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Availability of sufficient electric power (EP) is essential for the sustainable economic development of Iraq. Although
Iraq possesses abundant fossil fuel resources, electricity production remains insufficient to satisfy the continuously
increasing demand. This study investigates the current status of Iraq's electricity sector, evaluates the suitability of
gas turbines for power generation, examines the mechanisms of deposit formation in gas turbine combustors, and
assesses the economic feasibility of different combustor cleaning strategies through a case study of four Frame 9E
gas turbines at Al-Quds Power Plant. The study combines a comprehensive review of historical energy data with a
techno-economic analysis based on operational performance indicators. The results show that Iraq's per capita
electricity consumption remains 44.98% and 24.93% lower than the Middle East and global averages, respectively.
More than 65% of the produced natural gas is currently flared despite reserves sufficient for a very long time.
Economic analysis demonstrated that increasing cleaning efficiency consistently reduced the payback period while
increasing both the return on investment and net present value. Among the investigated maintenance strategies,
the integrated application of online, offline, and manual cleaning provided the most economically attractive solution,
ensuring higher operational efficiency, longer service life, and improved sustainability compared with applying any
individual cleaning method alone. The findings highlight that improving fuel quality, controlling deposit formation,
and adopting optimized maintenance schedules are essential for enhancing the performance and economic
viability of gas turbine power plants operating under Iraqi environmental conditions.

Keywords: gas turbines in Iraq, cleaning methods, turbine efficiency, thermal recovery, combustion chamber
burners, gas turbine maintenance

HIGHLIGHTS

— Gas turbine deposit formation under Iraqi operating conditions is systematically investigated.

— The effects of air and fuel impurities on combustor performance and degradation are evaluated.
— Online, offline, manual, and combined cleaning strategies are economically compared.

— A case study of four Frame 9E gas turbines at Al-Quds Power Plant is presented.

— Combined cleaning provides the most economically viable maintenance strategy.

1 Introduction

The growing population and the associated infrastructural developments to meet their needs are directly putting
immense pressure on the energy sector, with the developing economies facing the major share [1]. Though there is
a worldwide concern about the use of FBR, studies reveal that about 73% of the global demand is still being
supplied by FBR [2]. Making FBR a dominant source that cannot be ruled out completely in the near future,
especially by developing countries, as they play a major role in sustaining their economic progress despite the
rising environmental concerns about their use [3]. Further, it is not practicable to change from the existing
technologies operating using FBR, which have proven their acceptance and application to technologies operating
using renewable sources in a short duration.

The varying prices of fossil-based energy sources often create hurdles to the development process for developing
economies like Iraq. Among the various energy sources, EP holds the prominent position and among the various
methods used for producing EP, gas turbines due to its economic, installation, operational, and multifuel benefits
and its ability to respond quickly to varying load conditions is gaining wider acceptance globally, but their thermal
efficiency, stability of operation and quantity of production is highly influenced by fuel and ambient conditions [4].
The major factors that influence gas turbines used in electric power generation (GTEPG) are geographical [9],
variations in ambient temperature, relative humidity, air density, air pressure, and the type of fuel used [6].

The GTEPGs have an option of using a wide range of fuels, both fossil-based and renewable in nature. The
economics of production highly rely on the local availability of the required fuel resources, while the output
performance depends on the hydrogen-to-carbon ratio in fuels [7]. Iraq has a large reserve of FFR and is playing a
vital role in its development.
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The vital components of GTEPGs are the compressor, combustor or burner, and turbine, associated with a
technically complex system, subsystems, and assemblies designed for its stable operation. Among these, the
combustion chamber is considered more vital as it is a general rule that any defects/damages in the combustion
chamber are considered damage to the turbine [8]. Generally, the burners of the GTEPGs cannot be serviced on-site,
but rather have to be unmounted and taken to the workshop [9]. Proper working of the combustion chamber
determines the fuel-air mixture burning rate, operation stability, the thermal state of the flame tube elements, and
environmental characteristics of the emissions [10]. The quality of air and the type of fuel used [11] in accordance
with the operating parameters, such as temperature, result in the deposition of various types of materials in the
combustion chamber of the GTEPGs [12], affecting their performance, efficiency, overall output, and service life
[13]. The deposition on the combustion chamber of the GTEPGs ranges from carbonaceous materials [14] to
varying concentrations of corrosive elements. The depositions change the shape and surface characteristics,
create blockages affecting flow rate and the turbine capacity [11], heat transfer rates, and accelerate material
corrosion, leading to the reduction of the operating life of various components and increasing the risk of run-time
failures [13]. Studies have found that depositions and associated erosion and corrosion caused in various parts of
the combustion chamber can result in the increase of heat transfer and skin friction, respectively, by 50% and
300% [15]. Ghenaiet et al. [16] found that depositions on the combustion chamber caused a reduction of adiabatic
efficiency by 6-10%, clogging of critical bleeds, and reduced blade flow passages. Thus, it is essential to reduce
deposit formation or device operating methods, such as cleaning, to enhance the operating life and provide stable
operation of GTEPGs.

