a lower reservoir for storage into an upper reservoir, 
then generating electricity by using the same water flow-
ing from the upper reservoir through turbine generators 
back into the lower reservoir as shown in Fig. 4 (OWOE 
2014). The cycle is repeated on daily or weekly basis.

This process can be operated using a reversible turbine 
to pump up water. The turbine is connected to a motor 
for generating electricity. The efficiency of PSHPPs to 
make full water cycle (cycle efficiency) ranges typically 
between 70 and 85% (Barbour et  al. 2016). Therefore, 
the required energy to pump up water is higher than the 
generated energy from PSHPP by 15–30% due to losses, 
which is what the debate of PSHPPs is about. This can be 
solved by different tariff mechanisms (e.g., double tar-
iff structure). Double tariff is the two times of use tariff 
(ToU) and it has two fixed values over the day based on 
times of configuration.

It is also possible to get benefit of excess electricity dur-
ing lower-demand periods to charge water into upper 
reservoirs then this water can be discharged down to 
start up a turbine to generate electricity during the high-
demand periods. The economic benefit of PSHPPs comes 
from pumping with low-cost off-peak and generating on-
peak to displace high-cost energy, to reduce total genera-
tion cost by time shifting (IEC 2011). Moreover, PSHPP 

plays an important role in providing power factor correc-
tion and voltage regulation in the generating or pumping 
mode and they can also operate unloaded as synchronous 
condensers, thus enhancing the electrical power system 
stability.

The first designs of PSHPPs in the 1890s used separate 
pump motors and turbine generators. Since the 1950s, a 
single reversible pump turbine has become the dominant 
design for PSHPPs (Baxter 2006).

PSHPP has some advantages, when compared with 
SCGT power plants to cover the on-peak electricity 
demand; one of these advantages is that PSHPPs do not 
have the capacity reduction experienced by combustion 
turbines due to high ambient temperature, and at the 
same time, it has a higher reliability than combustion tur-
bines. Other benefit of PSHPPs is their lifetimes because 
hydropower plants usually have very long lifetimes (in 
the range of 30–80 years) and their components can be 
sustained in operation (IRENA 2012).

Energy storage also has an important role in the effi-
cient utilization of electricity from renewable energy 
resources. Many renewable energy resources, such as 
wind, solar, HPPs and tidal energy, are variable and 
inconstant and so are unable to supply electrical power 
continuously. Integrating some energy storage with 
renewable resources improves the expected generated 
energy from renewables, removes their uncertainties and 
increases the value of the electricity generated (Breeze 
2014).

Fig. 4 PSHPP schematic diagram
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Although PSHPP and SCGT are technically viable to 
operate as on-peak generation power plants, the eco-
nomic drawbacks of PSHPP due to its high capital cost 
and its cycle efficiency limit its feasibility. In this manu-
script, a comparison of both PSHPP and SCGT in Egypt 
is presented. This comparison is based on a standard lev-
elized cost of energy (LCOE) approach that enables deci-
sion makers to compare between different technologies 
of diverse lifetimes, capacities, heat rates and other speci-
fications, to choose the most economic technology in $/
kWh. LCOE is the summation of all the costs that are 
borne through a generating technology lifetime divided 
by the energy generated from that technology and is 
expressed in $/kWh.

The time value of money concept is also taken into 
consideration in calculating LCOE represented in the 
discount rate (r) which mathematically refers to the inter-
est rate used to calculate the present value of future cash 
flow. LCOE of PSHPP and SCGT is calculated based on 
financial modeling, using Microsoft Excel spreadsheets, 
taking into consideration the different technical and eco-
nomic aspects of each technology such as heat rate, life-
time, capacity factor, fixed and variable O&M and capital 
costs. An analysis of different scenarios is also performed 
to define the conditions at which PSHPP has competi-
tiveness over SCGT power plants. These cases include 
scenarios for PSHPP pumping cost and scenarios for 
SCGT fuel costs which have a significant impact on the 
LCOE of both power plants; also, different values of r are 
considered. This is a simplified approach, as PSHPPs have 
many additional features of their operation in the com-
mon grid. The cost estimate of those features cannot be 
represented so easily, but they are of crucial importance 
for the parameters of the grid and PSHPPs operation.

