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Abstract 

Carbon Capture and Utilization (CCU) is a crucial enabling technology that supports 

delivery of the dual challenges of maintaining fossil fuels as a key energy source, whilst 

simultaneously dramatically reducing the associated CO2 emissions.  

This thesis aims to develop a realistic database of CO2 emission sources in the state of 

Kuwait. The research then investigates the potential of deploying CCU in Kuwait, currently one 

of the highest carbon emitting countries in the world.  

After identifying the major sectors responsible for CO2 emissions, both 'top-down' and 

'bottom-up' approaches were used to aggregate data from these sectors. The Emission Factors 

(EFs) were acquired from open literature such as the Intergovernmental Panel on Climate Change 

(IPCC). The analysis then explored the stakeholders’ inclinations towards CCU. Both qualitative 

and quantitative surveys methods were conducted in the form of focus group discussions and the 

Information- Choice Questionnaire (ICQ), respectively.  

The Kuwaiti power sector proved to be the predominant stationary source of carbon dioxide 

(CO2) emissions (42%) due to high regional demand for electricity and water. The chemical 

industry ranked second in this analysis with a significant share of CO2 emissions (26%) which 

was attributed to heavy and energy intensive industries, and this was followed by road 

transportation (16%).  

The total process emissions were covered in this analysis for the first time which explains 

the variation between the real carbon footprint of Kuwait 98 Mt CO2/y and both the World Bank 

91.03 Mt CO2/ y (WBR, 2006) and International Energy Agency 69.82 Mt CO2/ y (IEA, 2010b) 

with differences of 7.7% and 40%, respectively.   

The geographical distribution of CO2 emissions was analysed, showing that high emission 

facilities are clustered mainly in the southeast which is the predominant industrial area in the 

state. This distribution could potentially be favourable for the formation of a ‘capture cluster’ 

which could reduce the overall cost of carbon capture deployment as a route for a sustainable 

carbon mitigation practice. If the Kuwait government diversify its economy towards non-oil 

bases, the carbon footprint of the state will increase from 118 to 126 Mt/y. 

Overall, there was a positive attitude among all stakeholders, across a number of different 

sectors, regarding the potential of deploying CCU technology. However, some technical and 

economic barriers should first be addressed in each of the sector facilities since they are not 

designed to be retrofitted with carbon capture units.  
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In general, limited flexibility in Kuwaiti facilities with regard to being retrofitted with CCU 

technologies, and the impact of this process on their efficiencies, represent the main technical 

obstacles in the State. In addition to the technical barriers of reusing the existing high-pressure 

natural gas infrastructure for CO2 transportation and managing the injecting process of CO2 into a 

deep saline aquifer. From an economic aspect, the economic burden of introducing this 

technology to various institutions in the country will vary significantly depending on the lifetime 

and operating conditions of the current facilities. Oxy-fuel combustion appears to be the most 

economically attractive technology with its cumulative cost equivalent to approximately one third 

of the cost of post-combustion.   

The key actions required to fully understand the potential of CCU in the state of Kuwait 

include developing new environmental regulations, extending the scope of the analysis to include 

techno-economic analyses, deployment of more pilot plants for CO2-EOR in the north of Kuwait, 

and carrying out field optimization studies for the saline aquifer reservoirs.   
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Chapter 1: Introduction 
 

 1.1 Background  

The State of Kuwait (hereinafter “Kuwait”) is a member of the Gulf Cooperation Council 

(GCC) and is situated in the northwest of the Arabian Peninsula. This unique location has 

provided Kuwait with the opportunity to act, for a number of centuries, as economic hub between 

India, the horn of Africa, the Western Middle East and the Eastern Mediterranean rim countries. 

In 1945, oil was discovered in Kuwait and its exploitation altered the country from a tribal entity 

to a state with significant influence in international affairs.   

Despite the relatively small land area of approximately 17,818 km2, the territorial 

boundaries of Kuwait contained the world’s fifth largest crude oil reservoirs. This resulted in the 

country experiencing remarkable economic growth during four decades with the rise in Gross 

Domestic Product (GDP) from USD 2.87 billion in 1970 to USD 55.66 billion in 2004 (Merza, 

2007).   

Kuwait has an arid subtropical climate due to its low annual rainfall and intensely hot 

summers with an average temperature of 44 °C (KEPA, 2019b). The prominent features of the 

Kuwait climate are humidity and dust storms with humidity regularly exceeding 95%.  

An alarming fact is that a temperature increase of 2 °C has been recorded since 1957 and 

this is greater than the world average increase of approximately 1 °C (Mohammed, et al., 2013). 

In Kuwait, desalination is the only source of fresh water. However, this process ceases to operate 

if seawater temperature exceeds 38 °C, for safety reasons. Therefore, temperature increases could 

result in significant problems in terms of fresh water supply. Under a high emission scenario, the 

World Health Organization (WHO) anticipates an average rise of approximately 6.2 °C during 

the period 1990 to 2100 (WHO, 2016).  

Another threat of climate change that will have a significant impact on Kuwait’s socio-

economic life is Sea Level Rise (SLR). The Kuwait coastline extends from the Kuwait-Iraq 

border in the north, a length of about 500 km, to the southern coast beside the Saudi-Kuwaiti 

neutral zone (Alsahli and AlHasem, 2016) (Figure 1). The special importance of the coastline 

comes from its intense urban, commercial, industrial, and recreational activities. As a result, 

flooding is expected to affect around 594,500 people in this area by 2100 (WHO, 2016).   
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-  

Source: (Alsahli and AlHasem, 2016) 

Figure 1. Effect of Arabian Gulf level rise on coastal areas in Kuwait 

1.2 Kuwait Environmental Regulations  

In light of Kuwait’s vision to support international efforts and limit the negative impact of 

climate change, the Kuwait parliament has adopted the legislation: ‘Environmental Protection 

42/2014’. This law consists of 181 articles which are intended to control pollution in the state, 

encompassing protections of resources, human health, and living organisms (KEPA, 2016). 

Although Environmental Protection Law 42/2014 does not address Carbon Capture, Utilization, 

and Storage (CCUS) as a means of eliminating GHGs emissions, it has a number of general 

features that are consistent with the forming of the basis required for specific CCUS legislation. 
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Section (3): Protect the outside air from pollution  

Articles 48 to 53 commit the Kuwait Environmental Public Authority (KEPA) to carry out 

regular monitoring and evaluation to maintain the air quality and reduce the harmful effects of 

pollutant gases (Appendix A). Furthermore, KEPA must coordinate with all the relevant 

authorities to prepare and develop a national strategy for air quality management and establish 

road maps for its implementation. From this perspective, all public and private sectors in the state 

are obliged to develop a monitoring and control system for air quality in the scope of their 

activities and not emit or leak air pollutants above the permissible limits. Based on the applied 

CO2 captured, CCUS technologies can have a significant contribution in improving the 

conventional air quality through the following (Global CCS Institute, 2017): 

- The deployment of flue gas desulfurization will lead to the elimination of approximately 

90% of Sulphur dioxide (SO2) emissions. 

- Elimination of more than 70% of nitrogen oxide (NOx) emissions. 

- Total removal of fly ash from power plants. 

- Control the percentage of heavy metals and particulate matter in the flowing gas. 

Section (5): Management systems of KEPA 

- Articles 122 and 123 discuss the mitigation strategies in the energy sector either directly 

or indirectly. These articles outline the critical requirement of deploying energy-saving 

systems in new state facilities. All the relevant authorities had insisted, in Article 111, on 

the adoption of these mitigation strategies, through the development of an action plan for 

both short and long-term effects.   

All these environmental laws were developed to significantly reduce the state’s 

greenhouse gas emissions and achieve the vision of His Highness the Emir of Kuwait by 

increasing the proportion of clean energy by 20% by 2030.  

1.3 Carbon Capture and Utilization Related Conventions  

Major environmental challenges cannot be addressed effectively without international co-

operation. This co-operation translated into a series of international conventions that regulate all 

human interactions with the environment. Figure 2 illustrates the international and regional 

environmental conventions that have been signed by the Kuwait government.  
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Figure 2. International and regional environmental conventions signed by the Kuwait 

government  

1.3.1  International Conventions 

A number of the relevant international conventions are summarized as follows: 

• Kyoto Protocol is the first historical, global agreement to reduce the impact of climate 

change. It was negotiated in 1997 and came to force in 2005 (UNFCCC, 2021a). The 

protocol aims to reduce the emissions of worldwide greenhouse gases (GHGs) to 

5.2% below 1990 level between 2008 and 2012, while the second commitment aims to 

achieve at least an 18% reduction between 2013 and 2020. Kuwait ratified the Kyoto 

protocol on 11 March 2005 (UNFCCC, 2021b).  

• Basel Convention: Kuwait is among the countries that signed the Basel Convention in 

October 1993 (UNEP, 2011). It is the most comprehensive global environmental 

agreement that addresses the trade and disposal of hazardous waste (UNEP, 2021). 

The overarching objective of the convention is to minimize the amount and the level 

of toxicity of hazardous waste generated in the member nations, in addition to 

requiring environmentally sound processes for the transboundary movement of 

hazardous waste.  

• United Nations Convention on the Law of the Sea (UNCLOS) agreement entered into 

force in 1994 and is known as ‘constitution of the ocean’. The convention lays down a 

comprehensive regime that covered many aspects of ocean affairs from scientific 
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research to navigation and fisheries. United Nations Convention on the Law of the Sea 

(UNCLOS) does not precisely control the activities of Carbon Capture and Storage 

(CCS) in the ocean but requires all partners to take all the necessary measures to 

eliminate ocean pollution. Kuwait was among the first countries that signed the 

convention in December 1982 and ratified it in May 1986 (United Nations Treaty 

Collection, 2021). 

• The International Convention for the Prevention of Pollution from Ships: Kuwait 

signed before that another international convention in 1978 to safeguard the marine 

environment from ships (MC, 2019). Any leakage of CO2 during ship transportation is 

defined, under this convention, as the leakage of harmful substances. 

• Paris Agreement is the new version of the Kyoto protocol and came into force in 

2016. The objective of the agreement was to exceed the Kyoto protocol, by aiming to 

achieve an increase of only 1.5 °C above the pre-industrial era, rather than 2 °C 

(United Nation Climate Change, 2015). Under the umbrella of this obligation, each 

member will review its policies to eliminate its national contribution and low GHGs 

emissions technologies will be transferred from developed to developing countries. 

The Paris Agreement focuses the government’s attention on CCUS as it is the only 

technology capable of achieving this high level of elimination. In 2016, Kuwait signed 

the agreement and ratified it two years later, in April 2018 (UNFCCC, 2021b). 

1.3.2 Regional Conventions 

In addition to international conventions, two conventions are applicable in a regional 

context, as follows: 

• Gulf Cooperation Council (GCC) custom union: implemented in 2003 to eliminate 

any restrictions on free movement of goods among GCC states. The union came 

about to achieve economic integration between the six Gulf countries, where there 

is a general agreement for Common External Tariff (CET) at 5%. The movement of 

captured CO2 under this union will lead to the utilization of CO2 in a more 

economically attractive way between these countries, especially for Enhanced Oil 

Recovery (EOR) purposes. 

• Kuwait convention: another cooperation initiative between the GCC countries was 

undertaken as part of the Kuwait convention, which entered into force in 1979 
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(UNEP, 2014) and aims to protect the marine environment in the Arabian Gulf from 

any potential pollution. This comprehensive agreement obligates all its members to 

take the necessary environmental actions to eliminate pollution from ships, 

dumping, exploration, and exploitation. 

1.4 Integration of CCUS Rules in Kuwait Environmental Regulations  

The International Energy Agency (IEA) CCUS regulatory framework model was developed 

to provide consistency across different authorities around the world (Beck, et al., 2011). The 

model was designed to work with various legal and regulatory environmental rules. It addresses 

these regulations through four broad categories. Firstly, broad regulatory issues describe the 

interaction between the CCUS regulatory framework with climate change international laws, 

such as the transboundary movement of CO2. Secondly, the existing regulatory issues can be 

applied to CCUS, beyond traditional CCUS operations, to include the environmental and human 

side effects. Then came the core focus of the model, which is the ‘CCUS-specific regulatory 

issues’ with fourteen regulations. Twelve of these regulations deal with CO2 storage and the 

remaining two deal with CO2 capture and transport. Finally, after identifying CCUS-specific 

regulations, some additional issues are likely to arise and be relevant to CCUS regulatory 

activities. Therefore, these issues will be classified as ‘emerging CO2 regulations’, such as 

knowledge transfer and data sharing, particularly in the demonstration phase.   

Regulatory gap in Implementing CCUS technologies in Kuwait Environmental Rules: Tsai 

(2014)  analyzed the main regulatory gaps in Kuwait’s environmental rules, which covered issues 

from the four categories (Figure 3). The following text is a summary of these issues and 

addresses the areas that need to be standardized in any future adoption of CCUS-related 

regulations in Kuwait environmental legislation. 
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Figure 3. Regulatory gap in Implementing CCUS technologies in Kuwait Environmental Rules 

adapted from (Tsai, 2014) 

 

• Carbon dioxide classification: the first step in identifying the potentially applicable 

legislation in the state is the classification of CO2 as either a hazardous waste, pollutant, 

commodity, or combination. The way is classified will determine the regulatory 

framework for CO2 under both national and international laws.  

• Property right: after classifying CO2, the concept of ‘property rights’ associated with 

CCUS projects needs to be clarified and this includes the capture and extraction facilities, 

in addition to the ownership of the surface and subsurface space. Developing CCUS 

legislation will protect CCUS operators from trespass and nuisance because of its use of 

the subsurface. Like most countries, this ownership belongs to the Kuwait government. 

Moreover, Intellectual Property Rights (IPR) should also protect knowledge sharing. The 
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greatest portion of CCUS chain exposure to IPR issues is the capture process due to its 

high cost and rapidly growing development rate.   

• Carbon dioxide impurity regulations: as will be discussed in Chapter 5, CO2 associated 

impurities should be first eliminated to meet the specifications of both transportation 

facilities and permanent storage. The type and concentration of these impurities will vary, 

largely depending on the source of the CO2. All these variables and their potential 

technical impacts should be taken into consideration when adopting any CCUS impurities 

regulations. 

• Carbon dioxide capture specific regulations: regulating the capture process of CO2 in 

both the energy and non-energy sectors. These regulations should include laws regarding 

the introduction of the capture ready design for the planning projects, in addition to 

retrofitting existing projects with capture units. 

• Carbon dioxide transportation specific regulations: once CO2 is captured, it needs to be 

transported either to the oilfield for storage, for the purpose of EOR, or to the facilities for 

industrial utilization. Despite the specifications of any CCUS project, reliable, safe, and 

economically feasible systems are required to transport CO2. Regulating the transportation 

process as well as pipeline re-use is required, in addition to illustrating the legal liability 

in the event of any leakage or damage yield from released CO2. 

• Carbon dioxide storage specific regulations: among all CCUS chain items, storing CO2 

represents the most effective climate change mitigation tool. These long-term benefits 

will not be achieved without effective regulations that manage CO2 storage activities. 

Such activities include the exploration of storage sites, project inspection, monitoring, etc. 

• Knowledge transfer and data sharing: exchange of knowledge and sharing of geological 

data from the demonstration phase, between experts, will have a significant role in 

moving towards full-scale deployment. This knowledge will include the technical barriers 

related to a specific region or country, the storage capacity of the existing storage sites, 

regulatory needs in this area, and the expected timeframe for deploying these projects. 

All GCC countries have recently been associated with a high per capita carbon footprint. It 

puts them under scrutiny from other neighbouring nations and the world’s industrial community 

(WBR, 2018). It forces them to consider innovative solutions to reduce their per capita carbon 

footprint without significantly affecting their economies.  



9 

 

Kuwait's government aims to increase the proportion of renewable energy by 20% in 2030. 

However, this percentage is not sufficient to eliminate the dramatic rise in CO2 emissions 

associated with mega projects undertaken by the government, such as the New Refinery Project 

(NRF).  

The scientific community recognizes CCUS as one of the critical enabling technologies 

despite the acceleration of renewable energy development. Since fossil fuel will remain the main 

source of energy in power and industrial sectors for many decades, CCUS is the only possible 

pathway to decarbonize these stationary sources (Banks and Boersma, 2015).  

All global Integrated Assessment Models (IAMs) emphasized the role of CCUS in limiting 

the global temperature rise to 2°C Scenario (2DS) and Beyond 2°C Scenario (B2DS) (Budinis, et 

al., 2018). Integrated Assessment Models (IAMs) are used to provide policy-relevant insights 

about the technical and economic feasibility of any decarbonization strategy through analysing 

the data from many scientific disciplines (UNFCCC, 2019). For example, in the International 

Energy Agency (IEA) scenario, CCUS can participate in reducing 14% of cumulative CO2 

emissions in 2DS and 36% in B2DS through 2060 (Global CCS Institute, 2017). The United 

Nations Intergovernmental Panel on Climate Change (IPCC) model indicates that the cost of 

achieving the climate target will be nearly 140% higher in the event that CCUS technology is not 

deployed (IPCC, 2014). 

Carbon Capture, Utilization, and Storage (CCUS) could balance the country's climate 

change international commitments, as described in Section 1.3, without hampering the 

government’s economic expansion plans. It is the only mitigation strategy that can deal with 

fossil-fuel stationary sources, the main source of CO2 emissions in Kuwait.  It is currently not 

possible to replace this heavy carbon legacy with renewable alternatives. 

Furthermore, the vast oil reservoirs in the state provide a significant opportunity for using 

CO2 in Enhanced Oil Recovery (EOR). The extensive analyses of the country stratigraphy and 

tectonic evaluation during oil exploration can pave the way for deploying this approach.   

1.5 Research Objectives and Technical Deliverables   

The work in this research project has several technical objectives that support the theme of 

the project: the study of CCUS potential in the state of Kuwait with the aim of minimizing carbon 
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emissions from energy-intensive industries (e.g. petroleum downstream and chemical). The 

research objectives are as follows:  

1.5.1 The potential to develop a realistic database of CO2 emission sources in the state of 

Kuwait:  

The existing published reports assessing the CO2 emissions from the state of Kuwait 

focused mainly on fuel combustion and the cement manufacturing process, ignoring other 

emission sources. In light of this, the main goal of the first objective is to develop a more realistic 

database of CO2 emission sources. This carbon atlas will provide a comprehensive analysis of all 

underlying sources of CO2 emission in the state of Kuwait. The information developed because of 

this investigation will allow better-informed decision-making and limit the anthropogenic 

activities of carbon emissions. It represents the cornerstone for any mitigation strategy that may 

be adopted by the Kuwait government. The first objective will identify key questions that need to 

be addressed, including: 

- What are Kuwait’s CO2 hotspots that have the potential to deploy CCUS technology? 

- Are the published values from the international institutions representative of the real 

values of CO2 emitted from Kuwait? 

- How will the carbon footprint of the state be affected by the government's goal of 

diversifying its economy by 2030? 

1.5.2 The potential to deploy CCUS technology in the state of Kuwait: 

The aim of the second part of the research project is to investigate, for the first time, the 

opportunities, and challenges of CCUS technologies in Kuwait in the context of the 

environmental conventions signed by the Kuwait government. It complements the carbon atlas 

through the development of two scenarios for CO2 capture. The first scenario suggests that all 

carbon capture and compression units are located at plant level in a decentralized location. In the 

second scenario, it is proposed that the entire flue gas stream with CO2 content will be sent for 

treatment and compression in two-central locations in the Shuiaba and Al-Zour industrial areas. 

All technical and economic barriers will be discussed in detail. For policymakers, there are three 

critical questions surrounding the deployment of CCUS technologies in the state: 

- What are the technical and economic barriers to deploy CCUS in the country? 

- Can utilizing the CO2 in the Enhanced Oil Recovery (CO2-EOR) process motivate the 

deployment of CCUS in the country? 
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- To what extent are Kuwait saline aquifer reservoirs feasible for long term sequestration of 

CO2? 

1.6 Layout of the thesis 

The remainder of the thesis will be organized as follows: Chapter 2: Literature Review, 

Chapter 3: Methodology, and Chapter 4: Development of the First Carbon Atlas of the State of 

Kuwait. Chapter 5: The Strategic Contexts for Carbon Capture in the State of Kuwait. Chapter 6: 

Policy Implementation and Chapter 7: Conclusion and Recommendations.  
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Chapter 2: Literature Review 
 

2.1 Major Carbon Emission Sources  

Since the Industrial Revolution, the global emissions levels of CO2 have recorded a rise 

from 228 ppm in pre-industrial time to 400 ppm in 2013 (Leung, et al., 2014). It is one of the 

major end-products of conventional fossil fuel combustion that has a Green House Gases (GHGs) 

effect. In this case, it is called an anthropological CO2 and differs from natural CO2 which yields 

from natural phenomena (e.g. ocean-atmosphere exchange) (Figure 4).  

A rapid rise in demand for fossil fuels over the next few decades, with the absence of 

effective alternatives, will lead to a sharp rise in the anticipated CO2 emissions. 

 

Figure 4. Natural and Anthropological sources of CO2 

 

All evidence to date indicates the potential for dramatic impacts because of climate change 

and this is forcing the international community, including Kuwait, to recognise the importance of 

deploying effective mitigation strategies. 
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Until 2040, fossil fuel is expected to remain the main source of energy globally, with a 50% 

share of gross electricity generation compared to 17% from renewables (Global CCS Institute, 

2017). As a short-term solution, CCUS seems the only possible way to achieve a significant 

reduction in CO2 emissions and continue to use fossil fuel in an environmentally sustainable 

manner. CCUS offers the opportunity to capture more than 90% of CO2 emitted from fossil fuel 

power plants and large-scale industries and permanently store it underground for thousands of 

years to avoid its negative impact on the atmosphere (Banks and Boersma, 2015).  