Filtering the intake air is a possible means to avoid airborne deposit formations, but filters usually only act as
barriers that limit the entry of particles and do not completely avoid their ingestion. Iraq is a country where dust
storms are common, with almost 38 occurrences in a year. Statistics indicate that the Middle Eastern region
accounts for about 20% of the global dust storms that originate from Iran, Iraq, and the Arabian Peninsula [17]. The
majority of the particles in the dust storm range between 0.1 and 10 pm, distributed in the atmosphere to a vertical
height of 1000m. On average, the particles in the atmosphere after the dust storm take 14 hours to settle [18]. This
indicates that there is a greater chance of having particles escape the filtration system and enter the combustion
chamber, resulting in airborne deposits. Thus, for GTEPGs operating in Iraq, mechanisms should be provided with
mechanisms to prevent airborne dust particles that escape the filtration system from entering the combustion
chamber to reduce the airborne deposit load in the combustion chamber.

To increase the adaptability and acceptability of GTEPGs, manufacturers around the globe are presently employing
fuel flexibility options and further allowing turbine inlet temperatures in excess of 1400°C. This high temperature is
well above the melting point of various contaminants, both in air and fuel, thus enhancing the deposition rates.
Deposition of carbonaceous materials on the various parts of the combustion chamber imparts negative effects on
both the environment and health [19]. Combustor walls deposited with carbonaceous materials drastically reduce
the vaporisation rates and radiative heat transfer. Further affecting the transfer of heat from the hot gas flow to the
walls creates thermal stresses on the walls of the combustor, resulting in complex wall temperature distributions
leading to serious damage to the combustor [14]. This is caused as a result of the carbonaceous deposit isolating
the metal surface from the cooling air, aiding localised overheating [8].

Although numerous studies have separately investigated Iraqg's electricity sector, natural gas resources, gas turbine
performance, combustor degradation, or maintenance practices, very limited research has integrated these aspects
into a single comprehensive framework applicable to Iraqi power plants. Moreover, previous studies have rarely
combined the mechanisms of deposit formation, their influence on combustor performance and durability, and the
economic evaluation of different cleaning strategies under Irag's harsh environmental conditions. Therefore, the
present study aims to bridge this gap by comprehensively evaluating Iraq's electricity production status, assessing
the role of natural gas and gas turbines, explaining the physics of deposit formation in gas turbine combustors, and
economically comparing different cleaning strategies using the Al-Quds power plant as a representative case
study.

2 Materials and methods

Because they directly represent the technical and financial consequences of combustor deposit removal in
industrial gas turbines, the selected performance and economic parameters were chosen. Efficiency gain was
selected as the primary performance indicator. The efficiency gain ranges adopted in this study were selected
based on values reported in previous investigations for online, offline, manual, and combined cleaning methods
under practical industrial operating conditions. Equations (1)- (7), which were employed, describe the physical
relationship between efficiency improvement, additional power generation, operational cost, economic return,
investment recovery, and long-term project profitability, providing a comprehensive framework for evaluating the
effectiveness of the proposed maintenance strategies.

EG = 224c=P%c 109 ©
POgc
This represents the relative increase in gas turbine output after cleaning. Physically, deposit removal improves
airflow passage area, reduces pressure losses, and enhances combustion stability. Where EG is the efficiency gain
in percentage, POac is the output power after cleaning (MW), and POgc is the output power before cleaning (MW)
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CC = Cgm+Cl+CDT+CSE (2)

Which estimates the total cleaning cost by combining material cost, labor, equipment cost, and production losses
during shutdown. Where CC is the cleaning cost, Cgm is the cost of general materials used for the cleaning process,
Ci is the labour cost required for the cleaning process, Cor is the amount of revenue lost due to non-
production during downtime, and Csk is the cost of specialised Equipment used for the cleaning process (all costs
in $).

Cpr = TCDCyywn 3)

Which calculates the revenue loss associated with turbine downtime. Where electricity generation is directly
proportional to turbine operating hours. Where TC is the turbine capacity in (MW); Dtis the downtime in hours; Cmwn
is the selling cost of electric power per MWh (all costs in $).

NAR = Rygaitionat — CC (4)

Which evaluates the additional revenue obtained from the recovered power output after cleaning. Improved
combustion efficiency increases the generated electricity. Where NAR is the net additional revenue obtained as a
result of the cleaning process, and Radditional is the additional revenue obtained after the cleaning operation,

R =2 100 (5)
TI

Which determines the return on investment by relating the net financial benefit to the maintenance expenditure.
Where IR is the return obtained from the investment in %, NB is the net benefit, and Tl is the total investment (all
costs in $).

S
Npy =Z?:1m_1 (6)

Which evaluates the long-term economic feasibility using the net present value, accounting for the time value of
money and future annual savings. Where Npy is the net present value, S is the annual savings, r is the discount
rate (assumed as 5%), n is the total number of periods (taken as 10), and | is the initial investment (all costs in $).