Methodology
The calculation of LCOE for PSHPP and SCGT includes 
the capital investment costs, operation and maintenance 
costs and different discount rates. Other LCOE elements 
such as pumping cost of PSHPP and fuel costs of SCGT 
were calculated under different scenarios.

PSHPP LCOE calculation
To calculate the PSHPP’s LCOE, the following equation 
is used:

where LCOE is levelized cost of electricity gener-
ated from PSHPP in $/kWh; It, project investment 
costs needed to construct the PSHPP in the year t in $; 
Mt, operation and maintenance cost in a certain year 
t excluding pumping cost in $; Pt, pumping costs in the 

(1)LCOE =

∑n
t=1

It+Mt+Pt

(1+r)t

/

∑n
t=1

Et
(1+r)t

year t in $; Et, the electricity generation in the year t in 
kWh; r, discount rate; and n, expected PSHPP lifetime in 
years.

In general, the term 
∑n

t=1

It+Mt+Pt

(1+r)t
 refers to the dis-

counted project lifetime costs, while the term 
∑n

t=1
Et

(1+r)t
 

represents the discounted project lifetime generated 
energy.

According to Eq.  (1), the main elements required to 
calculate PSHPP’s LCOE during its lifetime are:

  • Capital investment costs.
  • Operation and maintenance costs (O&M).
  • Pumping cost.
  • Discount rate (r).

Capital investment costs
The investment costs are those costs needed to construct 
PSHPP including all capital costs (overnight costs) and 
the required investments to cover them. These costs are 
required mainly for: engineering, procurement and con-
struction works of PSHPP including civil, mechanical 
and electrical works.

The breakdown of PSHPP capital costs follows the 
plant component decomposition:

  • Electromechanical system comprising turbines, 
actuators, regulators, generators, circuit breakers, a 
grounding system and a protection system;

  • Control and monitoring system including supervi-
sory control and data acquisition (SCADA); and

  • Water supply system containing water depressing 
and drainage systems.

Other costs included in the capital investment cost are 
civil works, the cost of interconnecting the PSHPP to the 
grid and the water and piping system.

Civil works Due to the topography of the site, SWECO 
International’s study (SWECO 1997) assumed this civil 
cost to count an amount of 25% of the total project capital 
cost. The tunnel cost is a very large part of the civil works; 
therefore, it is important to find the tunnel cross section 
that gives the lowest cost (Rognlien 2012). Optimization 
of the tunnel cross section was elaborated by SWECO 
(SWECO 1997); for further details, refer to (SWECO 
1997). The cost of interconnecting the PSHPP to the grid:

Based on data from Egyptian Electricity Transmission 
Company, the average cost of a 500 V three phase trans-
mission line is 0.4 M$/km with a capacity of 1750 MVA. 
The 2100 MW PSHPP will need three transmission lines 
to be able to absorb/evacuate electricity from/to the 
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Egyptian Unified Grid. Another extra bundle of three 
phase transmission line type is assumed to be inter-
connected with the PSHPP for emergency. The nearest 
point to the Egyptian Unified Grid that the PSHPP can 
be interconnected is at a distance of 8 km. According to 
these assumptions, the total interconnection cost in the 
study will amount to 12.8 M$.

Water and piping system PSHPP will need a large vol-
ume of water at the start-up, to run the PSHPP with 
its full power capacity. This water volume amounts to 
9  mcm (SWECO 1997). This volume acts as an active 
volume of the upper reservoir, bearing in mind that there 
will be daily evaporation, which can be calculated accord-
ing to the annual evaporation rate in Suez (3400  mm/
year) (Edgell 2006). The leakage expected during opera-
tion was also taken into account, so the total daily backup 
water amount is assumed to be  104 m3/day.

