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Countries around the world are rapidly deploying renewable energy generation

to reduce carbon emissions. Countries in the Gulf Cooperation Council (GCC)

are investing heavily in PV generation due to their rich solar resources. As PV

technology becomesmoremature, future PV developments will largely depend

on the cost of the PV generation but there is currently very limited published

work that shows a detailed design and in particular the economic analysis of

large-scale PV farms. Therefore, this paper uses the Qatar’s first PV farm, the

800MWp Alkarsaah PV farm as a case study to explain the design considerations

and especially the economic benefits of large-scale PV farms. Economic

comparisons will be made with the most efficient CCGT (combined cycle

gas turbine) plants in the network to highlight the economic benefits of PV

farms. The results show that the Levelized cost of electricity (LCOE) for this PV

farm is 14.03$/MWh, much lower than the LCOE of 39.18$/MWh and 24.6$/

MWh from the most efficient CCGTs in the network, highlighting the significant

economic benefits of developing PV farms in a low carbon power networks in

the future.
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Introduction

Reducing energy-related CO₂ emissions is at the heart of the energy transition and

developing renewable energy generation is one of the key measures. Moreover, it helps

improve the air quality (Akella et al., 2009; Hung, 2010; Petinrin and Petinrin, 2014;

IRENA, 2019) and energy security, especially during instability in the energy market (e.g.,

during sudden changes in the fossil fuel market (Franco et al., 2017; Chen et al., 2022)).

In the last decade, renewable energy (RE) witnessed a dramatic cost decrease. The

Levelized Cost of Electricity (LCOE) is commonly used to evaluate the generation assets

or the power system as well as to compare the cost of energy gained from different sources.

The LCOE estimates the income necessary to develop and run a generator over a

particular cost recovery time. The LCOE calculations include different costs: capital

costs, decommissioning, fuel costs, fixed and variable operations and maintenance costs,

finance costs, and an anticipated utilisation rate (McCulloch and McCulloch, 2017; Wang
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et al., 2018a; U.S. Energy Information Administration, 2022;

Cucchiella et al., 2017; Kosmadakis et al., 2022; Heidari Yazdi

et al., 2022).

Figure 1A shows the LCOE comparison for diverse

generation technologies. It illustrates the significant fall in

solar power from around 359$/MWh in 2009 to approximate

36$/MWh in 2021, which means a 90% decline in the last decade.

In the same period, the LCOE of wind generation decreased from

135$/MWh to 38$/MWh, a 72% reduction. The considerable

declines in solar and wind are due to the drop in capital costs

(Mcelroy and Chen, 2017).

RE systems need significant upfront financial commitments

similar to thermal or nuclear power plants. However, the

marginal costs of operating the asset and generating electricity

are much lower, as illustrated in Figure 1B (e.g., this includes

replacing selected PV modules or inverters for solar PV projects

and periodic lubrication and general maintenance for wind

turbines (Wang et al., 2018b; Srinivasan, 2019; Tian et al.,

2020)). It can be seen from Figure 1B that the marginal cost

of wind and solar is almost negligible. In contrast, the marginal

cost of other generation types increases with increasing power

production. For example, it is around 75$/MWh for natural gas,

and around 140$/MWh for oil as shown in Figure 1B. It is mainly

because the marginal cost of generation for conventional

generators is dominated by fuel costs (coal, oil, and gas). On

the other hand, for renewable generation, the fuel from the sun

and wind is essentially free, and the operations and maintenance

(O&M) costs dominate the marginal costs.

These remarkable changes motivate countries to implement

renewable energy resources. For example, Figure 2 illustrates that

at the end of 2020, the total cumulative PV installations were at

710GWp (Bett, 2022), where China represents 36% of the PV

installations, Europe 23%, North America 12%, Japan 9%, India

6%, and the rest of the world 14%.

Many countries have started utilising deserted areas for

installing renewable energy sources (Shah et al., 2019).