PBP — linvestment (7)

Clgnnuai

Which estimates the payback period required to recover the maintenance investment from the additional annual
income generated after cleaning. Where PBP is the payback period required, investment is the initial investment,
and Clannual is the annual cash inflow.
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Fig. 1. Topics considered for finding a solution in the present study

3 Results and discussion

3.1 Present status, importance of enhancing electric power production, and role of available fossil fuel
resources in Iraq’s electric power production

3.1.1 Electric power availability, usage, and demand in Iraq

Irag’s economic, social, and infrastructural development is highly dependent on its energy sector, and thus it is
playing a vital role in rebuilding the country after repeated wars. Figure 2 portrays a historic comparison between
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electric power demand, generation, imports, and per capita demand of Iraq with global and the Middle East region.
It is evident from Figure 2 and as stated by Al-Khafaji [23] that the gap between the demand and production started
in 2003.
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Fig. 2. Electric power generation, demand, and imports in Iraq
3.1.2 Electric power production and need to be enhanced in Iraq

In Iraq, even though there is continuous progress in the EP production, it is far below the growing demand of the
population, industrial, and infrastructure development sectors. EP availability to the public in Iraq is location-
dependent; in total, an average of 8 to 12 hours per day of EP is generally made available to its population, which
is considered insufficient, taking into account the region’s climatic extremeness and harshness [24].

3.1.3 Fossil fuel resources and their importance in Iraq’s electric power sector

Irag’s FFR forms the backbone of the country’s electrical power generation sector. Despite having a sufficient
quantity of FFRs, Iraq is forced to import EP from Iran and Turkey at a higher cost [23], creating additional loads on
its economy, which is trying to improve. Figure 3 provides a comparison of refinery capacity, output of petroleum
products, oil demand by main petroleum products, crude oil exports, and the production, demand, and import of
natural gas in Iraq with the whole of the Middle Eastern region. It is clear from Figure 3 that the refinery capacity is
increasing in a way to match the demand for the various petroleum products.
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Fig. 3. Percentage comparison of refinery capacity, output, oil demand for main petroleum products, crude oil
exports and production, demand, and import of natural gas of Iraq with that of the Middle Eastern region
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In EP generation, fossil oil played a major role till 2007(Figure 4), after which natural gas started to take over, and
by 2022, the contribution difference between fossil oil and natural gas was found to be 39.53%. This increased use
of natural gas in the EP generation is not supported by the in-house production, and the country is relying on
imports to meet its requirements (Figure 3). This finding of the present study was also supported by the findings of

Woertz [25].
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Fig. 4. Percentage Share of electricity production by source, Iraq

3.2 Feasibility and importance of gas turbines for electric power generation in Iraq

3.2.1

Natural gas sources and their importance to Iraq’s electric power sector

Iraq has a huge natural gas resource, enough to meet the national demand, but at present it is extracting less than
2.5% of its estimated reserve (Figure 5). Taking into consideration the present rate of use, the country has proven
reserves which can last for more than 1000 years [26]. The difference between the local production available for
use and the present demand has crossed 50%, indicating an urgent need to enhance in-house production.
Statistics reveal that out of the total natural gas produced in the country, over 65% is being flared, as a major
portion of the natural gas presently produced in Iraq is in the associated form [27]. To be precise, in terms of
production, though Iraqg holds the 54th position [28], it is the second largest after Russia in terms of flaring [29].
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3.2.2 Suitability of gas turbines for electric power generation in Iraq

Modern-day gas turbines are highly efficient [30], reliable, and have longer operating lives. Natural gas is a
preferred fuel in gas turbines; in fact, it is taken as the reference fuel while comparing the performance of gas
turbine engines [31]. Moreover, they have lower emissions than systems using other fossil fuel sources, making
them more environmentally friendly [32]. In addition to this, the main water source (Tigris and Euphrates rivers)
does not originate in the country, and their flow is diminishing every year [30], emphasizing the importance of
reducing water usage, and modern gas turbines use less water than the other fossil fuel-based options available for
EP generation [23].

3.2.3 Importance of supplying quality inputs to gas turbines

To achieve efficient, clean, and stable operation and longer operating life, it is essential to supply gas turbine
combustors with air and fuel in the required quantity and quality [33]. The high operating temperature of gas
turbines makes their components susceptible to damage from the contaminants present both in air and fuel [34].
The sustainability of gas turbine establishments of the present and future mainly relies on how far these two basic
raw materials (Clean air and fuel) are being supplied, and is fully regionally dependent.

3.24 Importance of maintaining the quality of the air supplied

A study conducted by Attiya and Jones [35] found that a major portion (85.9%) of the dust in Iraq comprises finer
particles such as clay and silt. In addition to the dust storms, activities of oil and energy production industries, other
industries, transport vehicles, and POGUs emit pollutants such as carbon monoxide, carbon dioxide, NOx, SOx,
suspended particles, polycyclic aromatic hydrocarbons, and heavy metals like Pb, Cr, Cu, Cd, Ni, Co, and Hg [36].

The production and use of gas turbines is rapidly increasing in the present era. Supplying a sufficient quantity of air
of prescribed quality for optimal performance is a matter of concern in countries like Iraq, where the prevailing
ambient condition is dusty, making filtration an unavoidable requirement [37], as gas turbines, during their
operation, consume a large quantity of air [38], on average, 453.6 kg of air per day per horsepower (hp) of
production. This implies that air with one part per million entering the gas turbine compressor will compound to an
average of 2.25 kg/day of foreign material in a 5000 hp gas turbine unit [39]. Taking into consideration the dust
particle sizes, sizes below 10 ym are a matter of concern as they are hard to filter out [40] and result in choking
nozzles and fouling different parts of the gas turbine, reducing its performance and increasing maintenance costs.
Unlike the aircraft engines, due to the use of filters in industrial gas turbines, fouling is more serious, as corrosion
and erosion effects to a great extent can be controlled through proper inlet air filtration [41].