The total cost of water needed for operating of the 
PSHPP is calculated according to Eq. (2):

where water cost is cost of water required to fill in the upper 
reservoir during a certain number of years in $;  URc, upper 
reservoir water capacity in  m3; Wl, annual loss of water due 
to evaporation in  m3; N, the number of construction years 
discarding 1 year for filling the upper reservoir (4 years in 
this case); and Pw, price of 1 m3 of water in $.

PSHPP has a site specific capital investment cost, which 
is significantly variable from one site to another; the 
above costs are site specific to the area of Mount Attaqa 
in Egypt. This unpredictability in the capital investment 
costs is mainly due to the changing civil works costs, 
where the plant component cost variability is slight. In 
this study, the cost of plant components is assumed to be 
fixed at 1600 $/kW, while the civil works cost varies from 
600 to 3600 $/kW at a fixed step of 200 $/kW to general-
ize the analysis. This assumed range is made to acquire 
the minimum and maximum possible values of LCOE 
of the PSHPP in Egypt based on the world’s lowest and 
highest figures of constructing such kind of power plants 
(2200–5200  $/kW including the costs of plant compo-
nents). The cost of interconnecting the PSHPP to the 
grid and the cost of water and piping system per kW is 
included in the variable number of civil works to sum up 
the value of the capital investment cost.

All the above-mentioned costs were assumed as the 
total fixed capital costs required to completely construct 
the PSHPP; however, there are extra costs that will be 
incurred to secure financing to all these capital costs. 
The finance structure of the PSHPP was assumed to be 
divided into two debt loans as follows:

(2)Water cost = (URC + N ×Wl)× Pw

Loan from local banks It amounts 40% of the total 
project capital costs to be repaid over 10  years with an 
annual interest rate of 11% and grace period 2 years with 
a commitment fee 0.5% on the remaining balance at each 
year during the construction period of the project.

Loan from foreign banks It amounts 60% of the total 
project capital costs to be repaid over 20  years with an 
annual interest rate of 6% and grace period 3 years with 
a commitment fee 0.5% on the remaining balance at each 
year during the construction period of the project.

Operation and maintenance (O&M) costs
The O&M costs are those costs needed to ensure the 
proper operation of the PSHPP and are divided into fixed 
O&M costs and backup water costs.

Fixed O&M costs These costs were assumed to be 
30.8  $/kW annually according to Black and Vetch Con-
sultancy Company projections report of performance 
and cost data for power plants (Black and Vetch 2012). 
These costs include the wages and salaries of the PSHPP 
operators and engineers as well as the spare parts and the 
refurbishment of mechanical and electrical equipment.

Backup water cost As stated above, PSHPP will require 
backup water during PSHPP operation to recover the 
evaporated amounts and its cost is included in the opera-
tional costs. The cost of backup water is calculated using 
Eq. (2) taking into account that the number of years (N) 
will be 1 because this cost will be encountered annually. 
The upper reservoir water capacity  URc term in the equa-
tion will be equal to zero because the loss in water is only 
calculated. Pw is assumed to be escalated annually during 
the lifetime of the PSHPP by 3% following the consumer 
price index (CPI) in USA which amounted 2.34–2.39% in 
2015 (Trading Economics 2016).

Pumping cost
Pumping cost is the cost of electricity that will run the 
PSHPP in pumping mode to lift up water from the lower 
reservoir to the upper reservoir during off-peak times. 
This cost will differ based on the following scenarios 
(Fig. 5):

First scenario The pumping cost is assumed to be equal 
to the price of buying electricity from the Egyptian Uni-
fied Grid at off-peak time on the extra high voltage level 
(220  kV) and this cost will include capacity payments 
(1.54 $/kW Month) and energy payments (0.0248 $/kWh) 
(EgyptERA 2015).
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Second scenario The pumping cost is assumed to be 
70% of the total energy payment cost in the first sce-
nario (0.01736 $/kWh), while this percentage represents 
the average cost of fuel usage in electricity generation 
according to the Egyptian Electricity Holding Company 
(EEHC).