However, each region around the world has unique

challenges. For example, India installed many large-scale PV

plants in tropical regions to benefit from the summer sunshine.

However, in a tropical climate, the rain caused by monsoon

seasons influences the performance of PV plants (gopi et al.,

2021). In addition, the paper (Shah et al., 2019) concludes that

during the southwest monsoon season, the energy generation

dropped by 36% compared to the annual average generation.

In Qatar, the weather plays a factor during summertime due

to the dust waves and high humidity. To reduce its impact, at

Alkarsaah PV farm, four flees of six robots in each fleet are used

to perform cleaning activities at night for 10 hours daily to

FIGURE 1
Comparison between different types of generation (A) LCOE
comparison, (B) Marginal cost comparison (Hartman, 2016; Ray,
2021).

FIGURE 2
PV installation worldwide by region.
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maintain the PV plant’s performance. There was a coupling

between water and power production in Qatar, which makes a

stumbling block in front of renewable integration, but with the

reverse osmosis (RO) system, the flexibility of integrating

renewable energy increases. Qatar focused on RO technologies

to decuple water and power production in the recent water

project.

Some research discusses small-scale PV farms with rated

capacity within 2 MW (Díez-Mediavilla et al., 2010; Chandel

et al., 2014; Shah, 2018; Brodziński et al., 2021). Most of these

researches focused on PV farms connected to the distribution

network and its techno-economic impacts. Other research

concentrated on analysing the economic impact of PV

installations at the residential level (Woodhouse et al., 2011),

(Kizito, 2017). Other research analysed the RE economy in the

electricity market framework (Liu et al., 2020) and showed that a

continued support policy is required to make wind and solar

energy competitive in the energy market (Okere and Iqbal, 2021).

compared various solar PV modules for utility-scale PV

installation in California and concluded that the bifacial

FIGURE 3
SLD of GCC interconnection.

TABLE 1 PV solar projects operated in the GCC region.

Project Country Year Total capacity (MW)

Mohammed bin Rashid Al Maktoum Solar Park UAE 2018 1,013

Noor Abu Dhabi, Sweihan UAE 2019 1,177

Sakaka KSA 2019 300

Askar Landfill Bahrain 2019 100

PDO Amin PV Plant Oman 2020 100

Shagaya Kuwait 2019 10

Ibri Oman 2021 500
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technology gives the best performance in terms of annual energy

production. So far, very limited published work on the

development and economic analysis of large-scale PV farms.

Therefore, this paper contributes to this aspect by presenting a

comprehensive analysis of Alkarsaah PV Farm in Qatar under

the context of PV developments in the Gulf Cooperation Council

(GCC) regions. The objective is to share the experience and

especially the economic rationale of large-scale PV farm

development with the research and industry community to

promote future PV farms’ development further.

Gulf cooperation council overview

This section discusses the motivations that lead GCC

countries to move toward renewable energy, the benefits of

the GCC interconnection, and the existing and agreed-upon

solar energy projects.

Renewable energy motivation

The GCC countries, namely the Kingdom of Saudi Arabia

(KSA), Kuwait, Bahrain, Qatar, United Arab Emirates

(UAE), and Oman, are in the top 25 globally in

CO2 emissions per capita. Concerns about global climate

and environmental challenges have been raised in the GCC

region, necessitating an integrated plan to take a more

proactive approach to ecological modernisation and energy

policies. The requirements for forming a strategic

partnership focused on the GCC region’s sustainability

FIGURE 4
The LCOE of the existing solar project in the GCC region.

FIGURE 5
Historical peak demand and annual energy consumption from 2000 to 2021.
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and well-being have been highlighted by regional authorities

(Csala and Csala, 2020).

Years ago, it may appear irrational to invest in renewable

energy technologies in a location where the oil and gas sectors

dominate (Ferroukhi et al., 2013). In addition, such investments

do not provide sufficient short-term financial returns and instead

create competitors for the region’s key exports. However, this

perspective has changed due to the enormous opportunities with

renewable generation, and the GCC’s reliance on oil and gas

earnings is decreasing.