3.2.5 Importance of maintaining the quality of fuel supplied

Gas turbines can be operated using a wide variety of fuels, making them a versatile system for power generation
globally. Though taking into consideration the effects on the environment caused by fossil fuel sources,
researchers are working hard to find alternative options. A considerable time from the present will be dominated by
the various fossil fuel sources, especially in Iraq [42,43]. Every fuel, based on its composition and properties, has
its own effect on the operation and life of a gas turbine [33], especially the turbine section and the combustion
system [44]. The widely used fuels in gas turbines for EP production can be broadly grouped as liquid (kerosene,
diesel, crude oil, and heavy oil) and gaseous (natural gas, liquid natural gas, hydrogen, refinery gas, and synthesis
gas) fuels [45]. Even though natural gas is considered the fuel of choice for gas turbines [44], Iraq, in spite of the
negative effects, widely uses crude oil as it is very cheap. Based on the data obtained by Kadhim et al. [45],
keeping the performance of the Al-Khairat gas turbine plant operating using natural gas as standard, Figure 6
compares the percentage variation in the performance of the same plant while operating using other fuels. It is
evident from Figure 6 that the performance of natural gas as fuel is better than that of the other fuels considered,
and the results of a similar study conducted by Basha et al [6] also displayed similar results. Further, based on the
results discussed in sections 3.2 and 3.3, it could be considered that harnessing and using natural gas as fuel in
gas turbines is more sustainable both from a proper utilization of the available resource and an environmental point
of view [46].
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Fig. 6. Performance comparison of using crude oil and syngas with that of natural gas as fuel in the Al-Khairat gas
turbine plant

The superior performance of natural gas can be explained by its higher hydrogen-to-carbon ratio. Natural gas
produces fewer carbonaceous particles during combustion, thereby reducing soot formation and deposit
accumulation inside the combustor. The reduction in deposit formation also improves heat transfer from the
combustion gases to the working fluid while minimizing local hot spots on combustor liners, leading to higher
combustion efficiency and improved turbine output.

3.3 Degradations and possible ways of mitigation in gas turbines used for EP generation
3.3.1 Degradations in gas turbines used for EP generation

The degradations caused in industrial gas turbines can be broadly classified as recoverable and non-recoverable
ones, both having significant effects on the sustainability of the power plant in terms of production, maintenance
requirements, and economics [49]. Recoverable ones are those that don’t need component replacement and can
be reverted to a great extent through proper regular servicing [41]. Studies have found that the occurrence time
interval of recoverable degradations is shorter and the frequency higher than that of non-recoverable ones [50].
Degradations in gas turbines cannot be completely avoided but can be either reduced or delayed [39]. The art of
enhancing the operational life and economics of gas turbines is how far you can delay the occurrence of non-
recoverable degradations [51,52]. This can be achieved by devising a practically feasible regular service and
maintenance plan in a way to mitigate the effects caused by recoverable degradation and delaying the non-
recoverable degradation to the maximum possible extent [53]. To achieve this, a better understanding of the
causing agents, where and how they affect the various parts of the system, is essential. It is clear from the previous
studies (as described in section 2) that the main agents, either directly or indirectly, responsible for both
recoverable and non-recoverable degradation are the impurities present in the air and fuel supplied.

Further, if the recoverable degradations are not attended to on time may lead to degradations which are non-
recoverable in nature [54-56]. To prolong the operating life of the gas turbine and prevent the transformation of
recoverable degradation to non-recoverable degradation, it is highly essential to have a clear understanding of how
recoverable degradations will give rise to non-recoverable degradations [57]. Figure 7 provides the details of
recoverable degradations, non-recoverable degradations, and how recoverable degradations will give way to non-
recoverable degradations in gas turbines.
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Fig. 7. How recoverable degradations will give way to non-recoverable degradation in gas turbines (Source:
[567,61,62,89])

3.3.2 Depositions in gas turbine burners, their effects, and options for mitigation

Gas turbine burners, also known as combustors [58], play a vital role in mixing the fuel with the required quantity of
air and ignition [59], eventually providing the needed shaft power to turn the generated electricity [9]. Accumulation
of deposits in the burners affects the overall operating performance, efficiency, and operational life of gas turbines
[38]. Studies have found that the primary zone of the combustor is more sensitive than the secondary and dilution
zones [60], affecting the performance of gas turbines due to deposit formations on an average up to 5% and can go
even more if not taken care on time [61,62], highlighting the need to study the type and nature of deposit formation
and devising practically applicable service and maintenance procedures. Among the different types of combustors
available, can, annular/tubular design and can-annular combustor designs [63] operating on either the conventional
diffusion flame or lower exhaust emission producing lean pre-mix technology combustion systems are being widely
used in modern land-based gas turbines throughout the world [34], with each system configuration having its own
advantages and disadvantages based on the fuel used and the prevailing operating conditions [64,65]. Among all
the available fossil fuels, natural gas is considered as an ideal fuel source land-based gas turbines used for power
generation [66], it can also be taken as the ideal source for electric power generation in Iraq considering its
abundant natural gas reserve and the lower environmental effects of gas turbines operating using natural gas when
compared with the other fossil fuel options makes it a better environmentally friendly option [67]. Though natural
gas is considered a cleaner fuel, the presence of deposits causing impurities cannot be ruled out, as the quality
and composition of natural gas are not constant and they change with time and location [68]. Figure 8 details the
standard composition of natural gas and the impurities present, their effects, and the strategies that can be adopted
to mitigate their impact on the combustor of the gas turbine.