Third scenario The pumping cost is assumed to be 
zero. This assumption is based on supplying electricity 
for pumping, from renewable power plants that are con-
nected to grid and do not generate electricity during peak 
times, or from the available spinning reserve from the 
traditional thermal power plants during off-peak time.

The pumping cost is assumed to be escalated by 3% 
annually over the project lifetime in the first and second 
scenarios.

Discount rate
The discount rate is the opportunity cost of capital or in 
other words is the return on investments foregone else-
where by committing capital to the project under consid-
eration. Mathematically, it refers to the interest rate used 
to calculate the present value of future cash flow in a dis-
counted cash flow (DCF) analysis. It is used to take into 
account not only the time value of money, but also the 
uncertainties and risks the cash flow may suffer from in 
the future; the higher the expected risks and uncertain-
ties in the future, the higher the discount rate is expected. 
The future value of a cash flow at certain specific period 
(year, month or day) can be discounted using a discount 
factor (DF) which is the amount by which any future 
value must be multiplied to convert it into present value 
and it can be calculated using Eq. (3):

where DF is discount factor; t, number of periods (years) 
separating the future and present value; and r, the dis-
count rate.

(3)DF =
1

(1+ r)t

In some studies, the discount rate used for a project is 
considered equal to the project weighted average cost of 
capital (WACC) and this is when discounting the cash 
flow from a utility or firm point of view. Typically, a util-
ity finances its assets and projects either through debt, 
bank loans, bonds. WACC is the weighted average of 
costs related to financing a certain project from loans 
(Deloitte 2014).

The general formula used to determine the average cost 
of raising capital through debt (WACC) is:

where WACC is weighted average cost of capital; LLB, 
percentage of the loan from local banks;  IRLB, annual 
interest rate on the loan from local banks; LFB, loan from 
foreign banks;  IRFB, annual interest on the loan from for-
eign banks; and Tc, corporate tax rate.

According to the WACC in Eq.  (4) and based on the 
study assumptions, the PSHPP project is totally financed 
by two debt loans. The corporate tax is assumed zero 
because such kind of power plants are normally exe-
cuted by the governmental sector. According to this, the 
WACC value 8% is assumed to be the discount rate of the 
study for both PSHPP and SCGT LCOE.

From a national point of view, the discount rate 
value can be equal to the country’s discount rate which 
includes all financial risks related to the country, such 
as credit rating and risk premium. The Central Bank of 
Egypt (CBE) announced in 2015 a discount rate of 9.75% 
(almost 10%). Consequently, r values of 10%, besides the 
8%, as well as two other values of 12 and 14%, represent-
ing pessimistic cases, were taken into consideration. It 
should be noted that a higher risk may be encountered 
because PSHPP has a long lifetime (over 60 years).

General assumptions
There are other assumptions that have been taken into 
account in calculating LCOE for PSHPP including its 
lifetime which is assumed to be 60 years (IRENA 2012), 
supposing the operation of the PSHPP to start at the end 
of the year 2020 taking 5 years as a construction period 
for PSHPP. The PSHPP is expected to deliver energy for 
10 h a day (EBASCO 1993). This assumption is for design 
purposes.

The forced outage rate, which is the shutdown condi-
tion of a power station due to unexpected breakdown is 
assumed to be 5% (Thapar 2002) and the scheduled main-
tenance period is 20 days a year; therefore, the availability 
factor of the PSHPP is calculated using Eq. (5) (34.1%).

(4)WACC = (LLB × IRLB + LFB × IRFB)× (1− Tc)

(5)AF =

(

[Hd × (1− FOR)× 365]− (Nd × 24)

8760

)

Fixed and 
running 

Scenario 1: 
Buying from grid

Scenario 3: Zero 
pumping cost

Scenario 2: Fuel 
cost only

PUMPING COST

O&M COST

CAPITAL 
INVESTMENT COST

2200 $/kW

5200 $/kW

2400 $/kW

Fig. 5 Pumping cost scenarios in combination with different invest‑
ment/capital costs
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where AF is availability factor of PSHPP; Hd, expected 
operating hours of PSHPP per day; FOR, expected 
forced outage rate; and Nd, number of days of scheduled 
maintenance.