Gulf cooperation council interconnection

The GCC Interconnection was established in 2009 by

connecting the member states in the GCC (Aljohani and

Alzahrani, 2014), (Al-Ebrahim and Jones, 2017). This

interconnection aims to share energy during emergencies,

reduce the spinning reserves and improve the efficiency of

the interconnected power system (Csala and Csala, 2020),

(Aljohani and Alzahrani, 2014). Figure 3 shows the GCC

interconnection’s single line diagram (SLD). It shows that

the member states are connected via a 400 kV extra-high

voltage (EHV) network, while the KSA (Kingdom of Saudi

Arabia, 60 Hz) is connecting to the GCCIA (50 Hz) through a

high-voltage direct-current (HVDC) back-to-back converter.

The strength and modernity of the Gulf connection

encouraged member states to launch renewable energy

projects.

PV solar projects in the gulf cooperation
council region

The region witnessed a rapid movement with the launch of

renewable energy projects, especially photovoltaic energy. For

instance, the KSA constructed a 300 MW PV project in Sakaka

province in 2019 (Alnaser et al., 2022), (Alharbi and Csala,

2021).

The United Arab Emirates (UAE) started earlier than other

GCC member states and built the first phase of the 13 MW

Mohammed bin Rashid Al Maktoum (MBR) solar park in 2013,

followed by the second phase rated at 200 MW in 2018, then in

2020, the third phase started operation with a rated capacity of

800 MW. The fourth phase combined three technologies of clean

energy: 100 MW from a concentrated solar tower, 250 MW from

photovoltaic panels, and 600 MW from a parabolic basin

complex (Saqib, 2018; Obaideen et al., 2021; Xiao et al., 2022).

The fifth phase started in stages from the second quarter of

2021 with a total capacity of 900 MW (Saqib, 2018). These

projects align with the plan to reach 5 GW production from

clean energy in 2030 with $13.6bn of investments. In addition, in

2019, a 1177 MW Sweihan solar plant was operated in Abu

Dhabi (Ramachandran, Mourad, Hamed). Moreover, the 2 GW

Al Dhafra solar project is under construction and expected to be

operated by 2022 (Apostoleris and Chiesa, 2019; Cheema et al.,

2021; Jim, 2021). As a result, these projects placed the UAE at the

top of the renewable energy deployment in the GCC region.

Bahrain comes into the picture with a 100 MW Askar

landfill solar project in 2019 (Apostoleris et al., 2021).

FIGURE 6
The installed capacity and system peak from 2000 up to 2021.
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Furthermore, in 2019, Kuwait commissioned 10 MW at

Shagaya renewable energy park (Wang et al., 2021a). Also,

Oman started implementing solar energy with 100 and

500 MW in 2020 and 2021, respectively (Wang et al.,

2021b). Likewise, in 2020, Qatar announced an 800 MW

AlKarsaah PV farm to be entirely operated in 2022. A

detailed economic analysis of this PV farm project will be

presented in the rest of this paper.

Table 1 shows the existing solar project in the GCC region,

and it can be observed that within 4 years, more than 3 GW

generation came from PV only, with more projects in the

pipeline. Figure 4 shows the LOCE of the existing solar

projects in the GCC member states. It can be seen from

Figure 4 that from 2018 to 2020, the LOCE of PV solar

project cost is decreased by 76.5%, resulting in more PV farm

deployment in the GCC countries.

FIGURE 7
(A) Qatar solar GHI (kWh/m2/yr). (B) Alkarsaah PV farm location.
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FIGURE 8
PV farm structure.

FIGURE 9
PV farm in detail.
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Qatar power system overview

Generation

Qatar General Electricity and Water Corporation

(KAHRAMAA) was established in July 2000 to manage and

maintain electricity and water supply to the consumers in Qatar.