It is clear from the studies cited in section 2 that the quality of air and fuel supplied is the main determining factors
that govern the type and extent of deposits formed in the combustors. Further, Figure 8 clarifies the fact that
reducing gas turbine maintenance, environmental effects, and enhancing its durability depends on how far the
production and thereby deposition of nongaseous combustion products, such as carbonaceous deposits, coke,
soot, particulates, etc., are being reduced in the combustion chamber.

Accumulation of carbon deposits inside the combustion chamber will affect the characteristics of the fuel spray
produced by the nozzles, affecting the combustion stability and efficiency, resulting in hot spots that can damage
the guide vanes of the turbine inlet section [48]. Ceramic coatings are provided along the hot gas path in modern
gas turbines as a means to protect the structural components, but the entry of dust, sand, and ash particles (mainly
through the inlet air supplied) causes silicate deposits, which in turn accelerate their degradation [69]. Ash
produced in the combustor is another important problem in the gas turbine. The major factors associated with ash
produced in the combustor are the presence of vanadium and sodium [60]. Further, the ash deposits will cause
obstructions in fuel gas channels, causing disruptions in flame profile, affecting the combustion efficiency of the gas
turbine [70]. The higher temperature in the combustor can lead to the fusion of particles and their adherence to
surfaces, causing erosion, nozzle coking, and sometimes non-recoverable mechanical damage, which in turn can
induce fatigue problems and vibratory stresses severely affecting its stable operation [71].

451


http://www.engineeringscience.rs/

Journal of Applied Engineering Science Wissam Huzam Salman et al. - The effect of
Vol. 24, No. 3, 2026 deposit formation in gas turbine combustors

www.engineeringscience.rs publishing working in Iraqi power plants

Depaosit formed | Cause of deposit formatlon Direct effect of deposit formation

Deposits formed adhere to surfaces Increasing the surface ronghness -

& . \\ As ihe resuli of the combusilon Enhance the chance of foullng and change the dynamles alrflow within the system
EILELTSA g:‘::;’l ?llr :;::';m‘:ﬂ“m"“" Act as a source of vibrations and assoclated mechanleal Issues
Overall effect Induced by the deposit formed
Residual As the result of Incomplete
hydrocarbons ‘”mh"l‘m":d Impurities Fouling of componenis, enhanced alr flow resistance and altered alrflow dynamics
d [ L will canse power out reduction by about 4-5% and sometimes cven more.
As the resuli of dust and . Wl require Increased fuel quantity to malntaln the rated oulpul thereby enhancing
% > other particles entering the the production cost.
gL RN PATLCE RIS combustion chamber through the |
alr supplied Chemilcal reactlon between the deposiis formed and molsture present will accelerate

the corrosion of varfous components shortening the overall operational Iife of the

| ] system
Soot % As the result of Incomplete
cembuition Blockage of eooling passages eamsed due to the depestis will produce uneven hesilng snd

thermal fatigue

. Due to the presence of water
> Corrustve > vapor and sulphur compounds in ——

compounds trace quantity l
/ Natural \

\G_n/ Ways to reduce deposit formation Cleaning method
. § Online method: Dislodging soot and particulate deposits by Injecting
Ei‘.:nmumm;“ gﬁ&""mﬁ: water or cleaning agents Into the combustion chamber,
Impurities and  adopting  the and‘or Injecilng abrasive media suspended In alr or water Into the
appropriate Inlet alr Mitration based combusilon chamber

on the prevalling amblent conditions.
£ OMine method: Using specific detergents or solvents targeting sool
and corrosive deposits, and/or Uslng manual or mechanlcal means
to remove deposits on critical components.

Setting up a cleaning schedule which Includes a combination of
online and offline metheds In way that depesit bulldup inside the
combustion chamber Is kept under control.

Fig. 8 Deposits formed, their effects on the gas turbine, and options for reduction and mitigation of effects (source:
[38,52,54,55,71,77])

The most common degradation caused by the particle entering the gas turbine through the inlet air supplied is
erosion, fouling, and corrosion [72]. Among these, erosion and fouling are mainly influenced by the size of the
particles and corrosion by the chemical reactivity of the materials entering the combustion chamber [37,72].
Particles of sizes 10< ym are responsible for erosion, while particles in the range between 2 and 10 ym cause
fouling. Corrosion in gas turbines is grouped into two types (cold and hot corrosion), out of which hot corrosion
(which occurs above 8840 °C) affects the combustion system. The factors that influence hot corrosion are the
presence of sulphur, potassium, Vanadium, lead, and salts entering the combustor either through the air or fuel
[71]. Corrosion caused by salts and sulphur is common, with its source being either from fuel, inlet air, or water if
injected, while corrosion caused by potassium is very rare, with its only possible source being the fuel supplied
[72]. It is a fact that a major amount of sulphur entering the combustor is converted to either SO2 or SO3, and
some is converted to H2S [60], leading to sulphurisation, shortening the operational life of the gas turbine [73,74].
The presence of vanadium and lead in fuels results in the formation of vanadium oxides and lead slag, which
destroy the protective oxide layer, enhancing surface corrosion [71].