Therefore, the total annual electrical energy (Et) gener-
ated is calculated (6274 GWh) using Eq. (6).

where Et is annual energy generated; P, output power 
capacity; and AF, availability factor of PSHPP.

On the other side, the electrical energy needed to 
pump up water to the upper reservoir is calculated as 
8375  GWh (Eq.  7), assuming PSHPP typical cycle effi-
ciency 0.75.

where η is cycle efficiency; Et, annual generated energy 
from PSHPP; and Ep, annual energy needed to pump up 
water.

This is a simplified representation. It should be noted 
that in this connection, several lines of financial project 
development are running parallel: design, administra-
tion and permits, construction, supply and installation 
of equipment, and more complicated financing processes 
are included.

LCOE calculations for SCGT
The formula used for calculating the LCOE of SCGT 
power plant is:

where all the terms of the equation are similar to Eq. (1) 
except Ft which represents the fuel costs in the year t in $.

According to Eq. (8), the main components required to 
calculate LCOE for SCGT power plant during its whole 
lifetime are:

(6)Et = (P × AF × 8760)

(7)η =
Et

Ep
.

(8)LCOE =

∑n
t=1

It+Mt+Ft

(1+r)t

/

∑n
t=1

Et
(1+r)t

  • Capital investment costs.
  • Operation and maintenance costs (O&M).
  • Fuel costs.
  • Discount rate.

These components are clarified below in detail with 
explanation to the scenarios applied for fuel cost as one 
of the main affecting components on the LCOE of SCGT 
power plant. Within each scenario for fuel cost, there will 
be only one value for LCOE (Fig. 6).

Capital investment cost
Capital investment cost of SCGT power plant does not 
vary much from one site to another within the same 
country, in contrast to capital investment cost of PSHPP 
which is site specific. Therefore, one average value for 
capital investment cost of SCGT will be used in the study 
which is 968 $/kW. This value, according to the Annual 
Energy Outlook 2015 (EIA 2013), represents an average 
for utility scale SCGT power plants electricity projects.

The above-mentioned capital investment cost is 
the overnight costs required to completely construct 
an SCGT power plant and this cost is assumed to be 
financed by two debt loans as follows:

Loan from local banks It amounts 20% of the total 
project capital costs to be repaid over 10  years with an 
annual interest rate of 11% and grace period 2 years with 
a commitment fee 0.5% on the remaining balance at each 
year during the construction period of the project.

Loan from foreign banks It amounts 80% of the total 
project capital costs to be repaid over 20  years with an 
annual interest rate of 6% and grace period 3 years with 
a commitment fee 0.5% on the remaining balance at each 
year during the construction period of the project. A dif-
ferent financing structure for SGT from that of PSHPP 
(60% foreign loan +  40% local loan) is assumed, due to 

Fixed and running 

Scenario 1: 
Optimistic Fuel 

Scenario

Scenario 2: 
Pessimistic Fuel 

Scenario

FUEL COST

O&M COST

SCGT LCOE

CAPITAL 
INVESTMENT 

COST

Fixed number for 
each SCGT

Fig. 6 Fuel cost scenarios applied to conduct LCOE value of each traditional generation technology
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the fact that PSHPP construction has many local works 
such as civil infrastructure, drillings and piping systems.

Operation and maintenance (O&M) costs
The O&M costs can be classified into fixed O&M and 
non-fuel variable O&M. The fixed O&M cost includes 
all costs that are independent of the electricity genera-
tion production of the SCGT power plant such as wages. 
The annual fixed cost for SCGT used in this study is 
7.34 $/KW (EIA 2013). The non-fuel variable O&M cost 
includes all costs that are dependent on the electricity 
production level such as equipment outage maintenance, 
utilities and consumables such as chemicals. According 
to (EIA 2013), the variable cost used in calculating LCOE 
of SCGT is 15.44 $/MWh.