Since its establishment, the electricity sector has witnessed

extraordinary growth due to many factors. For example, the

population in Qatar has increased by 378% from 2004 (744029)

to 2022 (2811774). This significantly increases peak demand and

annual energy consumption, as shown in Figure 5. It can be seen

from Figure 5 that in 2000, the maximum demand and energy

consumption were 1855 MW and 8332GWH, respectively; in

2021, they increased to 8875 MW (468% increase) and

48683 GWh (584% increase). This gives significant challenges

in developing generation capacities in Qatar.

Transmission and distribution network

To meet high demand growth as described above,

KAHRAMAA, in collaboration with Independent Power

Producers (IPP), expanded the generation capacity from

4032 MW in 2008–10575 MW by commissioning three large-

scale power plants in 2009, 2010 and 2017, with an installed

capacity of 1995, 2730, and 2520 MW respectively as shown in

Figure 6. All these power plants use natural gas to produce

electricity. Furthermore, the electricity demand rise has led to the

expansion of the transmission network with the commissioning

of a new voltage level at 400 kV. Accordingly, the primary

substations are increased from 87 in 2000 to 400 in 2021.

At the same time, the distribution network also witnessed a

colossal expansion where the number of substations increased to

18613 in 2020, with a 5% growth compared to 2019. This number

is planned to rise further to reach 23400 substations by the end of

2026 to serve the urban development, economic activities and

events hosted by Qatar. This expansion paralleled with the

specific crucial projects in the country, including but not

limited to Lusail City, Metro project, New Port, and

2022 World Cup Stadiums.

AlKarsaah PV farm

The project background

The project is planned to be connected to the grid in two

phases. The first phase is 350 MW which will be grid-connected

in June 2022, and the second phase is expected to be fully

operational in July 2022. The total cost of the project is

448.4$M for 800MWp including connection equipment

220 and 132 kV substations. With this capacity, Alkarsaah PV

farm is the third largest project in the GCC region of its kind.

FIGURE 10
Qatar power system SLD (A) without PV farm. (B) With PV
farm.

FIGURE 11
Q/P operation.
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The project is designed as build, own, operate, and transfer

(BOOT) for 25 years, then the ownership will be transferred to

KAHRAMAA. Consequently, KAHRAMAA signed a 25-years

Power Purchase Agreement (PPA) with Siraj 1 (the purpose

company that was established to build, operate and manage the

project) in January 2020 to acquire electricity from the power

plant. After the agreement of all relevant parties, AlKharsaah area

was chosen as the project site, which is located 80 km2 west of

Doha, as shown in Figure 7B. The location was chosen based on

several key criteria:

1) The high potential of Global Horizontal Irradiation (GHI)

with 2,145 kWh/m2/yr, as shown in Figure 7A, these figures

are based on the findings of solar radiation monitoring

stations at various locations in Qatar, including

AlKharsaah, which were conducted by the Qatar

meteorological department (QMD), Qatar Environment

and Energy Research Institute (QEERI), Total, Marubeni,

and Kahramaa.

2) The local environment impacts because it is located in a desert

environment where living creatures are scarce.

PV farm structure

The structure of the PV farm is shown in Figure 8, with the

detailed SLD of the system shown in Figure 9. It consists of

1,803,240 modules, where 1,357,920 modules of 445W and

445,320 modules of 440W. There are 108 blocks in the PV

plant. Each block is connected to 1 MV substation, and there

are 30 inverters connected to 17,280 PV modules that generate

7.5 MW. Hence there are in total 3,240 inverters for the project.

Capacitor banks are installed at the AC substation, as shown in

Figure 8, to meet the reactive power control requirement as

explained subsection D.