Corrosion, being a non-reversible degradation, the only possibility to regain the full performance on the gas turbine
is to replace the corroded parts [40,75], but erosion, fouling, and corrosion can be controlled to a great extent by
properly filtering the inlet air and fouling effects reversed by performing a cleaning and washing process [38,41].
About the method of washing, studies have found that though the online method is cost-effective but is effective
only in the first few stages and does not return the gas turbine to the same performance level as the offline method
[76].

Figure 9 shows that the influence of fuel impurities extends beyond simple contamination. During combustion,
contaminants such as sulfur compounds, alkali metals, and silica undergo chemical and physical transformations at
high temperatures. Sulfur-containing compounds, particularly hydrogen sulfide (H,S), are oxidized into sulfur
oxides (SO, and SO3), which subsequently react with metallic surfaces and protective oxide layers, accelerating
high-temperature corrosion. Likewise, sodium and potassium compounds reduce the melting temperature of ash
particles, promoting molten deposit formation and stronger adhesion to combustor surfaces. These deposits
increase surface roughness, disturb the local airflow, reduce effective cooling, and accelerate component
degradation.
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Fig. 9 Composition of natural gas, impurities present, effects of impurities on the combustor, and mitigation
strategies (Source: [68])

3.3.3 Curative strategies adopted for deposits formed in the gas turbine combustion chamber and their

economics

In general, the widely practiced curative methods for deposits formed in the combustion chamber of the gas
turbines to regenerate their performance can be broadly classified as online, offline, and manual methods
[38,52,54,55,71,77]. The characteristics of these methods are detailed in Figure 10. The effectiveness of each
cleaning method is closely associated with the physical characteristics of the deposited particles. Fresh and loosely
attached deposits can generally be removed by online washing due to their relatively weak adhesion forces.
However, long-term exposure to elevated temperatures promotes sintering and chemical bonding between
deposits and metal surfaces, significantly increasing adhesion strength. Consequently, offline and manual cleaning
become necessary to restore the original flow passage geometry and recover aerodynamic performance.

It is clear from Figure 10 that a gas turbine project cannot fully rely on one method, and thus an optimized
integration of the three methods is essential for reliability of operation, maintaining maximized production, extended
operational life, and reduced maintenance in a way to operate the project in an economically feasible way [78]. To
demonstrate the economics involved in the curative methods on deposits formed in the combustion chamber of the
gas turbines, the Al-Quds power plant located on the northern border of Baghdad, the capital city [79], was taken
for the case study. Abd and Amer [80] report that the plant has a total of 14 gas turbines in operation, out of which
four are LM6000 gas turbines, each producing 44 MW, and the remaining 10 are Frame 9E GT, each producing
110 MW of power. For the present analysis, four Frame 9E GT gas turbines producing a total power of 440 MW
were taken into consideration. The Frame 9E GT gas turbine model has a single shaft configuration rotating at
3000 rpm, with 14 combustors and nozzles, and has an efficiency of 34%. The economic aspects considered,
along with the assumptions in the analysis, are described in Figure 11.
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Can cause surface damage if not done carefully.

Cost-effective for small areas and localized cleaning.

Used during major overhauls.

Typically performed every 5,000-10,000 hours
of operation.
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2. ONLINE CLEANING STRATEGY

Removes deposits without shutting down the turbine.
Minimizes downtime and maintains productivity.
Suitable for frequent cleaning with suitable systems.

Effectiveness depends on online system and water
quality.

Improves heat transfer and reduces corrosion.
Typical performance improvement: 5-10%.

Cleaning frequency: every few days to weekly.
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Maximizes cleaning effectiveness and reliability.
Addresses all types of deposits efficiently.
Reduces overall maintenance cost and downtime.

Enhances operational reliability and extends
turbine life.
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with high fouling tendency.
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Fig. 10 Comparison of different strategies adopted for cleaning gas turbine burners (source: [38,52,54,55,71,77])
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1. ONLINE METHOD

Maximum possible efficiency recovery: 5%.

Cleaning frequency: every 72 hours.

Labour requirement: 6 man-hour/event @ 100 $/hour.

® Demineralized water: 120 gallons/event.

Cleaning agents: 2 gallons/event.

Down time: 20 minutes/event.

Equipment cost: 30,000 $.
PPE cost: 1,000 $/event.
e Maintenance supplies cost: 3,000 $/event.

2. OFFLINE METHOD )

Maximum possible efficiency recovery: 8%.

Cleaning frequency: Quarterly.

Labour requirement: 12 man-hour/event @ 25 $/hour.
Demineralized water: 500 gallons/event.

Cleaning agents: 5 gallons/event.

Down time: 24 hours/event.

PPE cost: 1,000 $/event.

Maintenance supplies cost: 1,500 $/event.
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3. MANUAL METHOD

Maximum possible efficiency recovery: 4%.

Cleaning frequency: Quarterly.

Labour requirement: 240 man-hour/event @ 15 $/hour.