Between 2012-2050, no more than 884 Gt CO2 can be allowed to be emitted into the 

atmosphere to meet the climate goals (IEA, 2013b). The amount of fossil fuel remaining within 

reservoirs that cannot be used is known as stranded assets. Carbon Capture, Utilization, and 

Storage (CCUS) provides the opportunity to extract these assets without the global temperature 

rising above 2°C (Clark and Herzog, 2014).  

Moreover, several recent IAMs scenarios acknowledged the role of CCUS as an effective 

decarbonization strategy (Budinis, et al., 2018). The models were designed to help nations in 

adopting cost-effective environmental roadmaps. The IEA 2DS model identified CCUS as a 

game-changer technology with the potential of eliminating 14% of cumulative CO2 emissions by 

2060 (Global CCS Institute, 2017) while in the IPCC model, the total cost of any mitigation 

portfolio will be 140 % higher without including CCUS technology. Moreover, when coupled 

with bioenergy, known as Bio-Energy with CCS (BECCS), it delivers negative emissions where 

the historic CO2 is removed from the atmosphere (Global CCS Institute, 2017).  

To lay the foundation of this technology in any state; the amount of CO2 emitted, and the 

geographical distribution of the potential storage sites will first need to be determined.  

Power plants are the most common large stationary source, in addition to some chemical 

industries, such as oil refining. No research has been found that surveyed the existing carbon 

footprint of power plants in Kuwait; however, several scientific studies have been conducted 

which focus on developing the optimal configuration of the power plants (Hamoda, 2001; 

Darwish, 2005;  Darwish, et al., 2008; Alotaibi, 2011; Savsar, et al., 2012). Figure 5 shows one of 

the recommended approaches through the introduction of a heat recovery steam system in the 

multi-stage flashing unit without additional fuel consumption. Increasing the installed capacity of 

these power plants will reduce the amount of fuel consumed and the anticipated CO2 released. 
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Additionally, the potential of renewable sources in the state was also researched in (Al-Nassar, et 

al., 2005; Ramadhan, and Naseeb, 2011; Yessian, et al., 2013; Lude, et al., 2015). Improving 

power plant efficiency and using an alternative source of energy will contribute to eliminating 

CO2 emissions but not a sufficiently significant amount that would result in a major reduction in 

the state’s carbon footprint.  

 

Source: (Darwish, et al., 2008) 

Figure 5. Introduction of a heat recovery steam system to multi-stage flashing unit 

 

As previously discussed, the Kuwait economy is heavily reliant on the petroleum industry. 

Petroleum production processes are further sub-divided in Chapter 4 into upstream, downstream, 

and petroleum-based industries.  

The first preliminary analysis to estimate the carbon footprint of oil and gas extraction 

occurred in Norway (Gavenas, et al., 2015). The analysis was based on an examination of the 

effect of field-specific characteristics including oil price, CO2 price, and time on the intensity of 

CO2 emitted. An empirical model was developed for this purpose, followed by robustness and 

alternative estimation models to obtain a more precise picture. Equation 1 and Figure 6 outlines 

the driving forces that influence the intensity of the associated CO2 emissions.  

𝑙𝑜𝑔(𝑒𝑚_𝑖𝑛𝑡𝑖𝑡) = 𝛽0 + 𝛽1𝑎𝑝𝑟𝑜𝑑_𝑠ℎ𝑎𝑟𝑒𝑖𝑡 + 𝛽1𝑏(𝑝𝑟𝑜_𝑠ℎ𝑎𝑟𝑒𝑖𝑡)2 + 𝛽1𝑐(𝑝𝑟𝑜𝑑_𝑠ℎ𝑎𝑟𝑒𝑖𝑡)3 +

𝛽3𝑔𝑎𝑠𝑟𝑒𝑠_𝑠ℎ𝑎𝑟𝑒𝑖𝑡_ 𝛽 𝑔𝑎𝑠𝑝𝑟𝑜𝑑_𝑠ℎ𝑎𝑟𝑒𝑖𝑡 + 𝛽4𝑙𝑜𝑔(𝑟𝑒𝑠_𝑠𝑖𝑧𝑒𝑖) +
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𝛽4𝑙𝑜𝑔(𝑟𝑒𝑠_𝑠𝑖𝑧𝑒𝑖) + 𝛽5𝑙𝑜𝑔(𝑟𝑒𝑠_𝑑𝑒𝑝𝑡ℎ𝑖) + 𝛽4𝑙𝑜𝑔(𝑤_𝑑𝑒𝑝𝑡ℎ𝑖) + 𝛽𝛾𝑤𝑎𝑡𝑒𝑟𝑖𝑡 + 𝛽8𝑙𝑜𝑔(𝑐𝑎𝑟𝑏_𝑝𝑡) +

𝛽5𝑙𝑜𝑔(𝑜𝑖𝑙_𝑝𝑡) + 𝛽10 𝐷_𝑒𝑙𝑒𝑐𝑡𝑡 + 𝛽11 𝑠𝑡𝑎𝑟𝑡_𝑦𝑒𝑎𝑟𝑖 + 𝛽12 𝑡𝑖𝑚𝑒𝑖 + 𝐶𝑖 + 𝑈𝑖𝑡                           (1) 

Where prod-share is the percent of field historic peak production, gasres-share is the share 

of gas in the field’s original reservoir, gasprod-share is the share of gas in the field’s running 

production minus the share of gas in the original reserves, res-size is the original reserve size, 

res-depth is the reservoir depth, w-depth is the ocean depth, water is the water produced as a 

share of peak oil and gas production, carb-p is CO2 price, oil-p is the oil price and D-elect is the 

dummy for the electric field. The first year of production is represented as start-year while the 

time trend is time. Ci is an unobservable field specific effect, Uit is genuine error terms while Bj is 

an unknown parameter. The value of prod-share, gasprod-share, and water are affected by both 

field type and time.  

A key limitation of applying the Gavenas, et al. (2015) model in the Kuwait petroleum 

upstream processes is the lack of annual field data for CO2 emissions. Moreover, two variables 

should be omitted from the equation, w-depth, and carb-p, because Kuwait neither extracts crude 

oil from the sea nor sets a price for CO2. The other annual fields production data of crude oil, 

natural gas, and water, as well as reservoir characteristics, are available from Kuwait Oil 

Company (KOC). 

 

Figure 6. Factors affecting CO2 from gas oil extraction adapted from (Gavenas, et al., 2015)  

 

One of the major challenges of estimating the CO2 emissions from the upstream production 

process is developing a reliable value of the emission factor, especially for the flaring process 

which is the main combustion process. This is due to the uncertainties of flared gas composition.  
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The reliability of the flaring emission factors values present in the CORINAIR database 

was examined in Martin, et al. (2003). Results showed significant variations between the actual 

value of the emission factor yield from the gas analysis system and the values available in the 

CORINAIR database. Locally, Al-Hamad and Khan (2008) investigated pollutants associated 

with flaring activities that occurred at Kuwait Oil Company (KOC). These undesirable emissions 

included nitrogen oxide (NOx), sulphur dioxide (SO2), carbon monoxide (CO) along with CO2. 

Figure 7 shows the geographical distribution of these emissions. In summary, all operations in oil 

upstream processes which occur in the state are emitting these pollutants, which demonstrates a 

need for an accurate estimation approach to help policymakers in KOC identify and implement 

the most appropriate mitigation strategy. 

 

Figure 7. The geographical distribution of CO2 emissions from all Kuwait oil fields in 1997, 

adapted from (Al-Hamad and Khan, 2008) 

 

After the production process, the crude oil is sent to refineries to start the cracking 

operations. Limited research has been undertaken to address the CO2 associated with these 

facilities. Among refinery units, furnaces and boilers are the largest contributors to CO2 

emissions due to the high numbers which exist in the typical refinery configuration. Utilities 

ranked second, followed by Fluid Catalytic Cracker (FCC) units, and then Hydrogen Production 

(HP) units (Van Straelen, et al., 2010). To illustrate the main driving forces of CO2 emissions 

from refineries, a meaningful relationship was shown between the intensity of CO2 emissions and 

the refinery’s configuration rather than distilled products (Bredeson, et al., 2010).  
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 Locally, Al-Salem (2015) performed in depth numerical analysis of the carbon footprint of 

the three Kuwait refineries. The review covered: heaters, furnaces, flaring, HP unit, and Acid Gas 

Removal (AGR) unit. The results seem consistent with the Van Straelen, et al. (2010) review 

where fired heaters were responsible for 75% of the emissions followed by the HP unit (12-15%). 

The analysis also highlighted the roles of the New Refinery Project (NRP) and the Clean Fuel 

Project (CFP) in differing the carbon footprint of this sector in the state. 

Some of the crude oil derivatives are used as the main fuels in power plants and vehicle 

transportation, while other derivatives will be further cracked in petrochemical factories. A 

comprehensive review of CO2 emitted from Thailand’s petrochemical industry indicates that fuel 

combustion, steam consumption, electricity consumption, and flaring were the main sources of 

the emissions (Kanchanapiya, 2015). Moreover, substituting conventional naphtha and ethane-

based routes with coal and biomass are affecting the anticipated CO2 emissions. The conclusive 

results have clearly shown a decrease in emissions when using biomass whilst also noting an 

increase when using coal (Ren and Patel, 2009). In Taiwan, an integrated methodology was 

developed to assess the energy use and CO2 emitted from Taiwan’s petrochemical industry (Lee, 

et al., 2001). Based on the research, the upstream petrochemical industry should be the primary 

target when attempting to reduce CO2 emissions.  

The Kuwait government’s vision is to increase the petroleum downstream in order to 

achieve a marked position in the petrochemical market. Realizing all these relations will help the  

stakeholders in developing green petrochemical industries that meet global requirements. 

Looking beyond the petroleum industry, the Intergovernmental Panel on Climate Change 

(IPCC) emphasized, in 2005, that the cement industry is the second-largest industrial source of 

CO2 after electricity production. For this reason, it has been the subject of intensive international 

research, including in Europe (Mikulčić, et al., 2013), in U.S.A (Hanle, 2004), in Norway (Bjerge 

and Brevik, 2014) and in China (World Business Council for Sustainable Development, 2002; 

Lei, et al., 2011; Ke, et al., 2013) to eliminate its negative climate change impacts.   

The major point sources of CO2 emitted during cement production were reviewed in Ke, et 

al. (2013), Ishak and Hashim (2015) where the calcination process is identified as the hotspot of 

direct CO2 emissions and electrical production for the indirect emissions (Figure 8).  
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Source: (Ishak and Hashim, 2015) 

Figure 8. Carbon dioxide emissions during the cement manufacturing process 

 

China was selected as a case study in various analyses such as by Shen, et al. (2014) that 

developed a bottom-up approach to determine China's cement Emission Factory (EF). To 

overcome the uncertainties which exist in the values published in previous reviews, the analysis 

developed a factory level measurement approach.   

A historical investigation of CO2 emitted from the China cement sector during the period 

1990-2020 shows the potential of a 12.8% reduction in CO2 emissions by incorporating advanced 

energy-related technology (Lei, et al., 2011). A comparison between three mitigation strategies, 

i.e., energy efficiency, alternative energy, and CCUS, demonstrates a potential of eliminating 

57% associated CO2, emitted through the deployment of a CCUS strategy by 2030, with 5-20% 

lower deployment cost than coal-fired power generation. The high percent of CO2 emitted during 

the calcination process will offer economic benefits when deploying CCUS in Kuwait. 

Previous research has shaped the debates in CCUS in heavy industries, in light of 

unprecedented economic growth in both developed and developing countries. The main hotspot 

for CO2 emissions in the aluminium manufacturing processes was discussed in (European 

Aluminium Association, 2013; Colombia Climate Center, 2016; Bergsdal, et al.,  2004; Ecofys, 

2009; Harrison and Von Schéele, 2009) (Figure 9) while for steel and iron, research was carried 

out in (Skårman and Gustafsson, 2013; Pardo, et al., 2012; Carpenter, 2012; Sandberg, et al., 
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2001; Bellevrat and Menanteau, 2009; European Commission, 2013).  

 

Figure 9. Greenhouse Gases (GHGs) emitted from aluminum industry adapted from (Colombia 

Climate Center, 2016) 

 

Another analysis shows a considerable variation in CO2 emissions in iron and steel industry 

in five South Asian countries: Bangladesh, India, Nepal, Sri Lanka, and Pakistan (Sarker, et al., 

2013), due to differences in the type of fossil fuel.  

The best available technologies and the rules for using these technologies to improve the 

environmental performance of the iron sector was covered (Zhang, et al., 2012; 

Johansson, 2014;  and Kuramochi, 2016). Similarly, the Price, et al. (2001) review demonstrates 

that there is enormous potential to eliminate approximately half of the CO2 emissions in five 

developed countries (Brazil, China, India, Mexico, and South Africa) through improving outdated 

technologies.  

Through investigation, the carbon footprint of flat and long steel manufacturing in Sweden 

(Sandberg, et al., 2001), as shown in Figure 10, demonstrates the recommended approaches to 

reducing CO2 emissions.  
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Figure 10. The recommend approaches used to reduce the CO2 emissions from Swedish iron 

industry adapted from (Sandberg, et al., 2001) 

 

As a first step for decarbonizing the chemical sector flue gas, several studies have been 

conducted to eliminate emissions by improving the current technology, including in the asphalt 

(Gibson, 2011; Gillespie, 2012), pharmaceutical industry (Galitsky, et al., 2008), detergent 

(Francke and Castro, 2013), pesticide manufacturer (Zero Waste Scotland, 2011) and plastic 

manufacture (Dormer, et al., 2013; Gunathilaka and Gunawardana, 2015).  

The intensity of energy used in chemical factories has a significant impact on CO2 

emissions. After the petrochemical industry, fertilizer production, chlorine, and caustic soda were 

the major consumers of energy (Martin, et al., 2000).  

In a similar study to Martin, et al. (2000), a bottom-up analysis was used to estimate the 

energy used to produce the 52 most common chemicals (Neelis, et al., 2007). In Turkey, the 

primary pollutants released from industrial processes, including CO2, have been estimated. The 

analysis only considered industrial emissions and excluded combustion activities. Seven main 

categories and 53 sub-sectors were studied with mineral and iron industries ranked as the largest 

contributors to these emissions, followed by organic chemicals, petroleum refining, pulp, and 

paper industry (Alyuz and Alp, 2014). Kuwait's government can take advantage of this research 

and analysis in efficiency improvements to the chemical sector, based in Kuwait’s industrial 

areas, in order to reduce the carbon footprint of these factories.  
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 The studies discussed previously considered the carbon footprint of the main stationary 

sources. The following content will consider the main non-industrial end-users of energy. 

Buildings contribute approximately 40% of total global GHG emissions (Obafemi and Kurt, 

2016). Three mitigation strategies have been emphasized by the Intergovernmental Panel on 

Climate Change (IPCC), starting with improving the efficiency of a building’s electrical system 

(Biswas, 2014).  

 Locally, a framework was developed to evaluate the residential building stock models in 

order to allow the introduction of new green policies in this field (Jaffar, et al., 2014). Darwish 

(2005) analyzed the effect of improving the efficiency of the air conditioning (A/C) system, 

which uses approximately 75% of the energy used in a building. Various approaches that 

integrate building design and its mechanical systems have been developed for this purpose. Due 

to its religious significance with intermittent occupancy, Mosque was chosen to evaluate energy 

simulation software (Visual DOE 4.1) (Anzi and Al-shammeri, 2016). An energy reduction of 

approximately 70% could be achieved by improving the efficiency of Mosque electrical system. 

 Reducing the embodied energy of the structural system is the second crucial aspect in 

achieving a more sustainable construction sector. The embodied energy-based calculation was 

used to estimate this energy for various materials that are commonly used in different spans and 

columns (Griffin, et al., 2006) while bioclimatic principles are used for both pre-construction and 

construction stages (Sattary and Thorpe, 2012). In Bahrain, replacing the ordinary concrete used 

in residential buildings with Autoclaved Aerated Concrete (AAC) will reduce the CO2 emitted by 

5.2%. in comparison to a 1.2% reduction by using thermal insulation.  

The final aspect is switching to renewable energy as illustrated in (Wortman, 1999; 

Fieber, 2005; Roos, 2009; Chaudhari, et al., 2013; Ma and Xue, 2013; Ibrahim and Atiyat, 2017). 

Locally, Al-Anzi and Khattab (2010) discussed the main limitations which exist in solar design 

and demonstrated the importance of using double glazing to conserve approximately half of the 

energy consumed (Figure 11).  
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Source: (Al-Anzi and Khattab, 2010) 

Figure 11. Energy simulation compression between the existing and proposed solar house designs 

  

 The transportation sector is an essential prerequisite for any social development. The main 

concern about this sector is its dependence on petroleum derivatives, which force governments 

around the world to issue standards and regulations for vehicles to save petroleum and eliminate 

CO2 emissions. To estimate the carbon footprint of global passenger cars up to 2050, a high-level 

analysis was undertaken using a bottom-up accounting framework. Less developed countries will 

witness a significant rise in CO2 emissions in comparison to more developed ones (Hao, et al., 

2016). With the same objective, research was conducted in other regions and analyses included 

He, et al. (2005) for China, and Timilsina and Shrestha (2009) for Asia.  

One of the first studies in GCC countries was completed in Bahrain to estimate the carbon 

footprint of private vehicles (Al Sabbagh, et al., 2013) (Figure 12). The analysis was undertaken 

despite a shortage of data relating to fuel economy and the average distance traveled by vehicles. 

By 2030, emissions are expected to have doubled compared to 2010. As a result of this analysis, 

providing a mitigation strategy has been of increasing importance in recent years.  
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Source: (Al Sabbagh, et al., 2013) 

Figure 12. Development of gasoline consumption and CO2 emissions from private vehicles in 

Bahrain  

 

Introducing standards in fuel economy are expected to reduce approximately 27% of the 

anticipated CO2 (Geffen, et al., 2003; Al Sabbagh, et al., 2013). This can be achieved by 

developing an energy system model (GET 1.0), to indicate when alternative fuels become an 

economically attractive option (Azar, et al.,  2003). Scenarios were developed based on the 

assumption that CO2 concentration does not exceed 400 ppm. The analysis shows that oil-based 

derivatives fuel will remain the dominant fuel until 2050. Beyond 2050, hydrogen becomes an 

economically attractive alternative for gasoline/diesel compared to liquid biofuels obtained from 

biomass. These conclusions have been supported in the following ways:   

Firstly, from a physical perspective, the current crude oil and natural gas reservoirs contain 

less than half the amount of carbon that could be emitted during 1990-2100 to keep CO2 

concentration lower than 400 ppm. Due to CO2 constraints, natural gas will dominate in the 

electrical sector while oil derivatives will be highly competitive in the transportation sector.  

Secondly, the rise in gasoline price because of the Kyoto Protocol constraint is estimated at 

0.04 USD/l which is lower than justifying a transition to methanol in the short run.  
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Finally, these results have also been supported by empirical evidence. During the 90s, when 

a carbon tax was deployed in Sweden (equal to 200 USD/ton C for transportation and district heat 

applications), the transport sector did not witness a transition to biofuels compared to district 

heating. This was due to the lower heat loss when converting biomass to biofuel for heat 

production purposes.  

 After 2050, there will be two options for the transportation sector, either hydrogen or liquid 

biofuel. The limited supply of biomass and the higher energy loss when converting it into 

biofuels make biofuel less competitive in the transportation sector compared to hydrogen. 

 However, to the author’s best knowledge, very few publications can be found in the open 

literature that addresses the issues of CO2 emissions from the Kuwait transport sector (Elmi and 

Al Rifai, 2012) (Figure 13). The rapid increase of private vehicles after the discovery of oil 

affects air quality, particularly in densely populated areas. This rise will accelerate the demand 

for the introduction of standards in fuel economy, especially in heavy vehicles. 

 

Source: (Elmi and Al Rifai, 2012) 

Figure 13. Reproducibility of pollutants emissions during driving modes 

2.2 Carbon Capture Technologies  

In general, CO2 can be captured from anthropogenic activities through three leading 

capture technologies, post-combustion, pre-combustion, and oxy-fuel combustion. Each capture 
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techniques have sub-categories with some reaching the commercial stage while others are still in 

the R&D phase (Figure 14).  

 

Figure 14. Carbon capture technologies adapted from (Li, et al., 2013) 

 2.2.1 Pre-Combustion 

Pre-combustion is a form of fuel decarburization through the reaction of the fuel in 

gasification, partial oxidation or steam reforming process to produce syngas (Leung, et al., 2014). 

The syngas is composed of hydrogen and CO.  

                   H2O + CH4→3H2+ CO                                                                    (2) 

Steam is then used in a water gas shift reaction to convert CO to CO2 as well as produce 

further hydrogen. 

                  H2O+CO→H2+CO2                                                                           (3) 

The high partial pressure and concentrated CO2 produced from these reactions will increase 

the driving force for separation. The valuable hydrogen produced from these reactions could be 

re-used in various chemical pathways.  

2.2.2 Post-Combustion 

The post-combustion technique is known as the end of the pipe technique where CO2 is 

eliminated from the flue gas obtained from the combustion of carbonaceous fuel (Liang, et al., 

2016). It is the most mature approach that could be retrofit to any existing facilities without 
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radical changes. The high-energy requirement used to regenerate solvents is the main drawback 

of large-scale deployment of the post-combustion technique (Zhang, et al.,  2019).  