Keys benefits of the project

The overall capacity of the solar project will be able to cover

7.5% of the 2022 peak demand. Also, the project will contribute

to Qatar’s commitment in hosting a carbon-neutral FIFA World

Cup in 2022, which is a goal of the Qatar National Vision 2030. In

addition, the plant will save 26 million tonnes of CO2 throughout

its lifespan, contributing to the ambitious goal of reducing carbon

emissions by one million tonnes every year starting from 2022.

Furthermore, the project will help achieve sustainable

development by reducing the dependency on gas for energy

generation. AlKharsaah PV farm uses cutting-edge solar

energy technology such as twin panels to conserve space,

automated sun-tracking systems, and robotic solar panel

cleaning to enhance production efficiency and lower plant

operating costs. Additionally, more than two million bifacial

solar modules with trackers will maximise efficiency.

Qatar power system and PV connection

The power system of Qatar consists of eight power plants as

shown in Figure 10A with a 10.6 GW installed capacity. Three

combined cycle power plants with 2730, 2520, and 1992 MW are

connected to the 400 kV level, and another two combined cycle

power plants with 756 and 1025 MW are connected to the

220 kV level. In addition, three open cycle power plants are

connected to the 220 kV level. All power plants use gas as a fuel

supply. The GCCIA interconnector is connected to the grid at

400kV, as shown in Figure 10A as well.

The weakest point in the network is the western ring from

bus 7 and bus 8 in Figure 10A. This ring has double circuit

overhead lines of 205 km in length. Therefore, the ring suffers

from voltage stability in case of n-2 contingency, and during

normal operation, the voltage profile is poor because there is no

reactive power compensation. Consequently, due to the high

FIGURE 12
Active Power limitation during over frequency.

TABLE 2 Cost of modificationsin the network.

Items Cost (M$)

Cost of 220 KV—132 KV GIS s/s 44

Cost of 220 kV OHL [2 CCT’s] 35 km 19.2

Cost of 220 kV cables [2 CCT’s] 11 km 42.2

Cost of 132kVOHL [4 CCT’s] 6 km 5.8

Cost of modification at both ends of the LILO 0.5
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radiation in the Alkarsaah area and reactive power support ability

(explained below) from the PV farm, the preferred option is to

connect AlKarsaah PV farm to the 132 kV subnetwork as a loop-

in-loop-out (bus 18 in Figure 10B) between two existing

substations (bus 7 and 8) in the western ring. The length

between the existing substation and the PV farm is 6 km as

shown in Figure 10B. In addition, the substation will be

connected to the new Kahramaa substation (LILO substation),

bus 18 in Figure 10B, through five underground cables to meet

the n-2 criteria. Moreover, the PV farm will be connected to the

220 kV network via a double circuits overhead line for a 35 km

distance, then an 11 km cable portion to the existing substation,

bus 9 in the single line diagram (SLD), as shown in Figure 10B.

For reactive power control capability of the PV farm,

according to the PPA and the grid code, it must be able to

provide reactive power at the Point of interconnection (POI) at

FIGURE 13
(A) Typical daily generation profile. (B) Forecasted and actual generation profile for 1 day.
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any operating point inside the P-Q/Pmax profile as shown in

Figure 11.

To achieve that, the Power Plant Controller (PPC) of Al-

Kharsaah PV farm controls the inverters and capacitor banks to

change its reactive power generation/absorption to achieve a

reactive power setpoint imposed either by the on-site operator or

by the grid operator. Consequently, during the daytime, when the

load increases, the PV farm will inject up to 462.9MVAR to the

network to maintain the voltage at the POI within the operational

limits. Therefore, the inverters will operate with a power factor

between −0.95 and +0.95 (±252.9MVAr), and capacitor banks

(6 × 35MVar) will compensate for the remaining reactive power.

On the other hand, during nighttime, when the load decreases,

the inverters will absorb reactive power so that the KAHRAMAA

grid can deliver to the PV plant 359 MVAr at POI. The reactive

power capability analysis concluded that the PV farm with

additional reactive power support (capacitor banks 6 ×

35 MVA) is capable to meet the reactive power requirements

at POI and there is no need for reactors to absorb the reactive

power from the network during low load.