Fuel costs
Fuel prices are one of the key factors that affect the LCOE 
of the SCGT power plant when compared to LCOE of 
PSHPP. Natural gas (NG) is the main fuel used for elec-
tricity generation in SCGT power plant, while light 
fuel oil (LFO) is the emergency fuel used in the case of 
unavailability of NG. It is assumed that the fuel used in 
SCGT is 90% NG, while the residual 10% is LFO in case 
of emergencies. NG and LFO can be provided through 
local resources in Egypt or through import. If the govern-
ment continues to subsidize local fuel prices supplied to 
the electricity sector in Egypt, it is expected that there 
will not be an economic competitiveness of PSHPP over 
SCGT. According to the Egyptian Government, by 2020 
subsidies on fuel prices will be completely eliminated. 
Since 2016, fuel prices have been doubled and more 
increase is expected by the next few years. Thus, the 
realistic economic situation is represented using inter-
national fuel prices. Two scenarios of international fuel 
prices in calculating the LCOE of SCGT are studied:

  • International fuel prices are assumed fixed over the 
different technologies lifetime based on year 2014 
prices for NG and year 2015 prices for LFO.

  • International fuel prices are assumed to be annually 
escalated by 3% over the different technologies life-
time based on year 2015 prices.

The international fuel price of NG was 8.22  $/MBTU 
in 2014 according to ICIS Heren Energy Ltd. (ICIS 2016). 
NG drastically dropped to its lowest levels in 2015 since 

1999 and such a drop in price was assumed as an odd 
situation due to political issue. So calculations of LCOE 
of SCGT were based on the 2014 price of NG, while the 
average international price of LFO was 12  $/MBTU in 
2015. The subsidized local prices of NG and LFO were 
only 37 and 43% of their international prices, in 2015 
(Insee 2016). There are many factors that can affect the 
amount of fuel consumed by technology to generate elec-
tricity; some of these factors are the fuel type represented 
in its heating value and the efficiency of the technology 
or power plant represented in its heat rate (EIA 2016). 
The amount of fuel needed to generate a specific amount 
of electricity (kWh) from fossil fuel fired power plant is 
calculated using Eq. (9) as follows:

where FA is amount of fuel needed to generate a specific 
amount of electricity in  m3; HR, heat rate of fossil fuel 
fired power plant in BTU/kWh; HC, fuel heat content in 
BTU/m3 for NG and in BTU/kg for LFO; and Et, the gen-
erated electricity in kWh. The heating values used in the 
study are 33,723 BTU/m3 for NG and 41,960 BTU/kg for 
LFO, while the average heat rate of SCGT is 10,783 BTU/
kWh according to data available from EEHC (EEHC 
2015).

Discount rate
Similar to that of the PSHPP, the values of r were assumed 
to be 8, 10, 12 and 14%. All the study calculations will be 
in foreign currency US dollars ($) using the exchange 
rate to convert between the local currency in Egyptian 
pounds (L.E.) and US dollars as 10 L.E./$. This exchange 
rate is assumed to be fixed over the project lifetime and 
is applied at the start of year 2015, which is the base year 
for the study.

The currency exchange rate may have a significant 
effect on the project capital cost during the construction 
period and a slight effect during the PSHPP operation. 
This is because the components that will be imported 
from outside using foreign currencies for construction 
and maintenance purposes during process of installation. 
Accordingly, contingencies and escalation rates were 
taken into consideration to overcome such exchange 
rate issues. The escalation rates in O&M during the pro-
ject lifetime were assumed to be 3% annually. Thus, the 
assumption of 3% as escalation rate in O&M is a reason-
able assumption for all O&M costs of PSHPP and SCGT 
and for pumping cost too.