D’Alessandro, et al. (2010) emphasized that the efficiency of the post-combustion process 

could be improved by replacing the solvent with lower heating adsorption ones. Improving mass 

transfer, reaction kinetics, in addition to increasing the concentration of adsorbent molecules, 

could also play a role in enhancing the post-combustion efficiency. Inhibitors are usually added 

to reduce corrosion formation due to the presence of oxygen in the flue gas. 

2.2.3 Oxy-fuel Combustion 

Oxy-fuel combustion was developed to overcome the main barriers of the post-combustion 

process, namely the low level of CO2 concentration in the flue gas. In this technique, the fuel is 

burned in an almost pure oxygen environment, in place of air, mixed with Recycle Flue Gas 

(RFG), to decrease the high temperature, which gives both water and a high concentration of CO2 

(Tang and You, 2018). Ionic Transport Membrane (ITM) was developed to become an 

economically attractive alternative for Air Separation Unit (ASU) (Dillon, et al., 2015). Figure 15 

shows a comparison between the three carbon capture technologies (Kanniche, et al., 2011).  

 

Figure 15. A comparison between the three-carbon capture process adapted from (Kanniche, et 

al., 2011).   
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2.3 Carbon Dioxide Separation Technologies 

2.3.1 Chemical Absorption 

Chemical absorption relies on the interaction of liquid sorbents with CO2 in the flue gas 

(Herzog and Golomb, 2004). A weak bond is formed between the sorbent and CO2 that can easily 

be broken by heat. The sorbent could be either organic or inorganic solvents. In comparison to 

the other capture techniques, chemical absorption is the most developed method for CO2 

separation (Liang, et al., 2016). 

• Organic Solvent: organically based amines, known as aqueous alkanolamine, are the most 

common solvent used and are classified into primary, secondary, and tertiary amines 

(Wang, et al., 2011; Gunter, et al., 2005) (Figure 16). Each group varies in reaction rate, 

equilibrium absorption, and sensitivities to the other by-products such as SOx and NOx. 

Although the amines-based system has been used commercially for many years in 

chemical industrial processes (e.g. ammonia production, natural gas treatment), there is 

still room for improvement. 

Research has focused on four pathways: 1) Increasing contact between solvent and CO2 

through modified tower packing, 2) Eliminating corrosion problems by using several types of 

additives, 3) Reducing the energy requirement through rising heat integration, and finally 4) 

Improving the regeneration processes to promote the amine-based systems. With more than 90% 

efficiency, Mono- Ethyl Amine (MEA) seems the most promising solvent for use in carbon 

capture techniques.  

The demand to overcome the main challenges of using the amine-based system are the main 

barriers of widely deploying these sorbents. These challenges can be summarized as an amine 

degradation problem that will cause a solvent loss and generate volatile compounds and eliminate 

the equipment corrosion problem. Piperazine and anion-functionalized ionic liquid are the second 

generations of chemical absorption sorbents that react much faster than MEA (Leung, et al., 

2014). Using piperazine in carbon capture is still in the development stage and research is needed 

to overcome its more significant level of volatility in comparison with MEA.  
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Figure 16. A typical absorption process for CO2 capture from flue gas adapted from (Gunter, et al., 

2005) 
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• Inorganic Solvents: aqueous ammonia has similar mechanisms to scrubbing with amine 

solvent. With lower energy demand for absorption and desorption, aqueous ammonia is 

among carbon capture techniques that have an enormous potential to replace the amine-

based system (D’Alessandro, et al., 2010).  

Figueroa, et al. (2008) indicates that the aqueous ammonia has a higher capacity for CO2 

capture, a lower degradation rate in the presence of oxygen along with an increased possibility of 

forming fertilizers through interaction with a pollutant (e.g. SOx and NOx). Research and 

Development (R&D) pathways are focused on overcoming the few concerns associated with 

using ammonia. These concerns include the higher volatility rate and the demand to cool the flue 

gas to enhance the absorption process.  

2.3.2 Adsorption  

A solid surface is used in this technology, instead of sorbent, to form an intermolecular 

force with CO2 (Oreggioni, et al., 2015). The adsorption rate will be affected by temperature, 

partial pressure, surface force, and adsorbent pore size (Gunter, et al., 2005). Then Pressure 

Swinging Adsorption (PSA) or Temperature Swinging Adsorption (TSA) is used to recover the 

saturated sorbent with CO2 (Kuramochi, et al., 2012). The most common solid adsorbents used in 

this technique are activated carbon, zeolites, calcium oxides, hydro-talcites and lithium zirconate 

(Leung, et al., 2014). Anderson and Newell (2003) illustrate that the intermolecular forces that 

are formed between the surface and the gases are affected by, temperature, partial pressure, 

surface force, adsorbent pore sizes, and the number of layers. Adsorption has an advantage due to 

its lower energy consummation in the regeneration process. 

2.3.3 Cryogenic Separation  

As the name implies, cryogenic distillation is a cooling process followed by frictional 

condensation to separate CO2 from flue gas (Wilberforce, et al., 2019). Due to high-energy 

demand, this technique is only preferred for flue gas with more than 50% CO2 concentration and 

has the potential to capture around 90-95% of CO2 (Leung, et al., 2014).  

2.3.4 Second Generation Post-Combustion Technologies  

• Gas separation membrane: certain gases can separate from the flue gas by using the 

selective membrane. The membrane is usually composed of multilayers, a dense layer 

bonded to the dense thicker layer to provide mechanical support for the selective layer. 
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These layers are usually made of organic (polymeric) or inorganic (carbon, zeolite, 

ceramic, or metallic) substances (Lindqvist, et al., 2014). 

The variation in partial pressure is the main driving force of gas permeation through this 

membrane. The permeability (P) of these gases can be defined by the function of solubility (S) 

and diffusivity (D).  

                 P=S×D                                                                                                  (4) 

The high demand for flue gas compression, to create this variation in partial pressure, is the 

main barrier to deploying this technique on a larger scale.  

• Gas absorption membrane: a membrane is used in this technique as a contacting device 

between gas flow and liquid flow (Rubin, et al., 2012). The liquid on one side of the 

membrane interacts with a component in the flowing gas to separate CO2. Figure 17 

illustrates the variation in the principle between gas separation and gas absorption 

membrane (Gunter, et al., 2005).  

 

Figure 17. Principle of gas separation and gas absorption membrane adapted from (Gunter, et al., 

2005) 

 

• Chemical-looping combustion: this novel combustion process was developed to address 

the issue of high energy demand in previously discussed capturing methods. A metal 

oxide is used as the primary oxygen carrier rather than using pure oxygen, as utilized in 

oxyfuel combustion (Yan, et al., 2020). The metal oxide circulates between two 
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interconnected fluidized bed reactors; fuel and air reactors (Figure 18). The overall 

stoichiometry reaction in the fuel reactor can be summarized as follows:  

      (2n+m) MyOx+ CnH2m→(2n+m) MyOx- 1+mH2O+nCO2                       (5)      

The flow gas stream obtained from the complete fuel combustion is a combination of 

water vapor and pure CO2 without further need for gas separation. In the air reactor, the reduced 

metal oxide will be re-oxidized again according to the following reaction:  

                 MyOx1+1/2 O2(air)→MyOx+(air: N2+ureacted O2)                               (6)                                            

With minimum negative environmental impact, the stream yielded from this reactor 

contains only unreacted oxygen and nitrogen.     

 

Figure 18. Schematic representation of chemical-looping combustion process adapted from 

(Hossain and Lasa, 2008) 

 

The main challenge of CLC is obtaining an oxygen carrier that can maintain its reactivity 

over the cycle reaction.  

• Hydrate based separation: in this innovative technology, CO2 is separated from other 

gases by forming a hydrate after exposure to water under high pressure (Mondal, et al., 

2012). This technology is among the most promising technologies of CO2 separation 

under the R&D phase, where it has the advantage of lower energy demand (Leung, et al., 
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2014). The efficiency of the capture process can be increased by improving the hydrate 

formation rate and reducing hydrate pressure.  

• Suitability of the capture system: each capture technology mentioned above is used in 

different applications due to its various limitations. Flue gas yield from most industrial 

systems has a low concentration of CO2. Therefore, chemical absorption through the post-

combustion system is the most suitable technique to use. Gunter, et al. (2005) clarified in 

Table 1 the suitability of the separation process to feed gas streams.   

           Table 1. Suitability of separation processes to feed gas streams 

 

              Source: (Gunter, et al., 2005)  

These second-generation capture technologies have been evaluated in recent years in 

various industrial sectors such as cement production (Lindqvist, et al., 2014; Scholes, et al.,  

2014; Rodríguez, et al., 2012) to upgrade these technologies from pilot stage to commercial 

stage.  

2.4 Carbon Dioxide Utilization  

Generally, the captured CO2 can take either one of the two utilization pathways: 

- Utilizing CO2 into certain chemicals or fuels through either carboxylation or reduction 

avenues (Norhasyima and Mahlia, 2018) (Figure 19). 

- Using CO2 in its supercritical state without any modification reactions such as in Enhanced 

Oil Recovery (EOR) (Algharaib, 2013; Usman, et al., 2014; Li-ping, et al., 2015; Kwak 

and Kim, 2017).  
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Figure 19. Carbon dioxide utilization pathways 

 

Utilizing CO2 in valuable petrochemical products or as fuels are several of the attractive 

pathways that have received global attention. In the chemical industry, CO2 can be used as a 

substrate, solvent, and extracting agent. Alper and Yuksel Orhan (2017) illustrate some of the 

chemicals that can be produced from CO2 and their annual global production. Urea production is 

among the primary consumers of CO2 (IEA, 2013a). The scale of utilizing CO2 in these chemicals 

needs to be exceptionally large to have an impact on reducing the global CO2 emissions.   

+ CO2 ↔  + H2O                                                        (7) 

• Chemistry and thermodynamic aspects of CO2 fixation  

Transformation reactions of CO2 into other chemicals can generally be categorized into 

(Figure 20):  

- Reactions that do not require an external input of energy. These reactions are known as 

carboxylation reactions where the entire CO2 molecule is incorporated into other 

molecules such as urea formation. 

- Reactions that need an external input of energy to produce a reduced form of CO2 such as 

formaldehyde formation. This external energy could be supplied in the form of heat, 

electrons, or irradiation/photons. 

- C1-building block chemicals: using CO2 as a C1-chemical building block is the potential 

entry point for utilization of CO2 in the polymer industry. It starts with the conversion of 

CO2 into methanol, which can selectively oxidize into formaldehyde. Carbonates can also 
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form from the direct reaction of CO2 with alcohol. Additionally, being an economic 

building block for polymers, CO2 could make a significant contribution to the final product 

mass.   

- Catalysis relevant to CO2 conversion: the catalyst is an essential element in reducing the 

high energy barrier in CO2 conversion. Either homogeneous, heterogeneous, or biological 

catalysts can be used for this purpose (Ravanchi and Sahebdelfar, 2014). Heterogeneous is 

the most used one, while homogeneous could also form some value-added chemicals such 

as carbamates. The reactions occur on transition metal center M. Heterogenous catalysts 

can only be used for hydrogenation reactions such as equations (8-10). These reactions 

play a crucial role in utilizing CO2 in the petrochemical industry (Ravanchi and 

Sahebdelfar, 2014):     

                CO2+H2↔CO+H2O                        ∆H298= +41 KJ/mol                              (8) 

                CO2+3H2↔ CH3OH +H2O             ∆H298= -49.9 KJ/mol                            (9)     

                 CO2+4H2 ↔CH4 +2H2O                ∆H298= -113 KJ/mol                           (10)          

 Electro- or photochemical reduction of CO2 is among the intelligent pathways for the 

utilization process that has enormous potential for future use. Reversed fuel cells can be used for 

electrocatalytic reduction of CO2 to produce oxygenates. The selectivity behavior of various 

aqueous solutions will vary according to electrode type.  
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Figure 20. Some chemicals which can be produced from CO2 adapted from (Alper and Yuksel 

Orhan, 2017) 

 

• Polymerization: the high global demand for polymers and construction materials will 

provide one of the largest potential markets for captured CO2. Only polymers that can use 

CO2 as a C1-building block have a high fixation potential. Urea-formaldehyde resin (UF-

resins) and melamine-formaldehyde resins (MF-resins) are two examples of 

macromolecules that can be constructed in a way in which CO2 can form the entire carbon 

backbone of the structure. Moreover, the captured CO2 could also have a role in 

polyurethane and polyoxymethylene production which could partially replace 

polypropylene and polyethylene (Alper and Yuksel Orhan, 2017).  

• Fuel production: through either CO2 hydrogenation or Dry Reforming of Methane (DRM), 

carbon dioxide could also be used as a building block for fuel production (Schakel, et al.,  

2016; Debek and Dębek, 2017) (Figure 21). Methane, methanol, syngas, and alkanes are 

examples of the feedstock that can be produced for this purpose. In comparison with 
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methane, methanol has a higher volumetric density, and it is more valuable to use as an 

alternative for conventional fuel. Methanol alone could contribute to eliminating 0.1% of 

global CO2 emissions, where it participates in paints, plastics, combustion engines, and 

organic solvents industries (Al-Mamoori, et al., 2017). Renewable sources of energy (e.g. 

solar or wind energy) could be used in the hydrogenation process as a fossil fuel 

alternative to eliminate the associated CO2 emissions.  

Producing CO through Reverse Water-Gas-Shift (RWGS) reaction seems a more 

economically attractive pathway for methanol production due to the endothermic nature of the 

reaction. However, the demand for having an active catalyst to accelerate the reaction will remain 

a significant hurdle.  

Quite recently, considerable attention has been given to the Dry Reforming of Methane 

(DRM) pathway due to its highly endothermic reaction and ability to produce high purity of 

syngas. The second process of the reaction, in which syngas is converted into methanol, relies on 

the ratio of H2/CO that should be approximately two. In a typical DRM reaction, the ratio is not 

exceeding one, which raises the demand for the addition of extra hydrogen. Although it is not 

possible to produce methanol with this ratio, it is sufficient to yield Di-Methyl Ether (DME), 

which is considered a cleaner substitute for diesel.   
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Figure 21. The main routes to convert CO2 into fuel and fuel additives adapted from (Schakel, et 

al., 2016) 

 

• Chemical production: a large array of fine chemicals could also synthesize from CO2 

utilization. Urea, inorganic carbonates, polyurethane, cyclic acid and crylates, 

polycarbonates and alkylene carbonates are some examples of these chemicals that have 

various applications in pharmaceutical, agrochemical, lubricant, coating, etc.   

Particular attention has been given to the utilization of CO2 in Carbon Nano Tube (CNT) 

production (Motiei, 2001). The process occurs at 1000 °C with the interaction of CO2 with 

magnesium (Mg) to give magnesium oxide.   
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• Desalination and water production: removing Total Dissolved Solids (TDS) and 

transforming brine into water is another promising CO2 utilization pathway. This process 

starts with mixing ammonia with seawater then exposing the mixture to CO2. As a result, 

both NaCO2 and NH4Cl will form and easily settle at the bottom of the tank. Another 

technique used for desalination purposes is the hydrate forming approach which has the 

advantage of using CO2 in both its liquid and gas phase.  

• Combination of several utilization pathways: improving a holistic approach to overcoming 

limitations of each single utilization pathway could have significant beneficial impacts on 

achieving the target of CO2 fixation. In this respect, Fernández-Dacosta, et al. (2018) 

explore the techno-economic and environmental feasibility of combining Carbon Capture 

and Utilization (CCU) and CCUS in the configuration of refineries. An approximate 18% 

reduction of CO2 emissions, in comparison to reference configuration, has been achieved. 

This analysis could pave the way for closing the carbon cycle in the petrochemical 

industry.  

2.5 Long Term Sequestration of CO2  

For several years, a significant global effort has been devoted to investigating the 

potential of using CO2 in Enhanced Oil Recovery (CO2-EOR). Carbon dioxide in Enhanced Oil 

Recovery (CO2-EOR) is commonly used after primary and secondary conventional approaches in 

order to produce an additional 5-20% of the Original Oil In Place (OOIP) (Kwak and Kim, 2017).  

Beyond its potential to increase crude oil production, CO2-EOR adds value to eliminate 

the anthropogenic GHGs through permanent sequestration of CO2 in these reservoirs. For this 

reason, CO2-EOR has been widely investigated in a vast amount of literature. Van Bergen, et al. 

(2004), and Teir, et al. (2010) analyzed the worldwide potential of CO2-EOR by using 

Geographical Information System (GIS) to form site-specific information. This approach is useful 

when identifying early opportunities for CO2-EOR and CO2 sequestration. In the Middle East, 

Jaju, et al. (2016) presented a comprehensive review of techno-stratigraphic and paleoclimatic 

evaluations in the Kingdom of Saudi Arabia (KSA) to identify the optimal reservoir for CO2-

EOR and long-term storage of CO2. The research identified the geographical districts of 

hydrocarbon prolific and non-prolific sectors in KSA. The lithological variation between the two 

sectors was explained by tectonic inversion that occurred in the Arabian Arch. Understanding the 

interplay of the factors behind these variations such as paleo-geographic configuration and 
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structural inversions can form a knowledge base for the State of Kuwait since both countries are 

located on an Arabian plate and have undergone similar geographical development (Carman, 

1996; Al-Sulaimi and Al-Ruwaih, 2004; Al-Sarawi, et al., 2006; Mohammad, 2008; Al-Awadhi 

and AlShuaibi, 2012).  

 Li-ping, et al. (2015) assessed the geographical and geological conditions of 21 oil fields 

around Yulin City in China for CO2-EOR and long sequestration purposes. Based on this data, 

eight of the oilfields were suitable for miscible flooding while nine were for immiscible. Miscible 

flooding is one of the EOR methods that has been successfully applied in many regions in the 

world, such as the United States. Likewise, Kuwait has started to evaluate the CO2 miscible 

flooding on west reservoirs. After meeting the screening criteria, core samples from each 

reservoir have been collected to measure the Minimum Miscibility Pressure (MMP) and identify 

the optimum injection scenarios. The analysis aimed to provide a valuable database to extend 

miscible flooding to the other reservoirs in the state (Alajmi, et al., 2015).  

Despite all the economic advantages of CO2-EOR, there are some operational and 

technical risks associated with this process, such as CO2 burning through production wells due to 

its low viscosity. Because of these, most CO2-EOR projects inject CO2 with water in a water-

alternating-gas (WAG) approach (Arnaut, et al., 2021).  

A set of comprehensive simulation and monitoring systems were developed to evaluate 

the sequestration of CO2 in the reservoir. In the Shaanxi Province of China, Ma, et al. (2013) 

designed a system to monitor the CO2 behavior by detecting the geophysical, geological, and 

environmental surface variations inside and around the reservoir. In contrast, Dai, et al. (2017) 

conducted a statistical-based simulation known as Monte Carlo (MC) in the Morrow reservoir to 

evaluate environmental and economic risks.   

Another viable option to reduce or slow the build-up of CO2 concentration in the 

atmosphere is storing CO2 in a saline aquifer. The theoretical capacity of saline aquifer was 

estimated to be around 10,1000 Gt CO2 while for depleted oil and gas reservoirs it varies from 

675 to 900 Gt CO2 (Anchliya, 2009). These two formations were able to store hundreds of years’ 

worth of CO2 emissions. Replacing more viscous brine with less viscous CO2 causes a series of 

physical and chemical alterations that could affect the permeability and porosity of the target 

reservoirs due to rock mineral dissolution (Izgec, et al., 2008). The low viscous CO2 raises 

another concern regarding the leakage of CO2 leakage aquifer faults (Kumar, et al., 2005). 
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Because of these, a large body of research has been undertaken to better understand the migration 

pathways of CO2 inside the reservoir. Kumar, et al. (2005) simulated the prototypical CO2 

sequestration project for up to 105 years to analyses the impacts of several parameters including 

the average permeability, residual gas saturation, aquifer dip angle, and salinity. Similarly, 

Nordbotten, et al. (2005) used a numerical simulation to evaluate the maximum spatial extent of 

CO2 plume inside the reservoirs. Flett, et al. (2007) and Ghanbari, et al. (2006) affirmed the role 

of reservoir heterogeneity on the CO2 pathway. Reservoirs with higher shale content show a 

reduction in vertical flow in comparison to lateral flow.  

Additionally, Birkholzer, et al. (2015) demonstrated that unwanted pressure impacts can 

cause leakage problems and geochemical damage (Figure 22). The analysis provides some 

engineering solutions to overcome this issue, such as brine extraction and, in some cases, re-

injection.  

 

Source: (Birkholzer, et al., 2015) 

Figure 22. Geomechanically process and key technical issues associated with CCUS in deep saline 

formations  
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2.6 Carbon Capture, Utilization and Storage (CCUS) Cost  

As previously discussed, cost is a key barrier to the widescale deployment of CCUS 

technologies. All recent R&D activities undertaken in this area have been focused on developing 

lower-cost technologies (Figure 23). Various industrial, government, and non-government 

organizations are interested in CCUS economic analyses and most of them are CO2 producers. A 

Special Report on Carbon Dioxide Capture and Storage (SRCCS) prepared by the 

Intergovernmental Panel on Climate Change in 2005 assesses the recent changes in CCUS 

systems and costs across the full value chain. The following section briefly describes the different 

levels of techno-economic analyses of carbon capture technologies.   