In addition, the PV farm will remain at the maximum

available power when the frequency range between 47.5≤ f ≤
50.5, then gradually curtail its output when the frequency hits

50.5 Hz to reach zero at a frequency equal to 51.5 Hz. Figure 12

FIGURE 14
Hourly active power generated from PV farm.

FIGURE 15
PV fluctuation due to partly cloudy weather conditions.
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shows This slope is programmed into the Active

Power—frequency function of the PPC, taking into

consideration the limitation during over frequency.

Table 2 shows the cost of network modifications (as shown

in Figure 10B) due to integrating the 800 MW Alkarsaah PV

farm. The cost of 220 and 132 kV Gas-insulated substations is

44M$, while the cost of both 220 and 132 kV overhead lines is

67.2M$, and the cost of modification at the existing

substations is 0.5M$.

Power generation of the PV farm

The PV farm generates power during the daytime. Due to

the stability of weather in summer in Qatar, the generated

power from the PV is predictable when there is no cloud.

Figure 13A shows a typical daily generation during June when

the electricity demand is at its peak. It can be seen that power

starts to be injected into the grid at around 4:30 a.m. at sunrise

and increases to reach the maximum at 9 a.m. because of the

maximum power point tracking. The maximum output power

remains for 6 hours, then declines to zero at 6 p.m. (sunset) due

to the drop in irradiance. This generation behaviour will allow

grid operators to stop the inefficient conventional generation

on the system. Figure 13B accentuates the generation forecasted

and actual PV generation profile throughout 1 day. It displays

the pattern of the PV generation from the sunrise to the sunset,

where it jumps in the actual profile because the system

operators allow the PV farm to generate more power than

the plan during peak to utilise the cheapest available energy

instead of synchronising conventional generation to pass the

peak time.

Figure 14 illustrates the active power produced from the PV

farm for 2 weeks since the date of commissioning and shows only

the 1st phase, while the 2nd phase has not yet operated because

the network upgrading under commissioning is expected by mid

of August.

After the first phase of commissioning, the PV fluctuations

occurred due to the partly cloudy weather. It was the first time

that system operators experienced this phenomenon, as shown in

Figure 15. However, these changes in generation output did not

affect the system frequency because it happened early morning

when the minimum demand and the spinning reserve were at the

highest and the automatic generation control (AGC) took action

to maintain the balance.

Figure 16 shows the power flow at the PV farm area and the

voltage at different buses during the peak time. In addition,

Figure 17A,B represent the voltage at the PV farm and POI buses

and the reactive power flow from the PV farm. It can be seen that

the inverters operate according to network requirements and

within the Q/P operation curve, as shown in Figure 11. It can be

seen that the voltage at each bus is close to the nominal value for

132 and 220 kV voltage levels.

The base case forecasted peak demand for summer 2022 is

9300MW, higher than the peak recorded in summer 2021,

8875 MW. However, the high forecast scenario is 9557MW,

and the PV farm will contribute positively because of its

availability during peak times. Figure 18 illustrates the

forecasted peak demand in 2022 and the generation

contributions to meet the demand on the designated date. It

FIGURE 16
Power flow at peak time.
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is also noticeable that solar power production remains at its peak

during the peak demand because of solar tracker usage.

Therefore, the thermal units reduce the output power to leave

the space for the cheapest energy in the grid. Also, when solar

power production decreases due to the low irradiance, the

conventional power plant ramps up to maintain the balance

between demand and generation.

The FIFA World Cup (FIFA WC) is planned to start on 18th

November 2022 and will continue for 1 month; it is considered the

most challenging tournament due to the considerable increase in

demand. Figure 19 explains the pattern of the electricity demand

during the FIFA WC. Also, it shows the peak demand is shifted to

the evening peak during winter compared to the afternoon peak

during summer in Figure 18; this is due to the considerable change

in weather and temperature reduction. In addition, Figure 19

clarifies the PV generation during the WC tournament, which

has slight variations that will be covered by the existing thermal

units or the GCCIA interconnector.