(9)FA =
HR

HC
× Et
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For each scenario and specific discount rate (8, 10, 12 
and 14%), the relation between the LCOE of PSHPP and 
the capital investment cost ranging between 2200 and 
4200 $/kW is fitted through regression (using least square 
method). The LCOE of SCGT is to be used to determine 
the competitiveness range allowed for PSHPP’s capi-
tal investment costs. The relationship is fitted such that 
the investment cost is the dependent variable, while the 
LCOE is the independent variable.

Table  1 shows a summary of all the assumptions 
required for the calculations.

Results
Results of calculating the LCOE for PSHPP under three 
scenarios after applying different discount rates, as a 
function of investment capital cost, are plotted in Figs. 6, 
7 and 8. It is clear from the figures that the relation is 
linear. To obtain the values of investment cost at which 
PSHPP is competitive to SCGT, the relationships have 
been expressed as a linear function through application 
of regression technique (Table 2).

Table  3 shows LCOE of SCGT at different discount 
rates in case of there is no increase in international fuel 
costs and in case of escalated international fuel costs.

Pumping cost scenario 1
Adopting the case that pumping cost is equal to the price 
of buying electricity from the Egyptian Unified Grid at 
off-peak time, when substituting by values in Table  3 
with the corresponding regression equation in Table  2 
it is found that PSHPP has competitiveness over SCGT 
power plants only in the escalated international fuel costs 
fuel scenario at r 8, 10 and 12%, provided that the capi-
tal cost for PSHPP should not exceed 2680.95, 2415.298 
and 2211.146  $/kW, respectively. These milestones are 
shown clearly in Fig. 7 on the curves of different discount 
rates and it is noticed that on the curve (r 8%) there is 
a tolerance of the capital cost of the PSHPP to range 
from 2200  $/kW (minimum capital cost of any PSHPP 
assumed in this study) to 2679 $/kW, while on the curve 
where r is assumed to be 12% the tolerance is very tight 
(2200–2222 $/kW).

PSHPP’s LCOE does not have any competitiveness 
over that of SCGT in the escalated international fuel cost 
scenario as a whole, and at r 14% in the fixed fuel cost 
scenario (the points of intersection are out of PSHPP’s 
capital cost range).

Pumping cost scenario 2
Take the assumption that the pumping cost is 70% (fuel 
portion cost) of the total energy payment cost in first 
scenario. When checking the possibility of intersection 

Table 1 Summary of assumptions of the study

Financial data

Installation cost excluding civil works 1600 $/kW

Civil work costs 2400 $/kW

Interconnection costs 12.80 M US$

Water piping system 20.0 M US$

Fixed costs 30.8 $/kW‑year

Variable costs 0

Escalation in O&M 3%

Escalation in water price 3%

Base year of the study 2015

Pumping electricity cost (off‑peak) at 500 kV 0.0248 $/kWh

Selling price of generated electricity (on‑peak) 0.0511 EG $/kWh

Capacity payment for intensive industries 0.015 $/kW‑month

Exchange rate 10

Tax rate 0%

Commitment fee 0.5%

Discount rate of the project 10%

Loan data

Foreign loan 60%

Term to repay 20 years

Grace period 3 years

Interest rate 6%

Local loan 40%

Term to repay 10 years

Grace period 2 years

Interest rate 11%

Technical data

Unit capacity 350 Mw

Number of units 6 units

Project lifetime 60 years

Construction period 5 years

Cycle efficiency 0.75%

Scheduled maintenance 20 days

Forced outage rate 0.05%

Generating hours per day 10 years

Capacity factor 34%

Pumping efficiency 0.95%

Height (upper reservoir effective head) 600 m

Total expected annual generated energy 6274 Gwh

Total required pumping energy 8365 Gwh

Water flow rate 376 m3/s

Water capacity 13.53 mcm

Evaporation rate in Suez Region 3.4 m/year

Losses of water per year 3.65 mcm/year

Project total amount of water during construction 104.6 mcm

Average grid fuel consumption (2013/2014) 211 gm/kWh

NG price 3 $/MMBtu

Kwh generated fuel price 8.37248 kWh

WACC 8%
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between LCOE values of PSHPP and those of SCGT 
(Fig. 8), it is found that PSHPP has competitiveness over 
SCGT power plants still only in the case of escalated 
international fuel costs, but in this scenario the range of 
the possibility of the capital cost is more flexible; also, 
its competiveness at r 14% exists. PSHPP has competi-
tiveness over SCGT power plants at r 8, 10, 12 and 14% 
(Table  3), on condition that the capital cost for PSHPP 
should not exceed 3136.82, 2780.692, 2522.222 and 
2325.425 $/kW, respectively.