 

Source: (Leeson, et al., 2017) 

Figure 23. Mean cost of CCUS technologies on different industries 

 

The main uncertainties regarding CCUS cost estimation of natural gas power plants were 

analyzed using both sensitivity and probabilistic analyses. It concludes that the rise in Levelized 

Cost of Electricity (LCoE) is 20-32 USD/ MWh for constant 2007 and it reaches 23-39 USD/ 

MWh when deploying CCUS (Rubin and Zhai, 2012). One technical option for reducing the 
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additional cost of electricity due to deploying CCUS techniques is turning off the energy used for 

the capture process during peak time (Haines and Davison, 2009). Correspondingly, the 

feasibility of oxyfuel combustion in the refinery power plant had also been illustrated in 

(Escudero, et al., 2016). The capture technique could be technically and economically feasible 

with a payback period of between 9 and 11 years and an Internal Rate of Return (IRR) value of 

around 7%. 

In downstream petroleum processes, 40% of overall refinery emissions are yielded from 

dispersed sources (Van Straelen, et al.,  2010). The cost of capturing CO2 from these sources is 

four times higher than the hydrogen production unit (Van Straelen, et al., 2010). Meanwhile, the 

main technical and economic barriers of retrofitting an FCC unit with amine absorption and oxy-

fire technique is illustrated in de Mello, et al. (2009) and, Digne and Gomez (2014). Based on the 

result, oxy-fire technique could eliminate 45% of CO2 emissions in comparison to amine 

absorption.  

Correspondingly, Li, et al. (2013) have proposed the techno-economic analysis of using 

amine scrubbing in the calcination process and oxyfuel partial capture in a precalciner with 

recycled O2/CO2. The cost of CO2 avoided, in this case, was estimated to be 60 USD/ t CO2 for 

post-combustion with chemical absorption. 

In light of global interest in promoting a CCUS strategy in the iron sector (Cormos, 2016; 

Quader, et al., 2016; Tian, et al.,  2016; Choi, and Strømman, 2013), the effectiveness of using 

MEA solvent absorption in steelmaking facilities was proposed by Ho, et al. (2011). The analysis 

covered both integrated steel mills and scarp mini mills. The annual cost of CO2 avoided was 

around 250 USD per t in the mini mill in comparison to 77 USD to 100 USD per t avoided in the 

integrated steel mill. This value was reduced to 35 USD / t CO2 through employing Methyl-Di-

Ethanol-Amine (MDEA) (Farla, et al., 1995). Another analysis shows that 35 USD / t CO2 is an 

exaggerated value when both shift reactor and Selexol had not been taken into consideration, in 

addition to neglecting the secondary benefit of CO2 removal (fuel gas upgrading). According to 

the selected iron production pathway, this cost could reduce to 10.3-18.8 USD/ t CO2 (Gielen, 

2003).  

Considering rapid development in CCUS technologies, the cost of CCUS will significantly 

reduce, especially when second-generation CCUS reaches the commercial stage. The selected 

cost model for the state of Kuwait should be based on a regional case evaluation under various 
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conditions, especially for the power plants where the capture process could be turned off during 

the peak load.  

In conclusion, CCUS has received global attention as an effective solution to stabilize the 

rapid rise in CO2 emissions. Up to date, only three separations technologies have reached the 

commercial stage, namely post-combustion using amine solvents, oxy-combustion, and calcium 

looping. Additionally, both adsorption by using zeolites and membrane-based separation have 

become popular research topics to upgrade them from pilot to commercial stage. The sites, 

location, and characteristics of the local storage reservoirs will determine the rate of capture, as 

well as the demand of the pipeline network. Using CO2 in EOR is the most promising utilization 

pathway that would be able to recover some of the capture cost. It can be observed that the stage 

of deployment of CCUS varies between Western and Middle East countries. In Kuwait and other 

GCC countries, the early opportunity for a CCUS mitigation strategy exists mainly because of 

their extensive knowledge of the oil and gas industry. The future deployment will depend on 

current investment in this new technology. Because of this, some GCC countries, such as Saudi 

Arabia, have started the R&D phase, where various institutions were engaged in research 

methods to overcome the main technical barriers of transferring this technology.  
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Chapter 3: Methodology 

To support the goal of emissions reduction, as set by the Kuwait government and other 

stakeholders and reported in Chapter 1, a conceptual framework was designed and established to 

undertake this analysis, as illustrated in Figure 24. Kuwaiti industrial sectors, key players, 

including leading industrial organisations, which are involved in the carbon emissions process 

were identified during the scope definition and included organisations which produce significant 

CO2 emissions. Other issues identified during the scope definition included potential CCUS 

alternatives, barriers, challenges, and costs incurred in deploying relevant technologies. Data 

required for the study were collated from primary and secondary sources including local leading 

industrial organizations and published literature. The data was checked and analysed in terms of 

relevance, completeness and reliability to ensure accuracy and quality. The study was completed, 

conclusions were drawn from the key findings, and recommendations were made for future 

studies.  
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Figure 24. Conceptual framework  

3.1 Development of the first carbon atlas State of Kuwait 

The carbon atlas presented in this body of work is a means to understand, study and 

thoroughly document the sources of CO2 emission in Kuwait using a geographical and sector-

based analysis. The carbon atlas of the State of Kuwait is a scientific database developed to 

explore and visualize the major CO2 emission sources yielded from human activities. Assessment 

and quantification methods in this atlas included the following: 

▪ Identifying the major sectors that are responsible for national CO2 emissions. 

▪ Gathering data and processing information from local and international institutes. 

▪ Identifying the CO2 Emission Factor (EF) for each process. 
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▪ Calculating CO2 emitted from these processes and estimating the emissions in 5, 10, and 15 

years. 

Therefore, and based on the above method, any process using Kuwaiti products, for example, 

gasoline, which ultimately releases CO2 outside Kuwait are not considered to be Kuwaiti 

emissions. This assumption was made to ensure a clearly defined boundary for the state to 

distinguish and validate the results obtained, and particularly for making comparisons with 

previous results and approaches undertaken by some sectors. However, to the best of the author’s 

knowledge, there has been no previous attempt to develop a carbon atlas across the entire state 

encompassing all sectors and geographical locations. The work presented in this study can 

therefore lead to the development of environmental strategic plans for the entire country based on 

an energy analysis and updated data. 

Since the Kuwaiti economy is heavily reliant upon the petroleum industry, this atlas 

separates the upstream and downstream petroleum activities which take place in the state, in 

addition to the petrochemical activities. Each of the petroleum activities, outlined in Section 4.2, 

were considered separately. Other sectors that are globally recognized for their high carbon 

footprint had also been considered, i.e., cement, iron, steel, power plants, buildings, and 

transportation. To aggregate data from these sectors, both “top-down” and “bottom-up” 

approaches were used. In the top-down inventories, the data were obtained from national, and 

international institutes using their databases. The bottom-up approach, by comparison, relies on 

data from local end-users (e.g. local companies, industrial inventories, etc.). 

After obtaining the required data, EFs for these processes were acquired from open literature 

and analyzed. Several internationally recognized agencies estimate EFs for various industries 

with the most well-known including the Intergovernmental Panel on Climate Change (IPCC) and 

the United States Environmental Protection Agency (EPA). The final concept of this atlas is 

aggregating the CO2 emissions from these sectors and comparing the final carbon footprint of 

Kuwait with the values published by international agencies.  
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3.2 Strategic Contexts for Carbon Capture, Utilization, and Storage (CCUS) in State of 

Kuwait 

This section aims to evaluate the options for mitigating Kuwaiti industrial CO2 emissions. Two 

research objectives were defined: (1) to identify the most appropriate CO2 capture, utilization, 

and storage alternatives for the key industrial sectors in Kuwait, taking account of the current 

state of investment and challenges of deployment; and (2) to investigate the costs of CO2 capture 

for individual industrial sectors.  

The first objective: 

The first objective aims to provide a holistic review of the state of the art of CCUS 

technologies across the energy and industrial sectors. This helps to shape stakeholder perceptions 

about CCUS technologies by highlighting the short- and long-term benefits alongside the 

associated risks. The analysis considers six assessment dimensions (Figure 25), each dimension is 

undertaken using specific methods. The analysis is based on the results of the literature review 

and interviews.  

For the literature review, the digital libraries were used to search for the recent scientific 

published articles about CCUS technologies. The research was mainly focused on the time frame 

from 2015 until 2021 to gain consistent insights into the progress achieved in CCUS research. In 

total, the review covered more than 140 articles which describe all techno-economic prospects in 

various sectors.  

Both qualitative and quantitative surveys methods were conducted, and these were the focus 

group discussion and the Information- Choice Questionnaire (ICQ), respectively. The approaches 

were proven to provide higher quality opinions and are consistent and stable over time (Dancker, 

et al., 2011). The methods relied on firstly educating people about CCUS so that they had 

informed opinions rather than uninformed opinions.  

The idea of the focus group is to provide the stakeholders with introductory information about 

CCUS and lead the discussion within defined constraints about the potential, risks, and 

utilizations. The advantage of these discussions includes the opportunity to clarify any questions 

and probe any vague responses. It allows the participants to explain their perspectives in their 
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own words rather than choose from certain responses. The data obtained from this approach are 

usually deeper and richer in information than individual interviews (Gundumogula, 2021). 

The interviews started with identifying the stakeholders affecting CCUS decisions and 

mapping them into groups based on their working institutions. There were 74 participants from 

the major industries and representatives of Ministry of Electricity and Water (MEW). The 

interviewees were selected by searching the state level database and the number increased 

through recommendations from the first group of participants. The discussion protocol was 

designed to allow each participant to share their organization's perspective on how CCUS could 

be deployed in their facilities which gives depth, nuance, and variety to the discussion. The 

discussions lasted for 120 (median) minutes.  

The first two discussions were conducted in April 2017 with Kuwait National Petroleum 

Company (KNPC) and Kuwait Oil Company (KOC) experts in light of a cooperation plan to 

capture CO2 from refineries to use in Enhanced Oil Recovery (EOR).   

Another five discussion groups were held with representatives of the Ministry of Electricity 

and Water (MEW), Kuwait cement, Kuwait steel, Equate, and Kuwait Oxygen companies. The 

discussions were mainly based on a questionnaire containing seven sections (Appendix B): 

1- Basic information.  

2- The carbon footprint. 

3- Carbon dioxide abatement practices. 

4- Applicability of carbon capture technologies. 

5- Cost. 

6- The risk associated with CCUS technologies. 

7- Utilization pathways. 

These discussions were aimed to narrow the knowledge gap with respect to site-specific 

factors such as spatial and operation constraints on the efficiency of CCUS technologies. All the 

questions were reviewed to ensure they addressed the study objectives. The three primary 

commercially available capture technologies were recommended for this analysis: post-

combustion, oxy-fuel combustion, and pre-combustion (Section 2.2). The discussions were 
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supported by the facilities layouts to explain the associated technical issues with deploying CCUS 

technologies. Appendices (C-J) show the layouts obtained from these discussion groups.  

For companies which did not participate in a focus group session, the ICQ was sent by email. 

The ICQ is the most elaborate form of survey to acquire information about individual 

perspectives of CCUS. Google Forms were used to design the ICQ. The questions were 

sequenced in a logical order starting with basic information about the facility and ending with 

possible utilization pathways for the captured CO2. It was designed to take less than 30 min to 

complete which was an acceptable period for the online questionnaire (Bird, 2009). There were 

18 questions used to evaluate the seven assessment sections. Each section started with a brief 

explanation of the measured items. All the items are measured by using a short answer or 

multiple choices. 

The companies were selected using recommendations from the Public Authority of Industry 

(PAI) based on their production pathways. The aim was to send out 200 questionnaires to cover 

all the possible industries. However, some responses were excluded due to their very low level of 

knowledge about CCUS giving a final total of 137 responses.   

 

Figure 25. The six assessment dimensions covered in the analysis 
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Second objective  

The second objective covered an economic assessment of CCUS technology. A 

comprehensive analysis builds upon the first section, where the cost was calculated based on 

the intensity of CO2 emitted from each sector in the country. The data was taken from both 

existing studies and expert interviews. All the cost figures were converted to USD using 2018 

as the base year to illustrate the impact of inflation. Then the latest version of Microsoft 

Office Excel 365 was used to host the input data, emissions intensity and estimate the capture 

cost for each sector. The Marginal Abatement Cost (MAC) curve was developed through both 

Java and Adobe Photoshop CC 2017 to demonstrate the relationship between the intensity of 

CO2 emitted with the capture cost.  
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Chapter 4: Development of the First Carbon Atlas of the State of Kuwait 

 

4.1 Introduction 

According to a World Bank Data report (WBR, 2018), the carbon footprint of the state of 

Kuwait is 91.03 Million metric tons per year (Mt/y). The World Bank estimates its data by using 

the local consumption of fossil fuels in each country as an indicator of energy emissions. 

Emissions associated with cement manufacturing are taken as an indicator of non-energy carbon 

emissions. Similarly, the International Energy Agency (IEA, 2010b), declared that the carbon 

footprint of Kuwait from fuel consumption was 69 Mt in 2010. This approach is a pragmatic way 

of estimating the emissions levels from multiple states using a “top-down” methodology.  

However, in order for each state (or country) to plan the necessary process of 

decarburization, a more comprehensive or “bottom-up” approach is required (Freeman, 2015). 

Therefore, it is essential to have a comprehensive study that details all carbon emission sources in 

a country to be able to address the gap in energy planning for the future. This is the primary topic 

of research dealt with by this thesis, where a carbon Atlas is presented for the state of Kuwait. 

This atlas identifies the main carbon sources and volume of emissions to be able to determine the 

most optimal routes of carbon usage and reduction. The development of this atlas is the key focus 

of this chapter. In addition, this chapter also presents a guide to the assessment of various carbon 

emissions industries that can also be applied to a number of countries and cities worldwide. 

4.2 Petroleum Industry and Related Processes 

4.2.1  Crude oil upstream processes and activities 

In the oil and gas sector, upstream processes are usually known as Exploration and 

Production (E&P) processes (Figure 26). Several factors play a vital role in CO2 emissions during 

upstream processes, including the age of the oil field, gas-to-oil ratio, reservoir depth, pressure, 

and viscosity.  
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Figure 26. Crude oil upstream processes 

 

Exploring phase: as an initial step in the exploring processes, preliminary assessment of the 

suspected area is conducted and includes a review of geological maps, and aerial photographs, 

and a geological assessment is conducted. If this assessment produces a positive result, then the 

exploring process moves into the second stage, which can be sub-divided into non-intrusive and 

intrusive surveys.  

Different non-intrusive survey approaches, namely magnetic, gravimetric, and seismic, are 

used to explore the potential of the presence of an adequate amount of crude oil and natural gas. 

Carbon dioxide emissions will vary depending on the selected technique.  

The real features of the reserves can only be identified using intrusive surveys (exploration 

drilling). The location of exploration drilling is carefully selected based upon the geological 

formation, to eliminate environment destruction. However, total CO2 emissions during the 

exploring phase are minimal compared to the other stages.  

Well development phase: during this process, CO2 is produced from three main sources; 

combustion of fossil fuel in trucks in the clearing phase, building roads and from rigs during 

rigging up, drilling, and rigging down.  

Production phase: the main source of CO2 during primary production is the combustion of 

fossil fuel in compressor equipment. Usually, no more than 15% of hydrocarbon is recovered 

during this process and, because of this, secondary and tertiary enhancements are often 

employed.  
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Steam and pressurized gas are used as secondary enhancements to create pressure gradients 

within the reservoir, which produces an additional 30% of hydrocarbons. Another 30% can be 

obtained from tertiary enhancements by using substances (e.g. surfactants) (Green and Willhite, 

1998). During enhancement processes, CO2 results from two main sources; combustion of fossil 

fuel from injected equipment and fugitive CO2 in tertiary enhancements when CO2 was used as a 

recovery substance.  

Additionally, site facilities also participate in emitting CO2, especially in the separating and 

dehydrating processes in Gathering Centers (GCs), where crude oil goes through a multi-stage 

stabilization process to separate it from gas and water. In this case, the CO2 is emitted as fugitive 

emissions from separation equipment and, as direct emissions from dehydrators. Furthermore, 

wastewater obtained from different processes is another source of CO2.  

In Kuwait, three major oil fields areas are responsible for the production of three million 

barrels per day (bpd) of crude oil. The bulk of the production occurs in the Southeast in the 

Greater Burgan area. It is recognized as the second-largest oil field in the world and alone is 

responsible for the production of 1.6 million (bpd). It consists of Burgan, Magwa, and Ahmadi 

oil fields with 14 GCs and two Booster Stations (BS). In the west of Kuwait, there are Minagish 

and Umm Gudair fields with a production capacity of 60,000 bpd each in addition to 4 GCs and 

two booster stations. Steam injection is already being used in the Minagish oil field to enhance oil 

recovery.  

Finally, within the north area, where there are many oilfields, the main ones are Raudatin 

and Sabiriyah with 250,000 bpd, and 160,000 bpd production capacity, respectively. Kuwait also 

produces 300,000 bpd from The Partitioned Neutral Zone (PNZ) between Kuwait and Saudi 

Arabia. Figure 27 shows the location of Kuwait oilfields and the neutral zone.  
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 Source: (Arabian gazette, 2015) 

Figure 27. Location of Kuwait oilfields 

 

Flaring is the controlled burning of waste gases obtained from different processes that 

cannot be economically utilized. One of the main advantages of the flaring system over other 

combustion units (e.g. heater) is its unique ability to deal with varying flow rates and composition 

of waste gases.  

More than 95% of these waste gases are composed of natural gas, ethylene, propylene, 

butadiene, and butane. Flaring is the largest sole source of CO2 emissions from all upstream 

processes. Carbon dioxide is a direct product obtained from the combustion of hydrocarbons 

where each mole of carbon converts to one mole of CO2, under a complete combustion process. 

When incomplete combustion occurs, each mole of carbon will produce one mole of carbon 

monoxide.  

According to the Kuwait Oil Company (KOC) database, the flaring process occurred at all 

oilfields and the CO2 emitted rose from 0.408 Mt in 2011 to 0.48 Mt in 2015. This rise in CO2 
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emitted occurred despite efforts to minimize the percentage of gas flaring to less 1% (EPA, 

2016).  

According to the Ministry of Oil database (MO, 2016), the local consumption of crude oil 

in the oil and gas production sector is 15.1 million barrels. The EF for upstream processes in 

Kuwait is equal to 120.45 kg CO2e/ ton of oil equivalent (NETL, 2008), which makes the total 

anticipated CO2 emissions equal to 0.255 Mt CO2/y. The calculation of CO2 emissions considers 

all associated burdens of the drilling and exploration activities in the country. It also takes into 

account oil production industries which utilize heavy oil.  

4.2.2  Petroleum downstream processes 

The downstream process includes all refining operations of crude oil in refineries and ends 

with the distribution of petroleum derivatives. Kuwait National Petroleum Company (KNPC) 

owns and operates all downstream petroleum activities in Kuwait.  

Refineries are ranked as the third stationary source of CO2 emissions after power plants and 

the cement industry (Van Straelen, et al., 2010). In a refinery, crude oil is processed through a 

series of chemical and physical processes to yield higher-value products. During these processes, 

CO2 is emitted from various units, either from specific point sources (e.g. stack), or as fugitive 

emissions (e.g. process leakage). These emissions are closely related to the presence of residue 

upgrading schemes. These schemes can be classified into two categories: hydrogen addition and 

carbon rejection schemes (Stockle and Bullen, 2008).  

Kuwait processes almost one million barrels of crude oil per day (bpd) through three 

refineries, Mina Abdullah (MAB) with a capacity of 270,000 bpd, Mina Al-Shuiba (SHU) with a 

capacity of 200,000 bpd and finally Mina Al-Ahmadi (MAA) with the largest capacity of 

466,000 bpd.  All three refineries are in short distance from each other, along the southern edge 

of Kuwait City.  

Kuwait refineries have been retrofitted multiple times to meet the world’s stringent 

environmental regulations for refineries products (e.g. sulfur present in diesel should not exceed 

50 ppm). For this reason, all three refineries in Kuwait are complex refineries which include both 

thermal and catalytic cracking units. Kuwait's refining capacity increased to reach 1.4 million 

barrels per day (bpd), from 936,000 bpd, after completion of both the Clean Fuel Project (CFP) 

and the New Refinery Project (NRP).  
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Hydrogen production unit: the industrial demand for hydrogen, from both the chemical and 

refinery industry, has increased in recent years. The hydro-treating process is the backbone of any 

complex refinery and is where sulfur and nitrogen compounds are removed using hydrogen. 

Furthermore, this process avoids catalyst poisoning in the downstream processes. 

In refineries, hydrogen is obtained from two main pathways, either as a by-product from 

other processes (e.g. catalytic reformer) or manufactured (e.g. Steam Methane Reforming, SMR) 

(Lindsay, et al., 2009). Reforming of hydrocarbon by steam is the main commercial pathway, 

with SMR used in 95% of refineries (Wheeler and Collodi, 2009). In SMR, three reversible 

reactions take place to form hydrogen:  

       CH4+H2O→CO+3H2                                       ∆H298=+206 kJ/mol                    (11) 

      CO+H2O→CO2+H2                                        ∆H298= -41 kJ/mol                         (12)    

      CH4+2H2O→CO2+4H2                                  ∆H298=+165kJ/mol                        (13)                                                                                                                                               

  

Stockle and Bullen (2008) have estimated that for each one metric ton of hydrogen 

produced, ten metric tons of CO2 is emitted to the atmosphere.  

A Hydrogen Production (HP) unit exists in all Kuwait refineries. Starting with the most 

complex one: MAA has four SMR units, each with 49.5 Million Standard Cubic Feet per Day 

(MMSCFD) capacity and is able to produce 97% hydrogen. Each unit has utilization capacity 

ranges between 55-76%. Next is MAB with four HP units. Three of them have identical capacity, 

which is 55 MMSCFD, with the final older unit having a capacity of 39.5 MMSCFD. Utilization 

capacity of these units is between 53-73%. The final one is SHU with the lowest capacity of 74 

MMSCFD from three SMR units. These three units can produce hydrogen with 95% purity with 

a utilization capacity of between 58-69%.  