FIGURE 17
(A) Voltage at PV farm and POI buses for 3 days of operation. (B) Reactive power flow from the PV farm for 3 days of operation.
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Economic analysis

Table 3 shows that the most efficient existing plants in

Qatar power system, plant D and plant E, are compared with

the PV farm to highlight the economic benefits. These two

plants have the biggest generation in the system and use gas as

a fuel supply. Plant D has a 2730 MW capacity, and plant E

has a 2520 MW capacity. Table 3 shows the detailed

comparison of costs between these two plants and the PV

farm. First, the total capacity cost of $ per KW of the solar is

higher than the total capacity cost of both plant D and plant E,

considering the size of all plants. In addition, Solar’s fixed

operations and maintenance (O&M) costs are higher than

others.

However, the variable O&M of plants D and E are 0.096$/

MWh and 0.0137$/MWh, respectively, whereas the variable

O&M is not applicable for the solar project. Finally, the

FIGURE 18
The forecasted peak demand in 2022.

FIGURE 19
System demand and PV generation during the FIFA WC.

TABLE 3 Comparison between two newest conventionalgeneration
and PV farm.

Items Units Plant D Plant E PV Farm

Net Facility Output MW 2,730 2,520 800.15

Total Capital Cost $/KW 956.7 673.15 639.45

Fixed O&M $/KW 1.67 1.22 2.03

Variable O&M $/MWh 0.096 0.0137 N/A

Heat Rate MmBtu/MWh 8.82 8.82 N/A

Capacity Factor % 95.00 95.00 N/A

Fuel Price $/MMBtu 3.3 3.3 N/A

Construction Time Months 3 2 2

Facility life Years 25.00 25.00 25.00

LCOE $/MWh 39.18 24.6 14.47

Frontiers in Energy Research frontiersin.org14

Alashqar et al. 10.3389/fenrg.2022.987773

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.987773


LCOE of the solar project is relatively low at 14.03$/MWh, while

Plant D is 39.18$/MWh and Plant E is 24.6$/MWh. The

calculation of the LCOE is based on the following equations

where the system’s lifetime, the amount of energy it will produce,

and the input costs are considered.

TLC � ∑
n

t�1

It +Mt + Ft

(1 + r)t (1)

TLO � ∑
n

t�1

Et

(1 + r)t (2)

LCOE � TLC

TLO
(3)

LCOE �
∑
n

t�1
It+Mt+Ft
(1+r)t

∑
n

t�1
Et

(1+r)t
(4)

where TLC represents the total lifetime cost, TLO represents the

total lifetime output, It represents the investment and

expenditures for the year (t), Mt represents the operational

and maintenance expenditures for the year (t), Ft represents

the fuel expenditures for the year (t), Et energy output for the

year (t), r represents the discount rate, and n represents the

(expected) lifetime of the power system.

The above calculations can be directly applied to other PV

farm projects as well by considering subsidies, tax rebates, tax

abatements, and other government initiatives that may further

decrease the LCOE of PV farm. For example, if the government

provides a subsidy for the capital investment in a solar system,

the initial cost of establishing the system falls, and the total cost

falls proportionally. In addition, the high solar irradiation

directly relates to the low LCOE of a project. For example,

building an 800 MW PV farm in a different country, e.g., the

UK, will require more PV panels to capture more solar

irradiation, which leads to an increase in the capital cost of

the project and the LCOE. Moreover, the effective daily

irradiation time is one of the most critical variables in

analysing the total lifetime energy production PV. For

example, Qatar has more GHI yearly than the UK, and the

weather throughout the year in Qatar is more stable than in the

UK. Therefore, increasing the energy production throughout the

lifetime of the PV farm will reduce the LCOE.