Pumping cost scenario 3
From the intersection between LCOE values of PSHPP 
with those of SCGT (Fig. 9), it is found that at both fuel 
cost scenarios and all discount rates, PSHPP will have 
competitiveness over SCGT. For the fixed fuel cost sce-
nario, the LCOE of PSHPP is more economical than that 
of SCGT provided that its capital cost does not exceed 
2938.555, 2616.615, 2392.65 and 2226.872  $/kW at r 
8, 10, 12 and 14%, respectively. For the pessimistic fuel 
cost, its capital cost should not exceed 4179.67, 3629.11, 
3246.991 and 2968.07 $/kW for the same discount rates. 
This is an upgrade in competiveness from the above both 

scenarios, and the range of tolerance of PSHPP capital 
cost in the escalated fuel cost scenario reached about 
4180 $/kW.

Conclusion
In this manuscript, a simplified approach to define the 
conditions at which PSHPP has competitiveness over 
SCGT power plants. PSHPPs have many additional fea-
tures of their operation in the common grid whose cost 
estimate cannot be represented so easily.

It can be concluded from the results that PSHPP does 
not have an absolute economic competitiveness com-
pared with SCGT power plant, but the economic viability 
of constructing PSHPP is variable according to different 
factors and conditions. From the perspective of electric-
ity sector in Egypt, as long as the government subsidizes 
the fuel prices supplied to SCGT power plants, there will 
be no need to construct PSHPP in Attaqa Mountain.

The pure economic competitiveness of PSHPP over 
SCGT power plant will appear in case of using the inter-
national fossil fuel prices and taking into account the 
huge amounts of foreign currency to import such fossil 
fuels to cover the domestic demand from fuel in other 
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sectors than electricity sector. This competitiveness of 
PSHPP can be increased also by decreasing the pump-
ing cost to lift water up in PSHPP, which is a strategic 
decision by the government. PSHPP competitiveness 
over SCGT technology increases more when the limita-
tions and conditions at which installing PSHPP in Egypt 
are more relaxed. Therefore, ideally, there should be a 
double tariff structure mechanism designed to get the 
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Table 2 Constants derived for each pumping scenario and discount rate

Pumping cost scenario r (%) Regression equation

Scenario 1: pumping cost is equal to the price of buying electricity from the Egyptian Unified Grid at off‑peak time 8 I = 25650 LCOE− 2013

10 I = 22510 LCOE− 1632

12 I = 20340 LCOE− 1387

14 I = 18870 LCOE− 1246

Scenario 2: pumping cost is 70% (fuel portion cost) of the total energy payment cost in first scenario 8 I = 25540 LCOE− 1537

10 I = 22540 LCOE− 1272

12 I = 20380 LCOE− 1083

14 I = 18850 LCOE− 963.9

Scenario 3: pumping cost is assumed to be zero 8 I = 25590 LCOE− 503.3

10 I = 22450 LCOE− 407.4

12 I = 20390 LCOE− 360

14 I = 18860 LCOE− 323

Table 3 LCOE of SCGT at different discount rates and in the 
two fuel scenarios

Fuel cost scenario LCOE of SCGT at different r (¢/
kWh)

r: 8% r: 10% r: 12% r: 14%

Fixed international fuel costs 13.45 13.47 13.5 13.52

Escalated international fuel costs 18.3 17.98 17.69 17.45
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advantages of PSHPPs as a clean energy source to maxi-
mize its benefits.
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