Al-Salem (2015) estimates CO2 emissions from HP by following the equation below: 

𝐻𝑃𝐶 = 𝐻𝑃𝑅 × 𝑈𝐶 × (
1

4
)                                                                        (14) 

Where HPC is the total CO2 emissions rate from the HP (MMSCFD); UC is the HP unit 

utilization capacity (%), and HPR is the hydrogen production rate of the unit (MMSCFD). The 

ratio of CO2 to hydrogen, obtained from the following equations, is 1:4.  

                CnH2n+2+nH2O→nCO+(2n+1) H2                                                           (15)                  
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                       CO+H2O→CO2+2H2                                                                              (16) 

Fluid Catalytic Cracker: in a Fluid Catalytic Cracker (FCC) unit, the low value, high 

molecular weight compounds are further cracked to produce valuable products (e.g. Liquid 

Petroleum Gas, LPG). Additionally, coke is obtained from a cracking process where it can be 

used as an energy source in the FCC unit.  

The fluid catalytic cracker unit is usually composed of four sections: reaction or 

conversion, fractionation, gas and LPG recovery, and fuel gas treatment. The main feeds of the 

FCC unit are heavy gas oil and vacuum gas oils. The former is obtained from catalytic cracking 

units and the latter from crude units. Also, any heavy petroleum streams can be further treated in 

the FCC unit.  

When this feed enters the FCC unit, its temperature rises to more than 3,169 °C, then 

interacts with the chemical catalyst (e.g. zeolite) before entering the main FCC reactors. After the 

cracking process, the catalyst is deactivated due to the accumulation of coke on its surface. Steam 

is usually used to remove coke and keep the catalyst in a fluid state in the reactor.  

The FCC unit is responsible for 20-30% of CO2 emissions from refineries (De Mello, et al., 

2009). Carbon dioxide, which results from the burning of coke, is considered as rejected carbon 

within this unit. This high emissions intensity and center point source make the FCC unit 

technically suitable for carbon capture techniques.  

In Kuwait, there is only one FCC unit, and this is located at MAA, and operates with a 

capacity of 43 Mbpd.  

The total CO2 emissions from FCC unit at MAA was estimated based on the following the 

equation: 

𝐶𝐹𝑃 = 0.158𝑂𝐶 × 𝑐𝑓 × 𝑆𝐺 × 𝑈𝐶                                                           (17) 

Where CFP is the coke production rate in kg/day; OC is the unit operational capacity 43 

Mbpd; cf is the coke weight fraction in the final FCC product (4.62%); UC is the utilization 

capacity (89.2%); and SG is the specific gravity of crude oil at 60°F (900 kg/m3). 

Utility areas (e.g. steam, condensate, instrument air, electricity, chemical additives) play an 

effective role in refineries performance. In a typical complex refinery, heat demand is higher than 

electrical demand, which explains the numerous numbers of fired heaters and boilers.  
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A fired heater is responsible for providing heat energy for process fluids (e.g. crude oil). 

The typical fuel composted at fired heaters in refineries is either of low-quality heavy oil or 

refinery fuel gas (Weydahl, et al., 2013). These waste gases are mainly composed of methane 

(CH4), propane (C3H8), and hydrogen (H2).  

Utilities are the highest contributor of CO2 emissions from refineries, followed by FCC 

units and then hydrogen plants. Almost 65% of CO2 emissions from refineries come from fired 

heaters (IEA, 2000).  

In Kuwait refineries, fuel gas is the main fuel consumed in the fired heaters, where the 

number and capacity of these heaters are higher than usual. This is due to the high demand for 

producing high-quality fuels obtained from heavy crude oil. An emission factor of 73.96 in kg 

CO2/MMBTU is used for process heaters.  

Acid gas removal unit: natural gas usually contains a high percentage of acid gas, hydrogen 

sulfide and carbon dioxide, and needs to be treated and made into sweet gas. Several techniques 

have been developed for this purpose: chemical solvents (amines), physical solvents, adsorption, 

membranes, and cryogenic fractionation (Althuluth, et al., 2013). Chemical solvent by using 

amines (e.g. Mono-Ethanol-Amine, MEA) is the most mature treatment process and has been 

used for over 60 years (Herzog, 1999). The treatment unit is composed of two columns: an 

absorption column and a stripper column.  

Before entering the absorber column, sour gas is first sent to the separator to remove any 

liquids or sand. The solvent is then injected from the top of the absorber column, and the sour gas 

is introduced from the bottom in a counter-current direction with the solvent. After that, the sweet 

gas exits from the top of the absorber column, and the solvent with a high concentration of acid 

gases is sent to the flash drum. Then it enters the stripper column to regenerate again by using 

steam and start a new cycle. One of the major obstacles of using amines is the high energy 

needed to create this steam. 

An acid gas removal unit currently exists only at MAA, in the gas plant side, and SHU, 

where Di-Ethanol-Amine (DEA) is used as a solvent in this unit. Di-Ethanol-Amine (DEA) is 

preferred over MEA for the sweetening process because it can interact directly with acid gases in 

the same manner as MEA, and it is less degradable and results in less corrosion problems.  
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An absorber balance equation for CO2 is usually used to estimate the CO2 emissions from 

this process:  

              E(CO2)=Vin[(Vin -Vout)/(1-Vout)]                                                                 (18)                                                                                                     

Where E (CO2) is the annual volumetric CO2 emissions from AGR in Standard Cubic Feet 

per Day (SCFD); Vin is the total annual volume of natural gas flow into the AGR in mole fraction, 

and Vout is the total annual volume of natural gas flow out of the AGR in mole fraction. 

Electricity imports to the refineries: even though refineries can produce electricity through 

the steam network, Kuwait refineries are reliant on the Ministry of Electricity and Water (MEW) 

to meet their electrical demand. Carbon dioxide emissions from this load can be easily estimated 

by multiplying the default emission factor for electricity generated in Kuwait, which is 870 g 

CO2/kWh, with fuel consumption in each refinery. 

Al-Salem (2015) identified the main sources of carbon emissions from Kuwait refineries 

(Table 2-3). This analysis was consistent with Van Straelen, et al. (2010), who reported that fired 

heaters are the largest contributor to these emissions (62-75%) followed by the Hydrogen 

Production (HP) unit (12-15%). 
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Table 2. Carbon dioxide emissions (million metric ton per annum, mtpa) from the three existing 

refineries in Kuwait 

 

   Source: (Al-Salem, 2015) 

Notes to readers:  

a Including gas plant side with refining activities (acid gas sweetening processes and condensate processing). 

bTotal of acid gas removal and condensate sweeting processes combined. A range is calculated based on the type of treated feed. 

Calculations were based on maximum CO2 content in acid gas without the electricity load. 

c Based on maximum CO2 content in acid gas without the electricity load. 

  Table 3. Post CFP and NRP CO2 emissions in Kuwait (mtpa) 

 

Source: (Al-Salem, 2015) 
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4.2.3 Petrochemical Based Industry 

The petrochemical industry is one of the most significant and leading sectors in the 

chemical industry, and it accounts for almost 40% of the chemical industry’s global market (Ray, 

et al., 2014). The significant role of this sector results from the strong correlation with other 

sectors; refinery products and industries dealing with downstream products.  

Petrochemical feedstock: feedstock for the upstream petrochemical industry mainly comes 

from two sources; refinery by-products or natural gas. Selecting a specific feedstock depends on 

its availability and the demand for the associated end products. The feedstock then takes one of 

two key pathways: molecular cracking or molecular reforming (Kanchanapiya, 2015). 

In molecular cracking, feedstock with large molecules goes through a series of cracking 

processes to yield smaller molecules. The cracking process can occur either by steam (steam 

cracker) or catalyst (catalytical cracker). Steam cracking is the heart of any petrochemical facility 

where the steam requirement varies according to the composition of the feedstock. The products 

resulting from the cracking process are known as olefins products (e.g. ethylene, propylene, 

mixed C4, pyrolysis gasoline). In molecular reforming, the target products are yielded by 

modifying the molecular structure of feedstock through using heat, pressure, catalyst, or a 

combination of all of them. The products obtained from this process are known as the aromatic 

group.  

The third group is using a synthesis gas to produce ammonia and methanol. These three 

groups are known as “primary petrochemicals”. Polymers are the dominant end products obtained 

from these groups.  

Petrochemical industry in Kuwait: the petrochemical industry in Kuwait began in 1980 and 

Table 4 illustrates the major petrochemical products produced in Kuwait.  
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Table 4. Major Petrochemical products in Kuwait (Mt) 

 

    Source: (CBS, 2015) 

 

Carbon dioxide emitted from the petrochemical industry: to assess the CO2 emissions of the 

petrochemical industry, three main sources of energy consumption were identified; fuel 

consumption with the largest share (60%), steam energy consumption (35%) and electrical 

consumption (5%) (Benchaita, 2013). Carbon dioxide (CO2), methane (CH4), and nitrous oxide 

(N2O) are emitted from fuel consumption when conventional fuels are used: naphtha, ethane, and 

LPG.  

- Ethylene is one of the main secondary products obtained from the steam cracker, where it 

is utilized in the production of various petrochemical derivatives. The ethylene production 

process is an intensive energy process, and its global production rate has an annual 

increase of 4-5% (Kolmetz, 2013).  

- Steam cracker components in an ethylene plant will be considered further to identify CO2 

emission sources.  

Steam Cracker Furnace: feedstocks introduced to a steam cracker furnace are exposed to 

high pressure, and the temperature from the pyrolysis furnaces reaches 1,100 °C. As a result, 

hydrocarbon breaks down into smaller molecules.  

The following reactions are the predominant reactions that usually occur: 

         Ethane (C2H6) →Ethylene(C2H4) +H2                                                               (19) 

         Propane (C3H8) →Ethylene(C2H4) + CH4                                                          (20) 

         Propane (C3H8) →Propylene(C3H6) + H2                                                           (21)                                                    
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Quench Tower: steam generated from the previous process and pyrolysis gasoline 

components condense in a quench tower, which is used as a partial condenser for fractionators. 

Heat absorbs at various levels in the quench tower through the heat transfer section. Significant 

amounts of heat obtained from this process are utilized in another unit. 

The rest of petrochemical processes mainly focuses on further cracking of the feedstock:  

Gas Compression: this stage considers the primary stage of separation, where some of the 

products are obtained after compression. The main function of the compression stage is preparing 

the feedstock for the final fractionation.  

The pressure of gas fraction increases to about 3,500 kilopascals (kPa) by using a 

centrifugal compressor. The compression unit is usually divided into five stages where liquefied 

components are separated after each stage.  

Cracked gas contains both water and other impurities that need to be removed. These 

impurities are mainly composed of CO2, hydrogen sulfide (H2S), and acetylene. Carbon dioxide 

and H2S were removed in the caustic tower. Water was removed by the dehydration process, and 

the condensate steam obtained from this process is reused again. The Cracked Gas Compressor 

(CGC) is the major consumer of energy in the entire ethylene plant.  

Chilling Train: the chilling train is composed of a series of heat exchangers with 

refrigeration. Most of the heavier hydrocarbons are condensates in this unit, producing a stream 

of hydrogen:  

            C2H6(g)→C2H4(g)+H2(g)                                                                                   (22)                                             

Fractionation and Separation: typical fractionation and separation units are mainly 

composed of three sub-units: distillation, refrigeration, and extraction. Three towers are usually 

found in the distillation unit: de-methanizer, de-ethylenizer, de-ethanizer.  

As previously mentioned, there is a direct relationship between the energy intensity of the 

steam cracker and CO2 emissions. These emissions will vary according to certain variables: types 

of feedstocks, design of cracker components, and operational conditions. 

The European Chemical Industry Council, representing European steam crackers, supports 

the linear relationship between ethylene production and CO2 emissions (Benchaita, 2013). By 

applying the above correlation to the Kuwait petrochemicals sector, the total expected CO2 
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emissions, from producing 1.65 Mt of ethylene, was determined to be 2.642 MtCO2/y for the year 

2016. 

4.3 The Cement Industry  

Limestone (calcium carbonate, CaCO3), sand, and clay are the main raw materials used for 

cement production. Within a ball mill, specific quantities of these raw materials are ground to 

yield a powder. This powder takes either one of two pathways: wet process or dry process. In the 

wet process, the grinding process occurs in the presence of water. The slurry obtained from this 

process goes through further mixing before being transferred into the kiln. The wet process is 

favored when the raw material is humid, as is the case in most countries.  

In the dry process, to obtain a homogenous mixture of a ground powder suitable for the 

grinding stage, the powder first goes through a blending silo. After that, the mixture enters the 

preheater/calciner before transferring to rotary kilns. In the preheater/calciner process, hot gases 

are used to raise the temperature of the mixture that leads to calcination of limestone where 

calcium carbonate breaks down to calcium oxide and CO2 is emitted from the reaction. Clinker is 

formed in rotary kilns by pyrprocessing, and cement minerals are formed through the evaporation 

of the existing water. After washing, the clinker is moved to a clinker storage silo and sent to a 

finish mill. Next, comes the cooling process which is used to eliminate the formation of the glass 

phase and to obtain the maximum percent of alite (tricalcium silicate). Finally, the clinker is 

ground, along with 3-5% gypsum, to form cement.  

The cement industry is the main producer of global CO2 emissions from non-energy 

sources (IPCC, 1997), and it is responsible for 7% of global CO2 emissions (Malhotra,1999). 

Direct carbon emitted from cement production is derived from two main sources, the calcination 

process and the combustion of fossil fuel. The indirect emissions are derived from electricity 

consumed in the cement plant. 

In this analysis, the Tier 2 method of IPCC (IPCC, 2006) was applied. The EF value 

suggested by the IPCC is 0.459 metric tons (t) CO2 per t clinker produced. IPCC added 2% of the 

CO2 calculated because of the loss of some clinker raw materials as calcinated Cement Kiln Dust 

(CKD). The final equation to estimate CO2 from calcination processes was therefore applied: 

                    𝐻 = 1.02𝐸𝐹 × 𝐶                                              (23)                                                                                                                

where H is the process related emissions Mt CO2/y; EF is the emission factor of 0.459 in t 



67 

 

CO2/ t Clinker produced, and C is the clinker production in metric ton/ year (t/y). 

By applying Equation 23 in the Kuwait cement industry, where the annual clinker 

production is 1,800,000 t (Mineral yearbook, 2013), the process-related CO2 is estimated to be 

0.165 Mt CO2/y. The intensity of CO2 emissions will vary according to the type of fuel used, and 

manufacturing operations within the cement industry. Due to a shortage of data regarding fuel 

consumption in Kuwait’s cement factories, the estimated value previously suggested by (Mineral 

yearbook, 2013) equals 0.306 Mt CO2/y during 2011 and was used in the analysis. From the 

above values, the total CO2 load from the cement industry of Kuwait from both processing and 

fossil fuel combustion is 0.322 Mt CO2/y. 

4.4 Aluminum Manufacturing Industry 

Aluminum is obtained from two pathways, either from natural resources (e.g. bauxite) or 

recycling of scrap metal. Alumina is the main component of bauxite. If alumina is used to 

produce aluminum, this process is known as primary production and the resulting aluminum is 

called primary aluminum. If recycled scrap metal is used, the process is known as a secondary 

process and aluminum is called secondary aluminum. The demand for aluminum alloy does not 

differentiate either; it comes from primary or secondary production. 

Aluminum production process 

Mining of bauxite ore is the first stage of primary aluminum production. Bauxite consists of 

impurities, such as aluminum oxide (Al2O3), ferric oxide (Fe2O3), and silica (SiO2). The refining 

of bauxite to alumina is known as the Bayer process.  

During this process, preheated sodium hydroxide (NaOH) is added to bauxite ore after the 

bauxite has been dried and grounded in ball mills. Sodium hydroxide (NaOH) is used to dissolve 

the aluminum-bearing minerals which exist in bauxite. The slurry obtained from this process is 

dispatched to a pressurized digester that operates at 105 to 290 °C. After spending almost five 

hours in the pressurized digester, the slurry is cooled to 100 °C. This slurry is primarily 

composed of sodium aluminate (NaAl2OH) solution and insoluble red mud. The solution 

containing the alumina, which overflows from setting tank, is further purified by filtration and 

then cooled. Alumina precipitates out from the cooled solution as alumina tri-hydrate. Crystalline 

form of alumina is obtained from calcining of the alumina tri-hydrate after being washed and 

filtered. Crystalline alumina dissolved in electrolyte bath consists of molten cryolite (sodium 
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aluminum fluoride), this process known as “Hall-Heroult smelting”. Due to electricity movement, 

aluminum metal accumulates at the cathode while the anode will contain oxygen gas. The 

cathode in the smelting cell is a carbon-lined steel box and a row of graphite and petroleum coke 

while pitch forms at the carbon anode.  

To assess the CO2 emissions from the aluminum (Al) manufacturing processes, three main 

sources of emissions are identified: 

▪ Combustion of fossil fuel (direct-energy related emissions). 

▪ Electricity used in the smelting process (indirect-energy related emissions), which are 

responsible for the biggest proportion of the emissions. 

▪ Emissions during the electrolysis process (process emissions) where both CO2 and Per-

Fluoro-Carbon gases (PFCs) are emitted (Colombia Climate Center, 2016).  

The anticipated CO2 emissions can be estimated from the following equation (EPA, 2002): 

                    Y=EF×C                                                                                              (24) 

where Y is the total CO2 emissions from Al production in t/y; EF is the emission factor, 

which is 1.4 t CO2/ t Al and C is the Al production in t/y. According to the GCC Industry Report 

(Gulf Capital Group Limited, 2008), the total aluminum produced in Kuwait is 0.108 Mt/y. 

Therefore, by applying Equation 24, the carbon footprint of the aluminum sector in the state is 

0.167 Mt CO2/y showing a considerable variation which can be attributed to changes in Al 

production and market over the past decade. 

4.5 Iron and Steel Industry  

Three known pathways are used to produce iron by chemically reducing iron ore: Blast 

Furnace (BF)/Basic Oxygen Furnace (BOF), smelting reduction, and direct reduction. 

Additionally, Electric Arc Furnace (EAF) is used to produce steel by the melting of scrap. Almost 

65% of steel manufactured is obtained from BF/BOF while the remaining 30% yields from EAF 

(World Steel Association, 2011). Raw materials used for iron and steel production can be 

prepared by one of the following processes:  

- Sintering production.  

- Pelletizing. 
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- Coke Making. 

Iron making 

Blast Furnace: in a blast furnace, iron ore, coke, and limestone are introduced from the top 

of the furnace and hot air is blown in from the bottom. Coke burns in hot air, forming carbon 

monoxide (CO); this CO works as a reducing agent of iron oxide to release iron. Coke can also be 

used as fuel in this furnace.  

Due to the high temperature, the material is converted into liquid slag and liquid iron, and 

they are removed from the furnace at regular intervals. The main function of this furnace is to 

produce hot metal from reducing iron oxide. 

Direct Reduction: a reducing gas, composed mostly of hydrogen (H2) and CO, is used for 

the direct reduction of iron ore in its solid-state to yield Direct–Reduce Iron (DRI). This route is 

competitive in the GCC region due to the abundant availability of natural gas.  

Smelting Reduction: this method combines iron ore reduction with smelting in a reactor; the 

method was developed to replace a blast furnace process and reduce the substantial levels of 

energy used in the furnace. This pathway can also obtain molten, slag-free iron. Although BF will 

not be quickly replaced by smelting reduction, however, due to its high thermal and chemical 

efficiency, many smelting reductions processes have now achieved commercial stage level.  

Steel  

Basic Oxygen Furnace (BOF) is the dominant steelmaking technology used globally. It 

transforms molten pig iron and steel scrap into steel; this occurs by the introduction of oxygen to 

the hot metal.  

Electric Arc Furnace (EAF) was developed to replace BF/BOF route. In this furnace, 

ferrous scrap is recycled to yield carbon steel and alloy steel. When ferrous scrap is not available, 

DRI and pig iron can substitute it. In EAF, liquid steel obtained from the furnace is transmitted to 

a Ladle Metallurgy Station (LMS) to improve the quality of the yielding steel.  

Casting, Rolling, and Finishing: molten steel is yielded from the LMS process to a 

continuous caster and this gives the steel its semi-finished shape. To get the final shape of the 

steel, steel from the continuous caster is handled in rolling mills. This process is the main source 

of indirect CO2 emissions due to its high electricity consumption. The final stage is a finishing 
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process that involves acid pickling, painting, galvanizing, tinning, and plastic coating to meet the 

market's demands.   

Iron and steel are the largest contributors of CO2 emissions among all industrial processes. 

This is mainly due to the high demand for steel in certain sectors (e.g. construction, transport, 

energy, packaging, appliances, and industry), type of fuel used, and the high-energy intensity of 

steel production (IEA, 2012a). Carbon dioxide emissions from iron and steel production are 

obtained from three main sources: 

- Process emissions from sinter plant, non-recovery coke oven battery combustion stack, 

coke pushing, BF exhaust, BOF exhaust, and EAF exhaust (EPA, 2012).  

- Combustion of fossil fuel in furnaces and utilities including byproduct recovery coke 

oven, battery combustion stack, BF stove, boiler, process heater, reheat furnace, flame-

suppression system, annealing furnace, flare, ladle re-heater, and other miscellaneous processes 

(IEA, 2013a).   