Another important financial consideration for utility

companies and LCOE is the capacity and output charges. For

a conventional power plant, the capacity charge is paid based on

the availability of the generation in $/MW/h, and the output

charge is based on the actual energy output in $/MWh. In Qatar,

only the output charge is considered for PV farm, but for thermal

units, the utility must pay the capacity charges for the units, as

long as they are available but not necessarily running. Table 4

shows the capacity and output charge rates for thermal units and

PV. It can be seen from Table 4 that the charges to the utility

company for the PV farm is much less than that for thermal

units.

From an environmental point of view, the use of RE saves the

use of fossil fuels and hence the associated costs. Table 5 shows a

detailed financial comparison between the Alkarsaah PV farm

TABLE 4 Capacity and output charge rates.

IPP Contract capacity Capacity
charge rate ($/MW/h)

Output
charge rate ($/MWh)

A 567 11.29 30

B 1,025.00 10.39 26.3

C 1995.00 13.9 25.16

D 2,730.00 13.45 22.5

E 2,520 6.18 21.68

PV 800 0 14.03

TABLE 5 Financial comparison between PV solar operation and
thermal operation.

Items Results

2022 Total Energy Forecast (MWH) 51,003,056

Solar Energy Dispatch (MWH) 1,971,542

Av. Gas Ratio (MMBTU/MWH) 9.5

Total Consumed Gas (MMBTU) 484,529,036

Gas Saving (MMBTU) 14,392,253

% Gas Saving 2.88%

Output Unit Cost of Plant E ($/MWH) 22.4

Operation Cost Saving ($)—1 year 44,100,697

Plant E Capacity Charge ($/MWH) 6.315

Plant E Annual Availability (MWH) 21,924,336

Plant E Annual Equivalent to Solar project (MWH) 6,090,093

Plant E 25 years Equivalent Capacity Cost ($) 961,431,232

Total Payment for Solar Project (25 years)—($) 750,000,000

Operation Cost Saving ($)—25 years 4,024,409,103

Total Equivalent Cost for 25 years of thermal Units ($) 2,063,948,656

Total Solar Project Saving Amount ($) 1,313,948,656
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and the most efficient gas power plant (i.e., plant E as mentioned

above) to highlight the benefits of PV generation. It can be seen

from Table 5 that the total energy forecasted from all generations

is around 51 TWh in 2022, and the energy forecasted from

Alkarsaah PV farm is around 2 TWh, representing 4% of the

total energy. Consequently, the total consumed gas is

484,529,036 MMBTU, and the average amount of gas saved in

2022 is around 14,400,000MMBTU, which saves 44M$. If

Alkarsaah PV farm is not installed, the most efficient CCGT

will be running with a total equivalent cost of around 2.063B$ for

25 years of operation, including the capacity and operating

charges. In contrast, the total payment of the solar project for

the 25-years contractual period will be 750M$ as shown in

Table 5. As a result; the total savings will be 1.313B$.

Conclusion

Many PV farm projects have been commissioned in the last

5 years in the GCC region due to the high potential of solar

irradiance. As a result, some GCC solar projects recorded the

lowest LCOE globally at that time. In order to share the

experience of large-scale PV farm development in the GCC

region and further promote the development of PV farms, the

800MWp Alkarsaah PV Farm in Qatar has been discussed in

detail in this paper. Its site selection and structure are explained,

and its financial benefits are discussed in detail. In particular,

detailed economic analysis has shown that this PV farm can

achieve a record low LCOE at 14.03$/MWh, much lower than the

39.18$/MWh and 24.6$/MWh of the most efficient CCGTs in the

network. Such analysis can provide useful information for the

research community and industry in developing future large-

scale PV farms.

As part of our future work, the impact of Alkarsaah PV farm

on the practical network operation will be analysed and reported

after the system is put into service.
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