Demineralized water: 500 gallons/event.

Cleaning agents: 50 gallons/event.

Down time: 48 hours/event.

PPE cost: 1,000 $/event.

Maintenance supplies cost: 1,000 $/event.

A y Q
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e The output of the gas turbine plant ® Maximum possible efficiency recovery: 8%.
cannot exceed 440 MW. ECONOMIC EVALUATION OF @ Cleaning process: online (weekly); offline (half yearly);
o The effici ed 34%. manual (once in two years).
ey ot e e COMBUSTOR CLEANING PROCESS
e Efficiency gain is the efficiency regained @ Labour requirement: same as cited for each method.
through cleaning the combustor which ‘ © Demineralized water: same as cited for each method.
was initially lowered due to deposits.
) @ Cleaning agents: same as cited for each method.
@ Volume of fuel supply is constant and GAS TURBINE MODEL
losses in efficiency reduce the power @ Down time: same as cited for each method.
output. ® Frame SE GT )
. @ Location: Al-Quds Power Plant, Iraq ® Equipment cost: 30,000 $.
® Electric power cost: 30 $/MWh. 2
® Capacity: 440 MW (4 x 1100 MW) ® PPE cost: same as cited for each method.
® Fuel cost: 25 $/MWh. . O 3 N
o Efficiency: 34% @ Maintenance supplies cost: 3,000 $/event.
@ Annual operating hours: 8760 hours
A _ \

~

_4

Fig. 11 Economic aspects and assumptions adopted in the case study

The electricity tariff in Iraq per kilowatt hour consumption is approximately 0.015$ for residential use and 0.046$ for
commercial use [81]. As electric power generated from the Al-Quds power plant is used for both residential and
commercial use, the average (0.0305 per kWh) was used for the calculation. Generally, the natural gas fuel cost
required for producing one MWh of electric power using gas turbines ranges 30-70$[82]. The gas turbine model
considered for the present analysis (Frame 9E) has a net heat rate of approximately 9960 Btu/kWh [83,84], and
taking into consideration the present price ranges [85], the cost of 25$ per MWh was considered for the analysis.

The assumptions for efficiency gain for each cleaning method were based on data provided by previous studies
considered in this study, and as a conclusion, a fixed value could not be made. Economic analysis was done for a
range of values within the assumed maximum value. It was estimated that online washing performed in a frequency
interval ranging between 3 and 7 days can result in an average maximum efficiency gain of 5%, and thus, an
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economic analysis for 0.5. 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, and 5% efficiency gains were considered. Though
theoretically, the online method does not affect the operation and production of the gas turbine, [86] suggests the
possibility of minimum downtime. Generally, online washing methods require two technicians for operating the
equipment and one for monitoring the cleaning process. The total operation, including setting up, cleaning, and
rinsing, usually requires 1-2 hours per cleaning event [77,87,88]; thus, taking into consideration the possibility of
downtime, the present study considered 20 minutes of downtime per washing event. Similarly, the present study
took into consideration that the offline washing method was performed quarterly, with each operation lasting for a
period of 24 hours using three skilled workers. Though some studies have highlighted the fact that the offline
method can produce efficiency gains above 10%, to be on the safer side, the present study assumes the maximum
possible efficiency gain when practicing the offline method alone as 8%. Thus, the economic evaluation was done
for 1, 2, 3, 4, 5, 6, 7, and 8% efficiency gains. The manual cleaning method is generally considered the least
preferred option due to its higher labour and downtime requirements and lower efficiency gain. But it has its own
benefits too, as described in Figure 10. The present analysis assumed that the manual cleaning process is
performed quarterly, and the maximum possible efficiency gain is 4%. The economic evaluation was calculated for
1,1.5, 2, 2.5, 3, 3.5, and 4% efficiency gains.

Further, it is also clear from Figure 10 that the three basic cleaning methods (online, offline, and manual cleaning
methods), when performed alone, do not provide a complete solution, as the solution for the ineffective component
of one method is provided by the other method. This comes to a solution that an optimal integration of the three
basic methods can form a better solution for maintaining the required output and economically providing long
operational life [78]. Taking this into consideration, the present study also analyses the integration of the three
basic methods, termed the combined method in Figure 11. The present study assumes a maximum efficiency gain
of 8% and carried out an economic evaluation for 1, 2, 3, 4, 5, 6, 7, and 8% efficiency gains.

Figures 12 to 14, respectively, present the comparison of payback period required, return obtained on investment,
and the net present value on different efficiency gains for different cleaning methods considered in the present
study. It was clear from the analysis that as the efficiency gain increased, the payback period required decreased,
the percentage of return obtained on investment, and the net present value increased for all the cleaning methods
considered in the present study.