- Emissions from electricity consumption, mostly from EAFs and finishing operations. 

International Energy Agency (IEA) methods are used in this analysis rather than 

Intergovernmental Panel on Climate Change (IPCC) guidelines due to the limited availability of 

data of electricity and fuel consumption in the iron and steel manufacturing processes of Kuwait. 

The value of the CO2 emission factor will vary according to the selected pathway used to produce 

the steel. The emission factor is estimated to be 2.267 t CO2/ t crude steel for coal-based Direct 

Reduced Iron (DRI) process, 1.632 t CO2/ t for integrated Blast Furnace (BF) and Basic Oxygen 

Furnace (BOF). For scrap /Electric Arc Furnace (EAF), it decreased to 0.362 t CO2/ t crude steel 

(EAF) (IEA, 2013a).  

By applying the above-mentioned emission factors to the United Steel Company and 

Kuwait Reinforced Steel Manufacturing Co., CO2 associated with the production of 544,311 t of 

steel using EAFs (Kuwait Steel, 2016) is 0.197 Mt CO2/y. In Kuwait, the emissions associated 

with the production of 0.317 Mt (namely from the reinforced steel company) per year are equal to 

0.114 Mt CO2/y. 

Table 5 details the CO2 associated with the production of 1 kilometer of steel pipe. The 

volume of the pipes produced ranged from 129.7 to 1167.4 m3. A comparison will take place 

between the dimensions of Table 5 with the dimensions of steel pipe produced by Kuwait Pipe 

Industries. The thickness of these pipes ranges from 4.8 to 25.4 mm and 0.168 to 2.032 m in 
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diameter, and the length is between 6 to 16 m. As a result, the volumes of these pipes are between 

0.133 to 52 m3, and the associated CO2 emissions are from 121.3 to 883.32 t / km pipe. Based on 

the above results, the total anticipated CO2 emissions from iron and steel industry in Kuwait is 

0.32 Mt CO2/y. 

Table 5. Carbon dioxide emissions for steel pipe production 

 

Source: (NACAP, 2010) 

4.6 Chemical Industry 

The chemical industry is one of the highest-energy intensive sectors and is responsible for 

10% of global energy consumption and 7% of global GHGs emissions (ICCA, 2013). The 

products yielded from this industry can be generally classified into basic chemicals (e.g. 

polymers), specialty chemicals (e.g. adhesives), and consumer chemicals (e.g. soaps). These 

products have a significant role in meeting basic needs and improving the quality of life. Table 6 

describes some examples of the chemicals industries operating in Kuwait and their geographical 

location.  
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Table 6. Examples of some chemicals industries operating in Kuwait and their geographical 

location   
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Table 6. Examples of some chemicals industries operating in Kuwait and their geographical 

location, continued 

 

Carbon dioxide emissions are generated throughout the entire life cycle of a chemical 

product starting from the extraction of raw materials to the recycling process. The Public 

Authority of Industry in Kuwait categorized the chemical factories in the state according to their 

end products. Table 7 indicates the quantities of each synthetic product produced during 2010 and 

the anticipated CO2 emissions from the production processes (Appendix K).  

Based on this result, the total CO2 emitted from the chemical industry is 31.9 Mt/y. This 

estimate was decreased by 20% to avoid double counting with electricity consumed in this sector. 

This percentage was obtained from personal communications with personnel in both the Public 

Authority of Industry and the chemical factories, as electrical input to the chemical industry in 

Kuwait is taken as part of the power sector assessment. This makes the final carbon footprint of 

the chemical sector in Kuwait to be 25.45 Mt/y. 
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Table 7. The anticipated CO2 emissions from Kuwait chemical industry. Adapted from Public 

Authority for Industry data. 
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 Table 7. The anticipated CO2 emissions from Kuwait chemical industry, adapted from Public 

Authority for Industry data, continued 

 

4.7  Paper 

Globally, pulp and paper production are responsible for 3% of direct CO2 emissions from 

industry (Carbon Trust, 2011). The CO2 emissions from paper production have been investigated 

by various authors ( Leon, et al., 2015; NCASI, 2005; Shabbir and Mirzaeian, 2017), where 

steam production and electricity consumption are the main causes of these emissions. Kuwait has 

more than seventy companies specializing in paper production; most of them located in the 

Sabhan and the Shuaiba industrial areas. From the data available from the Food and Agriculture 

Organization (FAO, 2014), the total paper produced in Kuwait during 2013 was 432 million kg. 

The corresponding emission factor of paper production is 0.00242 t /kg. In conclusion, the 

associated CO2 emissions from paper manufacturing processes are estimated to be 1.045 Mt 

CO2/y. 

4.8 Power Stations & Water Desalination Plants 

Kuwait is one of the world’s smallest countries; however, it ranked as one of the highest per 

captia in energy consumption (Figure 28) (IEA, 2012a). The MEW owns and operates all power 

stations in Kuwait and their associated facilities. The MEW sells subsidized electricity and water 

for both commercial and domestic consumers. There are two main reasons behind the high 

consumption levels in Kuwait. First, the ultra-low cost of electricity in the country where the 

government takes responsibility for 95% of electricity costs and citizens and factories pay only 

5% of the cost (CBS, 2015). 
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Source: (MARKAZ, 2015) 

Figure 28. Primary energy consumption per capita (million Btu Person) 

 

Second, the summer in Kuwait is one of the longest and hottest seasons in any country of 

the world starting from April until mid-November with an outdoor temperature often exceeding 

50 oC. Additionally, rapid growth in population (an average growth rate of 3.3%) has also 

contributed to increased electricity consumption (Alotaibi, 2011).  

To overcome the peak demand during summer, Kuwait, in conjunction with all other GCC 

countries, constructed a huge, interconnected grid project that allowed all GCC members to share 

electricity during the peak season. In length, this grid is 900 km, starting from Kuwait and ending 

in Oman (Figure 29). It consists of seven 400 kilo-Volts (kV) sub-stations along the 900 km of 

overhead lines, in addition to an 1800 Megawatt (MW) three-pole back-to-back High Voltage 

Direct Current (HVDC) converter station and a submarine cable to Bahrain.  
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Source: (Aljohani and Alzahrani, 2014) 

Figure 29. The geographical routes and layouts of the GCC interconnection 

 

Kuwait has seven power stations, namely Shuwaikh (252 MW), Shuaiba North (876 

MW), Shuaiba South (720 MW), Doha East (1158 MW), Doha West (2360 MW), Al-Zour (5306 

MW) and Sabiya (4867 MW). The unique feature of these power stations is their ability to 

produce both Electrical Power (EP) and Desalinated Water (DW) simultaneously. Several forms 

of fossil fuels exist in Kuwait and can be used in these power stations including natural gas, crude 

oil, heavy fuel oil, and gas oil. The source of power generation in these stations is divided 

between thermal steam turbines (85%) and gas turbines (15%) (Figure 30) (Savsar, et al., 2012).  
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Figure 30. Power plant electrical cycle 

 

Steam cycle power station is the ideal prime mover to convert thermal energy in pressurized 

steam into kinetic energy and then into useful mechanical work. Certain parameters must be 

considered when designing a steam turbine including 1) electricity demand 2) steam conditions 3) 

ambient temperature 4) power plant configuration. The efficiency of the steam turbine power 

plant ranges from 35 to 45% depending on the temperature of the created steam (Hussan, et al., 

2014). Sabiah power station is the only steam station operating in Kuwait, where fossil fuel is 

burned in the boiler to generate the required steam with high pressure and temperature. Then the 

generator uses this steam via a turbine to produce the electricity needed. After electricity is 

produced, the steam is condensed so that it can be reused again in the cycle after treating it 

chemically to avoid corrosion issues.  

Gas cycle power station: this type of power station is usually used as a complementary 

station during the peak load due to their low capacity for electricity production. This peak load 

occurs in Kuwait during the summer season, especially in July and August. In these stations, the 

production of electricity starts with compression of ambient air, which is mixed with fuel and 

burnt in the combustor. Then, the turbine receives this air-fuel mixture and produces electricity 

(Figure 31). The only gas turbine station present in Kuwait is the Al-Zour gas power production 

station.  

Power Plant Electrical Cycle 

Steam Gas Combined
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Figure 31. Simple-cycle single-shaft gas turbine adapted from (Darwish, et al., 2008) 

 

Combined cycle power station: as the name implies, the combined cycle station contains 

both steam and gas turbines to obtain the required electricity. By using combined cycle 

technology, the overall efficiency of power plants is improved in addition to consuming a smaller 

amount of fuel (Hussan, et al., 2014). In this cycle, the steam turbine uses the exhaust gas 

obtained from the gas turbine to produce additional electricity (Figure 32). This process occurs 

through the Heat Recovery Steam Generator (HRSG). Table 8 represents the total capacity of 

both steam and gas turbines in the current power stations located in Kuwait.  
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Table 8. Power Stations available capacity (M.W) in 2013 

Source:(CBS, 2015) 
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Source: (Darwish, et al., 2008) 

Figure 32. Combined gas turbine and steam turbine cycle with two-pressure stage HRSG 
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 Desalinated unit: Kuwait is an extremely water-stressed country and is heavily dependent 

on the desalination of seawater to satisfy its growing freshwater demand. Groundwater is the sole 

source of renewable freshwater, and it represents only 7% of the freshwater sources while the 

desalination process provides the remaining 93% (Darwish, et al., 2009). 

The per capita consumption of water in Kuwait is one of the highest in the world, at 500 

(liter per day) (Luomi, 2014). The Multi-Stage Flash (MSF) process is the only process used in 

CPDP power stations to produce desalinated water, and it is one of the most energy intensive 

consumption processes (Figure 33). The Multi-Stage Flash (MSF) is connected to the steam 

turbine to use the steam efficiently.  

 

Source: (Darwish, 2013)  

Figure 33. The multistage flash desalination flowsheet 
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Table 9 indicates the fuel consumed in all Kuwait power stations during the period 2005 

to 2013 and the associated CO2 emissions from this period. Based on Table 10 the estimated CO2 

emitted from power stations is 41.6 Mt/y from 2009 to 2016 (Est.) (Appendix L).  

Table 9. Fuel consumed in Kuwait power stations during the period 2005-2013 according to (CBS, 

2015) 

 

Table 10. Carbon dioxide emitted from fuel consumed in Kuwait power stations during the period 

2009-2016. Estimates were taken from (KNPC, 2016) 

 

Future of energy in Kuwait  

New power stations: the national government of Kuwait has plans to establish several 

power stations to meet the high future demand for electricity. Khairan Power Plant is a 

governmental project that had been completed in 2018, while Al-Zour North represents the main 

Public-Private Partnership (PPP) project.  

Under the government's vision of decreasing the consumption of crude oil in the energy 

sector and releasing it to export, the new plants are designed to consume natural gas as the main 

fuel. Using natural gas will reduce the CO2 emitted from power stations due to its lower carbon 

content. These new power stations will raise the total electrical capacity of Kuwait by 140% 

during the period 2014 to 2019 (CBS, 2015).  
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Nuclear energy: Kuwait has previously shown a clear intention to construct nuclear energy 

plants in the next 20 years. The process began when the government of Kuwait signed a 

cooperative deal with the French Atomic Energy Commission to establish the first nuclear energy 

plant with work due to begin in 2022 on four nuclear reactors. However, in 2011, Kuwait 

suspended this plan due to the huge disaster that occurred in Japan from radiation leakage at the 

Fukushima nuclear plant.   

Solar energy: the peak demand for electricity in Kuwait is in the afternoon period during 

summer (12:00-14:00) due to the maximum solar radiation at this time. This offers an excellent 

opportunity to use this tremendous amount of radiation as a renewable source of energy. Both 

Photo-Voltaic (PV) and Concentrated Solar Power (CSP) have enormous potential to be used in 

Kuwait (Ramadhan and Naseeb, 2011). Al-Hasan, et al. (2004) illustrated that the peak demand 

could be reduced by 20% by using a 1000 (MW) fixed (PV) system. The first solar plant to be 

constructed in Kuwait is the Al-Abdaliya project. This project will use both solar and combined 

cycle units where solar cells are planned to produce 60 MW out of 280 MW. The main feature of 

the combined plant is having less CO2 emitted to the atmosphere by almost 44,000 t, compared to 

a conventional plant with the same capacity (Kuwait Authority for Partnership Projects, 2018). 

Construction of this plant is under Kuwait's plan for increasing the participation of renewable 

energy to 15% by 2030.  

Wind energy: the second renewable source of energy that has an enormous potential to be 

utilized in Kuwait, is wind energy. It is due to the desert feature of the state where high wind 

speeds are experienced in specific locations. Figure 34 indicates that the wind speed in six 

locations in Kuwait, at a height of 10 m, ranged between 3.7 to 5.5 meters per second (m/s), and 

it was mainly concentrated in the northwest of the country. This wind has an acceptable density 

from 80 to 167 (W/m2) to construct a wind farm in the Kuwaiti desert (Table 11).  
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Source: (Al-Nassar, et al., 2005) 

Figure 34. Distribution of wind power density over Kuwait at 30 m height 

 

Table 11. Wind characteristics in six locations in Kuwait at 10 m height 

 

Source: (Al-Nassar, et al., 2005) 

4.9 Building and Construction  

As a result of oil discovery in Kuwait, major economic growth resulted in the expansion of 

the urban sector of the state. Buildings are responsible for 30% GHGs emissions in both 

developed and developing countries (UNEP, 2015). Operational energy is the main source of CO2 
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emitted from buildings; it includes heating, cooling, and lighting systems, in addition to all 

machines used in kitchens, offices, etc. In Kuwait, this energy translated into electrical energy 

obtained from MEW and energy from LPG and kerosene used for the household sector.  

Table 12 illustrates the average electricity consumed by apartments and villas in Kuwait 

during 2009. To avoid double counting between CO2 emitted from the power plants and 

electricity consumption in buildings, this sector will cover only the carbon emitted from 

household consumption of LPG and kerosene. 

According to the Ministry of Oil database (MO, 2016), the household consumption of LPG 

during 2009 was 1.508 million barrels. The LPG per capita consumption is estimated to be 

16.492 gallons. 

                        𝑊 = 𝐷 × 𝐸𝐹                                                       (25) 

Where W is the total CO2 emitted from LPG consumption during 2013 Mt CO2/y; D is the 

household consumption of LPG, and EF is the emission factor of 0.0058 t /gallon. It makes the 

total anticipated CO2 emissions from LPG consumption 0.405 Mt/y, and similarly, kerosene is 

responsible for 0.14 Mt CO2/y with an emission factor of 0.00976 t /gallon kerosene. Based on 

the above results, the total CO2 emitted from Kuwait’s buildings during 2016 is 0.54 Mt CO2/y. 

Table 12. Average electricity consumption by apartments and villas in Kuwait, 2009 

 

 Source: (Jaffar, et al., 2014) 
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4.10 Transportation Sector 

The transportation sector is responsible for 20% of global CO2 emissions (Herzong, et al.,  

2005). In Kuwait, two transportation modes are available to the public: road and air transport. 

Shipping is only used for commercial purposes.   

Road transportation 

Vehicles on Kuwaiti roads can generally be categorized as private or commercial. The 

Ministry of Interior (MOI) stated that the total number of vehicles on Kuwaiti roads increased by 

162% during the period 2005 to 2014 with a 61% increase in the number of private cars (average 

of one car for every two residents of the state) (Figure 35).   

 

Figure 35. Total number of private cars compared to the total number of vehicles in Kuwait 

between 2005-2014, adapted from (CBS, 2015) 

 

According to a World Bank Report (WBR, 2006), this car ownership average is higher 

than any other developed country, which is, on average, one car for every three residents. The 

CO2 emitted from vehicles varies according to the fuel economy of the vehicle and carbon 

content of the fuel used. Due to the limited data about fuel economy and average distance 

traveled by Kuwait vehicles, a general estimation of CO2 emitted from these vehicles was derived 

according to the total amount of gasoline and diesel sales each year by Kuwait fuel stations. This 

method is adopted from the US EPA (EPA, 2012). All gasoline and diesel consumed in Kuwait 
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are derived from local refineries, except Euro4 Gasoline (95 Octane number), which is imported 

for ultra-deluxe cars (Table 13) (Appendix M). Since factories also consume diesel from fuel 

stations, the total amount of diesel sales was decreased by 20% to estimate CO2 emitted from 

heavy vehicles. This percentage was determined following communications with engineers in 

KNPC. The EPA (2015) estimates that the emission factor of CO2 emitted from gasoline is 

0.00979 metric tons CO2/ gallon while diesel emits 0.0112 t CO2/ gallon. Table (13-14) illustrate 

both gasoline and diesel consumption in Kuwait gas stations from 2007 to 2016 and the 

anticipated CO2 emissions in this period. 

Table 13. Fuel sales in the local market between the years 2007-2013 were taken from (KNPC, 

2016) 

 

Table 14. Carbon dioxide emitted from gasoline and diesel consumption during the years 2008-

2016 (Estimated consumption of fuel for years 2014 to 2016 were taken from (KNPC, 2016) 

 

Air transportation 

Kuwait has one airport serving both regional and international travelers. It is able to handle 

more than 9 million passengers per year. The number of scheduled flights in Kuwait’s airport 

increased by 224.5% during the period 2004 to 2014 (Director general of civil aviation, 2016). 

Carbon dioxide emitted from any airport comes from a range of sources, including aircraft 

movement, transporting both passengers and cargo, and electricity consumption in the airport 

facilities. Due to a lack of robust data associated with direct and indirect CO2 emissions from 

Kuwait Airport, a comparison was made between Kuwait Airport and Glasgow Airport (UK), 

which served a similar number of passengers (7.7 million). A study of Glasgow Airport (Bowe, et 

al., 2017) identified its emissions based on three sources that are considered in this study. The 

first source was the emissions obtained from the fuel consumed in company-owned vehicles (e.g. 
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refrigerators). The second was based on the emissions resulting from electricity consumption at 

the airport. It was excluded from this investigation to avoid double counting with power stations 

emissions. The third source considered was the uncontrolled emissions by the airport 

management (e.g. aircraft movement). In 2013, Glasgow Airport emitted 0.105 Mt CO2/y. 

Following the same analysis, the anticipated CO2 emissions from Kuwait International Airport 

would be 0.12 Mt CO2/y. 

Sea transportation 

Kuwait has six ports; three designed for dry cargos, namely Shuwaikh, Shuaiba, and Doha 

(Figure 36), while the remaining three are crude oil terminals: Mina Al Ahmadi, Mina Al Shuaiba 

and Mina Al Abdullah (Figure 37). Shuwaikh port is the country’s main commercial port, and it 

handles most non-petroleum cargo, whilst most of the crude oil and petrochemical products are 

exported through Mina Al-Ahmadi. The Kuwait Ports Authority (KPA) is responsible for 

operating all the commercial ports in addition to the new port that will be located on Boubyan 

Island, known as Boubyan port.  

 

Figure 36. Imports and exports in all commercial ports in Kuwait, adapted from (CBS, 2015) 
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Figure 37. Oil Tankers Cleared from Kuwait Ports, adapted by the author from (CBS, 2015) 

 

Merk (2014) clarified the main pollutants emitted from ports (Table 15) where CO2 has the 

biggest share with 18 Mt. Containers and tankers are major contributors to this emissions level 

(85%) due to their dominant presence in terms of port calls, while Roll-on/Roll-off (Ro/Ro) ships 

have the lowest share. 

Table 15. Estimated shipping emissions in ports (2011) 

 

         Source: (Merk, 2014) 

A comparison was made between Gothenburg Port and Kuwait ports based on Twenty-foot 

Equivalent Units (TEU), which is the international unit used to estimate the cargo-carrying 

capacity of any port. Twenty-foot Equivalent Units (TEU) for Gothenburg Port in 2013 was 

858,000, and the total associated CO2 emissions were 0.16 Mt CO2/y. The CO2 obtained from 
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linear scaling out, the CO2 emitted from all Kuwaiti ports with a total of 1,215,675 TEU is 0.2 Mt 

CO2/y distributed across the three ports (Gothenburg Port Authority, 2016).  

4.11 Forecast the CO2 emissions of the State 

As previously described, the Kuwait government aims to diversify its revenues and increase 

the non-oil contribution to 75% of the overall GDP (KFAS, 2017). Two main scenarios were 

developed to forecast the GDP through 2030 in the cases of the aim of the 'Kuwait plan' being 

achieved or not (Table 16). In scenario 1, Kuwait's GDP will totally rely on oil exports, as 

measured by oil-GDP, in the absence of any economic diversification. The oil-GDP was 

estimated based on the oil prices during the period 1990-2017 while the non-oil GDP was 

estimated based on a similar average proportion contribution during the same period. In scenario 

2, the Kuwait government will succeed in diversifying its economy towards non-oil-based 

revenues and limits the oil-GDP to 25% of the overall GDP.  

A linear regression model proposed by KEPA (KEPA, 2019b) was used to forecast the CO2 

emissions to 2030. The model was developed by using population and GDP data over the 1994-

2016 period to figure the trends between these variables and CO2 emissions. 

CO2et= 6.3E+03+0.018178*(P)+3.17E-08*(GDP)t                                                       (26) 

Where: 

CO2et is the national CO2 emissions in year t 

P is the national population in year t 

GDP is the Gross Domestic Product in nominal US dollars in year t 

Two emission scenarios were developed; The Baseline Scenario which assumed the CO2 

emissions in the case of scenario 1 of the 'Kuwait plan' was dominant and the Diversification 

Scenario assumed the emissions in the case of the success of scenario 2 (Table 17). The total CO2 

emissions are projected to grow from 101 Mt in 2020 to 118 Mt in 2030, an average annual 

increase of about 1.68%, in the Baseline Scenario. Notably, the emissions showed a sharp 

increase in the diversification scenario during the same period from 102 Mt to 126 Mt, with an 



92 

 

average annual increase of 2.35%, suggesting that economic diversification will have a negative 

impact on the carbon footprint of the state. 

Table 16. The estimated GDP for the two modelling scenarios 

 

Source: (KFAS, 2017) 

Table 17. The estimated CO2 based on the forecasted GDP 

 

a. (World Population Review, 2020) 
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4.12 Discussion 

The carbon atlas of the state of Kuwait is summarized and presented in Table 18 (by 

category) and Figure 38 by subsectors and carbon load.  Power plants were responsible for 42% 

of CO2 emissions due to the high demand for electricity and water. Interrelated reasons are 

behind this demand, and they are summarized as the high level of electricity and water 

subsidization by the Kuwait government, the subtropical desert climate of the state and the 

significant growth rate of the Kuwait population. The power sector is typically considered the 

main source of carbon emissions worldwide (IPCC, 2007; Darwish, 2013; Darwish, and Darwish, 

2008; Darwish, et al., 2008; Van Straelen, et al., 2010; Al-Salem, 2015; Gothenburg Port 

Authority, 2016) which is consistent with this study’s findings. Chemical industries were ranked 

second in this analysis, followed by road transportation. It should also be noted that the carbon 

emissions from the petroleum industry in this work were related to all oil and gas activities 

stretching from upstream to basic chemicals production without double counting. This approach 

differentiates between the different individual carbon emissions loads of each industry in Kuwait 

which has not previously been undertaken. The chemical processes considered in this study 

included some products that may be accounted for as petrochemicals (e.g. polymeric products, 

basic feedstock gases, chemical off-gases, etc.). However, since a basic chemical industry exists 

in Kuwait that relies on petrochemical industries, double counting with those petrochemicals 

between these two sectors was avoided. In addition, the chemical industries assessed in this study 

also accounts for chemical products used as commodities (Table 18). Hence, this sector was 

suspected (and confirmed by this study) to be a major contributor to Kuwait’s total carbon load 

(25.5%). By studying the results obtained in this work’s carbon inventory and comparing 

countries emissions by rank (Li, et al., 2011), it is noted that Kuwait has a unique carbon 

emissions distribution due to the categorization of its industries. Since refining activities include 

the majority of AGR and sweetening processes, downstream activities include a significant share 

of the natural gas associated with carbon emissions. The paper market in Kuwait also contributes 

a substantial proportion of the carbon emissions (about one Mt CO2/y) due to its reliance on 

petroleum-based feedstock and its GCC market share.  
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Table 18. Carbon footprint of the state of Kuwait 2016 

 

Figure 39 depicts the geographical distribution of CO2 stationary source emissions in the 

Shuaiba industrial area, about 50 km south of Kuwait City, which has the highest carbon footprint 

with 15 Mt CO2/ y in 2013 followed by the Al-Zour area with 12 Mt CO2/ y (Appendix N-V).  

The high footprint of the Shuaiba industrial area can be attributed to the presence of large-scale 

industrial activity (e.g. chemicals and petrochemical plants), Kuwait cement plant, North and 

South Shuaiba power plants, Shuaiba refinery (SHU) and many small industries. The area is also 

situated close to several new ventures in the chemical industries, including expansion in both the 

petrochemical and chemical sectors.  

The Kuwaiti State total emissions have been published by both the World Bank 91.03 Mt 

CO2/y (WBR, 2006) and IEA 69.82 Mt CO2/y (IEA, 2010b) with corresponding differences of 

7.7% and 40%, respectively. It is considered that since the process emissions have been covered 

in detail for the first time in this study, the higher value of the estimated CO2 emissions in 

comparison with the other reported values is more representative. This result may demonstrate a 

systematic underestimation of CO2 emissions from those states engaged significantly in the heavy 
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process industries. Nevertheless, the level of detail and quantity of data provided in this work is 

significantly greater and should, therefore, supersede the two earlier analyses as the figure for the 

total Kuwaiti CO2 emissions.  

However, the differences do highlight the shortcomings of the simplified analysis 

previously published and demonstrate a need for similar work to be carried out for all national 

states as the potential margin for error appears to be within the same order of magnitude (i.e., tens 

of percentage points) as existing and on-going planned GHGs emissions mitigation targets. This 

outcome demonstrates that any benchmark of CO2 emissions used as a reference point could be 

substantially incorrect, and the World Bank and IEA estimates should be utilized with great care. 

Kuwait's government established two scenarios for its GDP for 2020, 2025, and 2030. If 

non-oil GDP contributes to 75% of the overall GDP, the total CO2 emissions are estimated to be 

126 Mt in 2030, otherwise, it will be 118 Mt.  
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Figure 38. Carbon footprint of the state of Kuwait in 2016 Mt CO2 /y 
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Figure 39. Geographical distribution of CO2 emissions from stationary sources 
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Chapter 5: Strategic contexts for Carbon Capture in the State of Kuwait 
 

5.1 Introduction  

Carbon Capture Utilization, and Storage (CCUS) is a crucial enabling technology that 

supports delivery of the dual challenges of maintaining fossil fuel as a key source of energy 

whilst simultaneously dramatically reducing the associated CO2 emissions. It has been 

extensively investigated in Western countries as an effective decarbonization strategy. However, 

there are limited, historical technical studies which analyse the potential of CCUS in fossil fuel 

dependent countries such as Kuwait. To bridge the existing knowledge gaps, this chapter 

scrutinizes the potential of deploying CCUS technologies in key Kuwaiti industrial sectors and 

storing CO2 emissions, at a national level from both technical and economic perspectives.  

5.2 Stakeholder attitude toward CCUS 

5.2.1 Focus group discussion  

The results of focus group discussions held in 2017 are shown in Figure 40. The main 

themes discussed are included alongside their frequency, shown as a percentage. 

 

Figure 40. The frequency of the themes discussed in the group discussions 
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Based on the results, the most frequently mentioned factor when considering CCUS was the 

added cost and this comment was valid across all sectors, particularly for private companies as 

the additional costs could affect their ability to be competitive in both local and international 

markets. The second most frequently mentioned concern was the storage security and how to 

avoid any leakage to the surface or any neighboring freshwater aquifer. This was followed by 

technical themes regarding the CO2 percent in the flowing gas and how this will impact the level 

of treatment required. Strongly held concerns were shared regarding the methods of providing the 

energy required for the captured units and the main modifications required in the production 

pathways. The energy concern was observed across all the groups but was a particular issue for 

MEW representatives due to the long hot summer where they usually experience a shortage of 

energy. Additionally, technical constraints were raised by delegates from the iron and cement 

groups since their facilities are not designed to be retrofitted with captured units. In general, there 

was a high level of uncertainty across all the groups regarding the potential of using CO2 in 

chemical industries other than for EOR. 

5.2.2 Information-Choice Questionnaire (ICQ) 

The following section discusses the results of the Information-Choice Questionnaire (ICQ) 

related to current CO2 abatement practices in Kuwait energy and non-energy sectors and the 

technical and economic issues associated with the potential future deployment of carbon capture 

technologies (Appendix W-Y).   

Basic information  

The first field of the questionnaire covered basic information and all stakeholders were 

asked five questions regarding the sector type, the pros of their current technology used, fuel 

type, main sources of energy, technical and space hurdles for introducing carbon capture 

facilities.  

The three major sectors covered were energy production, petroleum downstream 

processes, and petroleum-based industries with around 74% share of participants (Figure 41). 

Then the cement industry and other manufacturing processes with 13%. The final group was the 

iron, paper, chemicals, and metal products sectors with 3.2% per sector resulting in a total of 

12.8%. 
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Figure 41. Response to interview question: What is the best description of the production process 

in your facility? 

 

For the second question, all the stakeholders were asked to explain the advantage of the 

current technology used in their facilities. Most of the responses showed a preference for long-

life technology with lower CO2 emissions. In the third question, relating to the main sources of 

energy, natural gas and crude oil were equally used with 32% each while heavy fuel oil and coal 

have a considerable share with 29 and 7%, respectively. From Appendix X.2 and Y.2, heavy fuel 

oil and crude oil were dominant in energy and petroleum downstream processes with around 65% 

of energy sourced from these two. The high carbon content of the locally consumed fossil fuels 

confirms the need to introduce appropriate mitigation strategies in these facilities.  

As shown in the Appendix W.4, approximately half of the responses indicated that boilers 

were the main sources of energy used in their facilities. Whilst in refineries, approximately half 

of the energy is sourced from a hydrogen plant (Appendix Y.3). Regarding spatial constraints, the 
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results demonstrate that space is not a major issue with 48% of responses indicating that 

appropriate space can be allocated for the capture unit, particularly within the energy sector 

(Appendix W.5).  

The carbon footprint  

The second field within the questionnaire was designed to illustrate the main sources of 

CO2 and the character of these sources. As shown in the Appendix W.6, a sizable portion of the 

stakeholders believed that heaters and process units have the largest share of CO2 emissions, and 

slightly more than half of the respondents assumed that flowing gas contains less than 15% of 

CO2 (Appendix W.7). With respect to partial pressure, more than 80% of energy stakeholders 

believe that the partial pressure of their flowing gas is between 100 to 1000 KPa (Appendix X.7) 

whilst 50% of stakeholders from other sectors believe that the partial pressure of flowing gas is 

between 100-1000 KPa (Appendix W.8).  

Carbon dioxide abatement practices 

Currently, most sectors face dual pressure either locally from KEPA or globally from the 

international markets to adopt sustainable production pathways. Because of this, the third section 

of the questionnaire aimed to evaluate the current and future CO2 abatement practices.  

Appendices (W.9 -W.10) illustrate the results of the current and future carbon abatement 

strategy adopted in these facilities. There is positive support for improving the efficiency of the 

current technologies used rather than switching to lower-carbon fuel. From the Appendix W.11, 

more than 60% of respondents consider CCUS to be a potentially critical technology in the event 

of the introduction of a carbon tax in the state.  

Applicability of carbon capture technologies 

The questionnaire’s fourth section aimed to evaluate the realistic potential of CCUS 

technologies by considering the technical and spatial barriers of each carbon capture technique. 

Concerning post-combustion, all the stakeholders were asked about the units that produced 

excess energy which could be reused in a capture unit. The responses show that heaters were the 

main sources of excess energy in all sectors with 42% (Appendix W.12). In the case of energy 

and petroleum downstream sectors, the responses shown in Appendix X.11 and Appendix Y.11 
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demonstrate the stakeholders’ belief in the ability of the process units to provide the required 

energy. 

Regarding oxy-combustion, there was a strong consensus across all sectors that their 

facilities are technically able to operate in the oxy-fuel mode (Appendix W.13). Appendix W.14 

shows a lack of agreement regarding the units that need to be modified for this purpose, heaters 

and process units received equal responses 43% and 44% respectively. When the stakeholders 

were asked about the technical potential of reusing part of the captured CO2 in the generator to 

reduce the associated temperature, around half of the respondents lacked confidence about 

bypassing the captured CO2 due to insufficient experience (Appendix W.15).   

Appendix W.16 deals with different technical aspects associated with using hydrogen as 

the main fuel in pre-combustion technology. Slightly greater than one-third of respondents 

demonstrate positive support toward hydrogen compared to 11% who are still unconfident. In 

petrochemical industries, the internally produced H2 is usually consumed in hydrocracking 

processes to upgrade the heavier petroleum fractions.  

The difference in heat distribution between hydrogen and conventional fuel raises some 

technical concerns including fear of explosion and the need to upgrade the burners. However, 

several publications have addressed this issue through experimental analyses where the effects on 

heat, flow, and radiation distribution of process heaters, when replaced by hydrogen, are not 

significant (Weydahl, et al., 2013; Lowe, et al., 2011).  

The risks associated with deploying carbon capture technologies 

When asked what potential risks could arise from deploying a large-scale CCUS project, 

the majority of respondents raised concerns about the environmental risks, mainly leakages 

associated with the capture, transport, and storage of CO2 (Appendix W.17). The other two major 

concerns are health and safety indicated by 28 and 24% of respondents, respectively.  

Utilization pathways 

The last section of the questionnaire dealt with utilizing the captured CO2 as an effective 

way to reduce the net cost of the capture process. In response to the first question about the 

potential of reused CO2 in their production pathway, the stakeholders were almost equally 

distributed between agreement and disagreement regarding inclusion, with 29 and 32%, 
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respectively. Whilst the remaining third were not confident about how CO2 can be integrated with 

their pathways (Appendix W.18). 

Since injecting CO2 in the decline oil and gas reservoirs are the most economically 

attractive utilization pathway, the second question focused on the potential for modifying their 

current pipeline to transport CO2 for EOR reservoirs (Appendix W.19). In the refinery sector, 

more than half of respondents support the modification process (Appendix Y.18), compared to 

29% in the other sectors.         

Through the focus group discussion and the ICQ, most of the participants concerns were 

focused on the technical readiness of their facilities to work on carbon capture technology. 

Because of this, the second section aimed to address the knowledge gap regarding the technical 

performance of Kuwait’s different sectors after introducing carbon capture units.  

5.3 Potential Industrial CO2 Capture in Kuwait 

In Kuwait, CO2 capture technology can be considered as an add-on for some industrial 

sectors where the low-pressure CO2 steam can be utilized directly for electrical generation. 

Meanwhile, major technical modifications which affect the process life cycle are required for 

other sectors. The following sub-sections showcase the major carbon hotspots in Kuwait and 

detail how CO2 emissions from individual sectors could be captured as well as outline the 

associated challenges. 

Petroleum Refineries: refineries are an intense source of CO2 emissions. They are 

responsible for 6% of global CO2 stationary emissions, which is equivalent to one billion metric 

tonnes per year (Miracca, et al., 2013). In Kuwait, they represent over 9% of the national CO2 

emissions (Figure 38). Similar to other chemical industries, oil refineries are characterized 

according to their level of complexity and type of feedstock they process. They are often well 

distributed over a wide area with multiple sources of CO2 emission, which increases the 

complexity of CCUS deployment.  

A simplified analysis was carried out in this study by focussing on technologies capable of 

capturing CO2 from the Process Unit Heaters (PUH), Fluid Catalytic Cracking (FCC), and 

Hydrogen Production (HP) units in petroleum refineries, which are the primary sources of CO2 

emission. Post-combustion and oxy-fuel capture techniques are the two most mature technologies 

that have the potential to be applied in the PUH.  
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Hurst (2005) recommended using a central location treatment unit to overcome the 

distribution problem of PUH (e.g. central gathering spot or hub). A large-diameter duct is 

required to collect and send the stack gases to a treatment location. Space availability for 

construction of this duct in complex refineries, which is the case in Kuwait, is one of the main 

challenges. Both nitrous oxides (NOx) and sulphur oxides (SOx) must be eliminated from the 

flue gas stream before the post-combustion CO2 capture process. This is widely applied across 

various industries for environmental reasons. Furthermore, SOx emissions should not exceed 50 

(ppm) to avoid the deactivation of the solvent in post-combustion capture (Metz, et al., 2005).  

The main requirements considered in retrofitting PUH and boilers are twofold: the 

refinery’s utility section and the waste/effluents sources. The former includes steam, cooling and 

process water while the latter encompasses amine-reclaimed waste units, Combined Heat and 

Power (CHP) stacks for additional power requirements, and cooling towers. These requirements 

were previously discussed by Hurst (2005) for the Grangemouth Refinery in the UK where 

196,000 barrels of oil were processed per day and was able to reduce its carbon emissions by 2 

Mtpa.  

It is well established that the two possible carbon capture techniques that can be applied for 

FCC units, based on their characteristics, are post-combustion and oxyfuel combustion (De 

Mello, et al., 2009). To control the temperature of the combustion process in oxy-fuel 

combustion, some of the CO2 is recycled back to the regenerator. However, the high 

concentration of CO2 emitted from the HP unit makes it suitable for carbon sequestration. Carbon 

dioxide can be captured from three possible sources in this unit. They are: (1) the syngas stream 

where most carbon monoxide (CO) is converted into CO2 in the shift converter; (2) the Pressure 

Swing Adsorption (PSA) unit with high purity hydrogen products; and (3) the hydrogen plant 

flue gas (Stockle and Bullen, 2008).  

Cement Industry: the cement industry is a significant CO2 emitter. It produced 1.8 Giga 

tonnes (Gt) of CO2 in 2006, which was equivalent to 7% of global CO2 emissions (Gao, et al., 

2015). In 2016, it was responsible for 0.322 Mt of CO2 emissions in Kuwait (Figure 38). A post-

combustion process using amine scrubbing is the most commercially mature technique and most 

appropriate for the cement industry. A waste-heat recovery or CHP unit is typically used to 

provide the thermal energy required for the solvent regeneration process (Figure 42). Post-

combustion capture has the advantage of being technically compatible with the existing cement 
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plant in Kuwait at low technical risk with the full flexibility of being extensible for use with new 

plant installations (Li, et al., 2013).  

.  

Figure 42. Generalized schematic for post-combustion technology applied at a cement plant. 

Figure adapted from (United Nations Industrial Development Organization, 2010) 

 

This technology can typically eliminate around 80% of the carbon footprint in a cement’s 

processing line (ZEP, 2013). The main technical barriers of retrofitting cement plants with post-

combustion technology are summarised as follows (IEA, 2008a): 

- The high concentration of SOx, nitrogen dioxide (NO2) and dust affect the efficiency of the 

capture process. 

- Excess electricity demand and process steam used symbiotically for CO2 capture and 

compression processes; and 

-  The need for flue gas cooling equipment to maximise the efficiency of the capture process.  

 By applying the post-combustion technique to the Kuwait Cement Company’s process 

plant, the total anticipated CO2 emissions could be reduced by 80% to 0.0644 Mtpa. Oxy-fuel 

combustion is another cost-efficient CO2 capture technique that can eliminate more than 90% of 

the carbon footprint of cement. However, all individual units in the cement plant will need to be 

modified to operate in a full oxy-fuel combustion mode. In this case, oxygen is isolated from the 

air and becomes the main oxidation reagent in the cement plant burner. Oxy-fuel combustion can 
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take place in both the precalciner and cement clinker—the former performs the calcination 

process whilst the latter produces clinker brick. A Vacuum Pressure Swing Adsorption (VPSA) 

unit can then be used to purify the high concentration of CO2 yielded from these two units. 

 To overcome the main technical barriers of full oxy-fuel combustion, partial oxy-fuel 

combustion can be deployed, in which only the preheaters and precalciner will be retrofitted. This 

technique could eliminate around 70% of CO2 emitted from the cement plant (Hills, et al., 2016). 

Pre-combustion capture is not economically attractive in cement facilities where the bulk of CO2 

emissions does not come from the combustion of fossil fuels.  

Iron, Steel, and Aluminium Industries: more than 2.5 Gt of annual CO2 is emitted globally 

to the atmosphere from the iron and steel industries (Tsai, 2014), which is also responsible for 

0.322 Mt/y of CO2 in Kuwait. The main challenges of carbon capture in the iron and steel 

industries are the high impurities present in the gas streams, in addition to multiple CO2 sources 

within the industries (e.g. BF, coke, stove, and power stations). The flow gas stream of a BF unit 

typically contains 17─25% of CO2, 20─28% of CO, 1─5% of hydrogen (H2) and 50─55% of 

nitrogen (N2) (Rainer, et al., 2012).  

Without making any modification to the BF structure, CO2 can be captured directly from 

one of the two pathways: either from the BF gas stream or after a conversion process of CO to 

CO2 downstream. Due to the lower concentration of CO2 in the BF flue gas stream, the first 

approach has the maximum potential to eliminate CO2 emissions by up to 50% compared to the 

second approach. The Top Gas Recycling Blast Furnace (TGRBF) is the most common 

technology used in the BF unit (as a modifying step) to increase its efficiency where the CO2 

capture technology can be coupled in a relatively straightforward manner. The European Ultra 

Low CO2 Steel Making (ULCOS) program has defined this as a solution that has been realized at 

the commercial stage (Kuramochi, et al., 2012). The concentration of the emitted CO2 from the 

TGRBF is around 35 vol.%, which is compatible with multiple carbon capture technologies 

(Figure 43). Both MEA and VPSA have been tested at pilot scale for this purpose (Danloy, et al., 

2009).  

Both modifications to the BF with carbon capture proved that CO2 could be reduced by 

eliminating 45─55% of CO2 emitted per tonne of crude steel production (ZEP, 2013). These 

technologies can be retrofitted to the conventional BF, which are currently deployed by Kuwaiti 

steel companies.  
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Figure 43. Basic diagram of a blast furnace equipped with TGR with capture, adapted from (United 

Nations Industrial Development Organization, 2010) 

 

Capturing CO2 from the DRI process has been used worldwide to enhance the quality of the 

fuel gas (Müller, et al., 2018). Applying carbon capture technologies to this unit is also 

considered more cost-effective when compared to the BF where the concentration of CO2 is 

25─35 vol.% (Kuramochi, et al., 2012).  

Due to the economic growth in GCC countries after the discovery of oil, aluminium 

consumption has risen significantly during the past few decades. Kuwait relies largely on 

imported aluminium from western countries (Global Business Report, 2016). As such, the sector 

is only responsible for 0.17% of Kuwaiti CO2 emissions (Figure 38), primarily from the smelting 

process. In contrast to the other industries, CO2 emissions from aluminium production are 

generally not contaminated by impurities. However, the concentration is extremely low 1.2 

vol.%, which makes its capture economically unattractive (Lassagne, et al., 2016). Therefore, the 

decarbonization of the aluminium sector in Kuwait is excluded from the analysis.  