800
700
H online method

600 -
z = PBP - offline method
o)
= 500 = PBP - Mannual method
=
g
= PEP - Combined method
= 400
=
=
=
-

300

200

100 IH

0 IH Iﬂ | [ | |
2 3

4 5 6 7 8
Efficiency gain, %

Fig. 12 Payback period required for different efficiency gains for different cleaning methods

The observed reduction in payback period with increasing efficiency gain is physically associated with the increase
in useful work extracted from the same fuel input. Removal of deposits restores compressor and combustor
performance, allowing a larger mass flow rate and improved combustion efficiency. Consequently, more electrical
energy is generated without proportional increases in fuel consumption, resulting in faster recovery of the
maintenance investment.
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Fig. 13 Percentage of return obtained on investment on different efficiency gains for different cleaning methods

The continuous increase in return on investment reflects the nonlinear relationship between turbine efficiency and
electricity production. Even a small improvement in thermal efficiency significantly increases annual energy
generation because industrial gas turbines operate continuously over extended periods. Therefore, relatively

modest efficiency improvements translate into substantial long-term economic benefits.
o0
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Fig. 14 Net present value on different efficiency gains for different cleaning methods

Practically, the increase in net present value demonstrates that the economic benefit obtained from restoring gas
turbine performance exceeds the maintenance expenditure over the project lifetime. Regarding the payback period
required, the combined method showed lower payback period requirements, followed by online, offline, and manual
methods. All other cleaning methods displayed a nominal payback period requirement, even for a 0.5% efficiency
gain, apart from the manual method. The minimum efficiency gain required for the manual method to have an
assured payback was found to be 1.24%, with a payback period of 172.88 years. Further, the net present value
(figure 13) has been consistently very low and started gaining a positive value from the efficiency gain of 2%,
indicating it is not an economically viable option when practiced alone. Though the online method closely followed
the combined method for all efficiency gains considered on payback period requirements, percentage of return
obtained on investment, and the net present value, as per the studies conducted so far, it is clear that the online
method is not effective in handling adherent deposits, which can be common in conditions prevailing in Iraq. Thus,
the optimal integration of the three basic cleaning methods (combined method) can be considered as the most
viable option, taking into consideration the economics and operational life of the gas turbine. Ogbonnaya [78] also
arrived at a similar conclusion that the combined method is more effective in cleaning compressors of GTEPGs.
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The diminishing increase in cumulative revenue observed at higher efficiency gains indicates that gas turbine
performance recovery follows an asymptotic trend. Initially, removal of deposits restores a large portion of the
aerodynamic and combustion losses. However, as the turbine approaches its design operating condition, further
cleaning vyields progressively smaller improvements because most recoverable losses have already been
eliminated. This behavior is consistent with the physics of fouling recovery reported in industrial gas turbine
performance studies.

Figures 15 to 18 display the cumulative net additional revenue obtained for a period of 10 years, respectively, for
online, offline, manual, and combined cleaning methods. It is clear from the figures that there is a huge benefit for
each percentage efficiency gain, highlighting the importance in terms of economy of operating the gas turbine at
the maximum possible efficiency. Analyzing the economic benefits for every consecutive efficiency gain, it was
found that all the cleaning methods showed a similar trend of diminishing returns (e.g., the online method showed
an increment of 2.08, 2.04, 2, and 0.98 million $ increment in economic return between efficiency gains from 1-2%,
2-3%, 3.4%, and 4-5%). This indicates the fact that the gas turbine should not be allowed for a larger efficiency
drop between cleaning intervals.

4 Conclusion

The conclusions derived from this study are presented below.

— Iraq is still short of power production to satisfy the growing demand, though it has a rich fossil fuel reserve.
The per capita demand for EP is respectively less by 44.98% and 24.93% when compared with the Middle
East and global averages, which forms the cause of the lower and slower development process when
compared with the other faster-developing Middle Eastern regions. The good sign is that the country is
trying to cope with the demand through steady advancements in EP production, but it still has a very long
way to go.

— lIrag has a huge natural gas reserve that can last for more than 1000 years based on the present rate of
extraction. Statistics reveal that over 65% of the natural gas extracted is being flared, as a major portion of
the natural gas presently produced in Iraq is in the associated form. Iraq is the second largest after Russia
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in terms of flaring; thus, if used effectively, flaring can benefit the country economically as gaseous fuel
costs 90% less than liquid fuels and will have more environmental benefits by saving a minimum of fifty
million tonnes of CO2 annually.

As natural gas is considered the ideal fuel for gas turbines and has lower emissions than other fossil fuel
sources, it is a more environmentally friendly option for EP production. In fact, presently, natural gas shares
a major share in Iraq’s EP production, but the concern is its lower production efficiency.

To have efficient, stable operation and longer operating life, it is highly essential to supply GTEPGs with
good-quality air and fuel in the required quantity. Moreover, it is important to maintain the GTEPGs
operating at the highest possible efficiency through properly scheduled maintenance, controlling the
unavoidable deposit formations.

The present study confirms that the deterioration by deposit formation is fundamentally governed by
changes in combustion physics, particle transport, heat transfer, and fluid flow inside the combustor.
Therefore, maintaining clean combustion passages not only improves turbine efficiency but also reduces
thermal stresses, corrosion, and pressure losses, ultimately extending the operational life of gas turbine
components.

Online, offline, and manual cleaning methods are being widely practiced as curative methods for deposits
formed in the combustion chamber. It was found that practicing any one of these methods at predefined
intervals cannot form a complete solution. Further, the case study conducted on four Frame 9E GT gas
turbines producing a total power of 440 MW in the Al-Quds power plant found that optimally integrating
online, offline, and manual cleaning methods is more beneficial in terms of economy, taking into
consideration the payback period required, return obtained on investment, and the net present value of
different efficiency gains.
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