Chemical and Petrochemical Industries: chemical and petrochemicals are among the largest 

energy consumers in Kuwait. International Energy Agency (IEA, 2008c) reported that steam 

boilers and Combine Heat and Power (CHP) systems are the main sources of CO2 emissions 
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across these sectors. As the technical feasibility of retrofitting boilers with post-combustion has 

been presented in more detail in the petroleum refineries section, it is not further discussed here. 

In a CHP plant, the energy demand for post-combustion can vary significantly depending on the 

operational mode of the plant. Flue gas cooling, CO2 regenerator condenser, and lean solvent 

cooling units are the three main sources that provide the low-grade heat used for solvent 

regeneration. According to Kvamsdal, et al. (2007), the ability of how to control the additional 

subsystems as well as recirculation and heat exchange streams would be the main operational 

challenge in retrofitting CHP plants with both oxy-fuel and pre-combustion capture technologies. 

Power and Water Desalination Plant: more than one-third of anthropogenic CO2 yields 

from the power sector (Olajire, 2010). In Kuwait, it is responsible for more than 40% of the 

carbon footprint (Figure 38). Water desalination units driven by fossil fuel combustion are also 

coupled with power stations. Various studies, for instance (Holden, 2014; Zhang, Liu, et al., 

2012; and Cebrucean, et al., 2014) have addressed the feasibility of retrofitting conventional 

power generation plants with carbon capture technology. Abu-Zahra, et al. (2007) indicated that 

the net efficiency of conventional power plants could be reduced by up to 14% after integrating 

carbon capture technology, due to the excess steam produced by the carbon capture or 

compression processes. The location and the ambient conditions of Kuwaiti power plants 

determine the feasibility and the compatibility of each power plant with carbon capture 

technology.  

To handle the diluted gas stream obtained from the combustion of fossil fuel in power 

plants, large scale equipment is required for effective post-combustion capture technology. By-

passing the carbon capture system is one of the most effective ways to retrofit conventional 

power plants with post-combustion techniques (Markewitz and Bongartz, 2018). In this case, the 

low-pressure steam can be re-used again for electrical generation at peak times.  

Oxy-fuel combustion has the potential to be applied in power generation where only CO2 

and steam will be produced. Steam can be separated from CO2 through condensation. To examine 

the feasibility of oxy-fuel combustion in power generation, seventeen large scale projects have 

been initiated worldwide, including the Callide power plant in Australia (SCCS, 2015). Because 

coal presents a higher carbon footprint, there is a global endeavour to gradually convert coal-fired 

power plants into gas-fired plants. As such, gas-fired power plants have become the core of R&D 

in this area. 
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The GHG R&D program of the International Energy Agency (IEA) focuses largely on 

integrating new power plants with CCS technologies. Retrofitting existing power plants is 

economically favourable in some cases for the following reasons:  

- Most of the existing power plants are designed for a long-life period, which usually 

exceeds 40 years. As a result, retrofitting existing power plants is more cost-effective. 

- Replacing or maintaining existing assets is commonly used to extend the lives of 

profitable long running power plants to avoid the capital cost of a new construction project. 

The energy demand for operating the carbon capture process will cause a significant 

reduction in power plant efficiency. According to Haines and Davison (2009), a 20─30% 

reduction in the system efficiency would be induced if CO2 were continuously captured from the 

power plants. This issue can be overcome by improving the flexibility of power plants in two 

ways (i) turning off the capture process during the peak period i.e. June to September in Kuwait, 

as shown in Figure 44 and (ii) releasing the additional electrical energy for export. Table 19 give 

detailed overview of the options for the temporary increase of CCS plants power output based on 

Haines and Davison (2009) analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



111 

 

Table 19. Options for temporary increase of CCS plant power output 

 

Source: (Haines and Davison, 2009) 
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Figure 44. Maximum system load (M.W) during 2014, adapted from (CBS, 2015) 

 

From a technical perspective, space availability in power plants required to accommodate 

new treatment units is one of the main barriers to retrofitting existing conventional CHP plants, 

such as those adopted in Kuwait. The required space ranges from 175 m x 150 m to 250 m x 150 

m for natural gas pre- and post-combustion capture, respectively. Space is available for the 

capture units in four of the seven power plants in Kuwait. Table 20 gives a summary of the 

technical and modifications required to deploy carbon capture technology in energy and non-

energy sectors.  
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Table 20. Summary of the technical and modifications required to deploy carbon capture technology in energy and non-energy sectors 
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Table 20. Summary of the technical and modifications required to deploy carbon capture technology in energy and non-energy sectors, 

continued 

 



115 

 

In connection to pipeline transport and geological storage, there are limits for CO2 

purification.  

Level of impurities in CO2 stream from the power source: for both pipeline transport and 

geological storage, there are various limits for CO2 purification. Impurities exist in the CO2 

stream that yields from each carbon capture technique and is obtained from three main sources; 

fuel oxidation, excess oxidant/ air ingress, and process fluids (Porter, et al., 2015). The impacts of 

impurities that exist in the CO2 stream can generally be classified into chemical impacts, physical 

impacts, and toxic/ ecotoxic effects.  

Impurities arising from different combustion capture modes 

Oxy-fuel combustion capture impurities: various ranges of CO2 purity are yielded from 

oxyfuel combustion according to the selected purification strategy. Flue gas stream obtained from 

oxy-fuel combustion usually contains certain levels of impurities (e.g. O2, N2, and Ar) that are 

yielded from combustion by-products and inert components. The percent of SOx and Hg need to 

be strictly controlled to eliminate the corrosion concerned.  

The demand for impurities removal, in this case, will be affected by certain factors, 

including corrosivity, transport, and storage economics, regulations, process requirements, 

toxicity, and constraints on geological storage (Porter, et al., 2015). To eliminate oxidation of 

hydrocarbon and aerobic bacterial growth, the level of oxygen in the CO2 stream using Enhanced 

Oil Recovery (EOR), should not exceed 100 ppm.  

Pre-combustion capture impurities: CO2 streams obtained from pre-combustion capture 

techniques are greatly affected by syngas production and water gas shift reaction processes. Fuel 

composition, specifically sulfur content, will also have a significant impact on the CO2 stream. 

Syngas composition will be affected by operation conditions (e.g. temperature) that will end up 

affecting the CO2 quality stream.  

Post-combustion capture impurities: in comparison to oxy-fuel combustion, post-

combustion usually has a low level of impurities and N2, water, and O2 are the main ones. To get 

the CO2 purification limit for geological storage purposes, Lee, et al. (2009) emphasized that Flue 

Gas Desulfurization (FGD) followed by Absorption by MEA, are the most favorable techniques 

to reach these standards.  
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5.4 Potential Industrial CO2 Utilization in Kuwait 

Industrial Emissions Hubs and Cluster: Carbon Capture, Utilization, and Storage (CCUS) 

has been widely used in various industrial facilities. These facilities have enormous potential to 

reduce the total cost of carbon capture chains that are employed i.e., by connecting industrial CO2 

sources to form an emissions ‘hub’, which is the building block of integrated industrial carbon 

‘clusters’. Combining industrial clusters for CO2 emissions needs to be carefully considered 

because the composition and pressure of flow gas vary significantly from one facility to another 

(Table 21).  

Table 21. Carbon dioxide stream of varying concentration and partial pressure of varies processes 

 

Source: (IEA, 2013a)  
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Each industrial area has been studied as detailed in Chapter 4 and accounted for in this 

analysis as a potential carbon cluster. The most significant emissions cluster in Kuwait is Al-

Shuaiba Industrial Area, which was established in 1964. The area is located on the coast, around 

50 km south of Kuwait City. Carbon dioxide emitted from this area is related to both energy and 

non-energy emission sources where Shuaiba Refinery and Petrochemical Industries Company are 

based (Table 22). Most of the small industries in this area deal with diluted flue gases. These 

small industries could form an industry cluster as their total CO2 emissions can reach significant 

levels. Electricity and heat demand for different capture techniques can be supplied by excess 

heat available in the facilities by using heat pumps or external units. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

  



118 

 

Table 22. Main CO2 main sources in Al-Shuaiba Industrial Area and their respective annual CO2 

emissions 

 
There is only one source of high CO2 emissions in the Al-Zour Industrial Area, i.e., South 

Al-Zour Power Station. The high carbon content of the fuel in this power station is the main 

cause of intense CO2 emissions, which can be captured and utilized directly on site if local CCUS 

facilities were available. This area is hosting the ongoing New Refinery Project (NRP) known as 
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the Al-Zour Refinery, which aims to satisfy the world’s market demand of ultra-low sulphur 

diesel fuel, jet fuel, kerosene and naphtha (Al-Salem, 2015).  

The configuration of the carbon capture and compression network can be designed in 

various scenarios. The selection of the optimum scenario is affected by interrelated factors, 

including capital cost, space availability and the level of maturity of the technologies applied. In 

addition to local treatment in decentralized carbon capture treatment units (as previously 

described), flue gas can be collected from all the facilities and treated in a central location. The 

scale of the carbon capture utilities depends on the volume of the flue gas and the degree of its 

impurities, which furthermore affects the infrastructure required for handling different flow gas 

characteristics, for instance, high- and low-pressure CO2 as well as CO2-rich and CO2-lean 

amine. Two central treatment locations, which are 16000 m x 650 m in Al-Zour Industrial Area 

and 3000 m × 600 m in Northwest Shuaiba, within close proximity to the two highest CO2 

sources, are proposed for Shuaiba Industrial Area. Two mature carbon capture routes have been 

recommended for this configuration, which is post-combustion using MEA and oxy-fuel 

combustion using cryogenic oxygen production.  
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5.5 Potential of Using Hydrocarbon Pipelines and Industrial Infrastructure for CO2 

Transportation in Kuwait  

After capturing CO2, a significant CO2 reduction can be realized when the purified CO2 

stream is compressed and transported through pipelines for utilization (Figure 45). This is 

considered the second energy-intensive process in a CCUS chain. The level of impurities 

associated with each carbon capture technique needs careful consideration when designing CO2 

compression systems. Reliable, safe, and economically feasible systems are required to transport 

CO2 through pipelines in the form of liquid, gas, or two-phase flow. Transporting CO2 in its 

liquid phase will only be economically feasible for short distances due to the need for pipelines 

which have large diameters. Compressors, which are mainly made of stainless steel to avoid 

corrosion, also contribute to the cost. The development of large-scale CCUS systems in Kuwait 

can be facilitated by taking advantage of the existing high-pressure pipelines used to transport 

natural gas. Whilst most existing pipelines are made of carbon steel, which is metallurgically 

suitable for CO2 transportation, the design pressure of natural gas pipelines ranging between 60 

and 80 bars may result in a lower transport capacity (Joana, et al., 2011). To evaluate how safe it 

is to reuse the pipelines for different purposes, an assessment is required on the life cycle history 

of pipelines. The assessment should cover design, operation, and maintenance processes, 

followed by conducting (i) simulation on the toughness of the pipelines and coating materials; 

and (ii) pressure tests to accommodate supercritical CO2.  

The impact of CO2 flow gas impurities, which vary considerably with fuel types and 

capture processes, and their implications should be taken into consideration. Generally, CO2 can 

be utilized in two ways: 

- Fixing CO2 to chemicals (e.g. urea) or fuels (e.g. methanol) through carboxylation or 

reduction; and 

- Using CO2 in its supercritical state without any modification reaction as in EOR. 

For industrial areas without hydrocarbon infrastructure or suitable pipelines, the limitation 

of adequate space to develop this network may become a potential challenge. 
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Source: (Witkowski, et al., 2015) 

Figure 45. A phase diagram for CO2 

 

5.6 Planning Pipeline Routes  

  Carbon dioxide clusters and storage locations will determine the overall system design. 

The selected route of the CO2 pipeline will affect the size (length and diameter) of the pipe, in 

addition to the location of assisted facilities such as booster stations. 

Urban area: selecting pathway scenarios across urban areas represents additional 

challenges from various perspectives, such as safety procedures, that will lead to add an 

additional construction cost. The urban areas in Kuwait are located on the coastal plain south of 

Kuwait Bay, where Kuwait City is considered one of the highest density capital cities in the 

world. Only the pathway from the potential cluster areas to the Medina oilfield cross this high 

intense area.   

Existing pipeline corridor: when selecting the CO2 pipeline pathway, it is recommended to 

follow existing pipeline trajectories, which could reduce the total construction cost.  
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 Obstacles: the number and location of obstacles which exist in the selected pathway, such 

as roads, will add additional challenges to the construction process. Despite the presence of 

certain techniques in designing a process to overcome this problem, this will lead to a rise in the 

total construction cost. Figure 46 illustrates the main and the secondary roads that exist in 

Kuwait, and it noted that there are no major interconnections between these roads and the 

suggested pathways.  

 

Source: (Public Intelligence, 2017)  

Figure 46. Existing major transportation modes in Kuwait 

      

Protected Areas: some areas with a special interest, such as the protected areas dedicated to 

achieving long-term conservation zones for wildlife. These areas cover 1% of the total surface in 

Kuwait, as shown in Figure 47, and it is comprised of wildlife nature reserves, marine parks, 
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scientific reserves, and others. The recommended pathways from the south to the north of the 

state will cross one of the main protected areas known as Al-Jdailleih protected area.  

 

 

Source: (Al-Mudh'hi, 2012) 

Figure 47. Protected areas in Kuwait 

5.7 Potential of CO2 Utilization in Enhanced Oil Recovery (EOR) 

CO2-EOR and CCS: hydrocarbon recovered from its natural reservoir through primary and 

secondary recoveries (Figure 48). Natural driving mechanisms (e.g. rock and liquid expansion 

drive, depletion drive, gas cap drive, water drive, gravity drainage drive, and combination drive) 

are the driving force of the primary recovery. These mechanisms will vary from one reservoir to 

another due to the uniqueness of every single reservoir. Satter, et al. (2008) emphasize that 

primary recovery is not able to produce more than 40% of the original hydrocarbons. The 

remaining hydrocarbon is produced by using artificial energy in secondary hydrocarbon recovery. 

This artificial energy can be either water or gas, which is introduced from one wellbore to 
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produce hydrocarbon from another wellbore. This fluid must have certain characteristics to 

accomplish the goal of the process, and they can be summarized into (Green and Willhite, 1998); 

ability to enhance the natural energy in the depleted reservoirs and ability to create conditions 

that are favorable for residual oil recovery through interaction with the reservoir’s rocks.  

 

Figure 48. Typical recovery mechanisms during oil production adapted from (Bachu, 2016) 

 

The EOR process can generally be a function of either microscopic or macroscopic 

displacement efficiency or a combination of them. As the name implies, microscopic efficiency 

occurs at a pore-scale where it measures the effectiveness of displacing fluid in moving the 

contact oil. The rule of displacing fluids on the entire reservoir can also estimate at a volumetric 

sense, which is known as macroscopic displacement efficiency.  

The demand for CO2 in the CO2-EOR project will be varied along with the field life 

(Godec, et al., 2011). 

The Enhancement process starts with the flushing of the depleted oil field with a 

considerable amount of CO2. The effect of this process will not be observed until 18 to 24 months 

after the initial injection of CO2.  
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- More crude oil is expected to be produced if more CO2 is injected into the reservoir, until 

it reaches optimum production.  

- Carbon dioxide will be produced in association with crude oil after certain injection times. 

This CO2 will be recycled through re-injection into the oil field. 

- The potential of the oil field to CO2-EOR can be affected by the combination of specific 

characteristics, namely percentage of the remaining hydrocarbon in the oil field and the 

specific gravity of the hydrocarbon. Additionally, temperature, depth, heterogeneity, and 

permeability of the bearing formation can also affect the potential (Dooley, et al., 2011). 

- There are specific requirements for using CO2-EOR for climate mitigation that 

differentiates from directly injecting to enhance oil recovery. These requirements cover 

pre-injecting activities, co-injection, and post-injection activities.  

CO2-EOR and CCS: before embarking on an analysis of the potential of CO2-EOR in the 

state of Kuwait, it’s important to distinguish between CO2-EOR and CCS. CO2-EOR is one of the 

techniques used in tertiary recovery through the injection of CO2 in the depleted oilfield to 

enhance the production of the remaining oil after primary and secondary recoveries. Only the U.S 

and Canada have applied CO2-EOR on a large scale. In 2008, the U.S produced more than 

250,000 barrels of crude oil through using CO2-EOR (Oil and Gas Journal, 2008). Carbon 

Capture and Storage (CCS) aims to isolate CO2 from its emission sources and keep it in deep 

subsurface to eliminate the side effect of this gas on climate change phenomena. Coupling CCS 

with CO2-EOR also seems like an attractive option to yield the objectives of both techniques. 

Globally, only the Dakota Gasification-Weyburn CCS project employs CO2-EOR. The demand 

for additional injection and production infrastructure increases the complexity of the CO2-EOR 

project, which shows the main barriers to deploying this technique on a large scale.  

State of the art CO2-EOR technology: Godec, et al. (2011) assert the main five 

characteristics of state-of-the-art CO2-EOR technology: 

- Precise CO2-EOR monitoring to make sure that CO2 is not leaking from high permeability 

streaks in the oilfield. 

- The volume of the injected CO2 is raised from 0.4 Hydrocarbon Pore Volume (HCPV) to 

1.0 HCPV. 

- Choosing space between the wells within an appropriate distance.  

- Introduction of WAG process. 
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- Assure that the minimum miscibility pressure will be maintained through the reservoir. 

Next generation CO2-EOR: next-generation CO2-EOR technologies have been developed to 

overcome the main shortages of state-of-the-art technologies. These techniques are helped to 

further enhance oil production and utilize more CO2, and they covered: 

- Further increasing the injected CO2 volume from 1 HCPV to 1.5 HCPV. 

- Optimizing the placement and the design of the wells to have additional contact between the 

CO2 and the oil. 

- Improving the efficiency of oil recovery through increasing the miscibility range. 

- Increasing the viscosity of the injected water by increasing the mobility ratio between 

CO2/water. 

It is worth mentioning that these techniques have been deployed, at least at pilot stage, but 

due to their prohibitive cost they are not yet economically attractive.  

5.8 Potential of CO2-EOR Projects in Arab World 

In the Arab world, the current utilization of CO2 is not exceeding industrial purposes (e.g. 

food processing). Ringrose, et al. (2013) illustrate that the single large-scale project of CCUS in 

the Arab world is operating in Algeria, where 1.2 Mt of CO2 is captured annually from natural 

gas processes. Most of the oilfields in the region are now exceeding their primary production 

level, and there is a demand for secondary, and tertiary recoveries to obtain the remaining oil. 

Algharaib (2013) investigated the potential of over 107 Middle Eastern oil reservoirs for CO2-

EOR. The selected criteria for screening oilfields were based on extensive experience in this area. 

The analysis shows a high potential of these reservoirs in storing a considerable amount of the 

local CO2 emitted.  

United Arab Emirates (UAE): one of the major decarbonization strategies adopted by GCC 

countries, is in the United Arab Emirates (UAE), specifically Abu Dhabi. This strategy aims to 

capture almost 90% of the existing and future emission sources. United Arab Emirates (UAE) 

will run the first large scale CCS project from the iron and steel industry in the world. This 

project will capture 0.8 Mt of CO2 per year from Emirate steel then transport it to the Rumaitha 

oil field for the EOR purpose. 

Kingdom of Saudi Arabia: similarly, the Kingdom of Saudi Arabia has started to develop a 

series of strategies to use CO2 in EOR operations in mostly depleted oil fields. Capturing around 
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0.8 Mt annually from Hawiyah NGL (Natural Gas Liquid) to Ghawar oil field is the first large 

scale project operated in the country. The project aims to evaluate all the risks and uncertainties 

associated with the process, including the migration path of CO2 inside the reservoir. 

5.9 Potential Application of CO2-EOR in Kuwait 

Kuwait is among the top oil producers in the world, and it has an excellent opportunity to 

remain in this position through using EOR development techniques (Alajmi, et al., 2015). Table 

23 demonstrates the main reasons for the significant potential of deploying CO2-EOR technology 

in the state.  

Table 23. Reasons for deploying CO2-EOR in the state of Kuwait 

 

Kuwait experience in the oil and gas industry adds an advantage to success in any CO2- 

EOR projects. It started over a century ago, specifically in 1913 when the surface leak of oil 

was recorded in Bahra and Burgan (MO, 2018). After this, several geological surveys were 

conducted in 1917, 1924, 1934, until 1937 when the first exploratory well was drilled in 

Bahra.  However, the quantity of crude oil did not reach a commercial level, which redirects 

all the attention for the Burgan region. After nine years, Kuwait started the commercial 

shipment from the Burgan oil field by exporting 16 thousand barrels per day. Following 

Burgan, the exploration operation extended, leading to the discovery of Magwa in 1951 and 

Raudhatain in 1955. In 1981, KOC developed its technologies with a 2D seismic survey for 

both on-shore and off-shore regions. In 1995, KOC covered the whole land area, Bubiyan 



128 

 

island, and Saudi–Kuwaiti neutral zone with 4D seismic data that extended from analyzing the 

stratigraphic interpretations to studying the fluid movement within the reservoir (KOC, 2008).  

Currently, Kuwait has ten intense CO2 sources from power plants, and refineries that are 

located around 200 km from the north, and southern oil fields with two cluster areas could be 

made. The high carbon contents of the fuel used in Kuwait power plants will raise the purification 

requirements to meet EOR criteria while the pure stream from hydrogen production units can be 

used for EOR applications with no further treatment. 

All the sources are concentrated along the coastal area and are responsible for half of the 

carbon footprint of the state (Section 5.4). This geographical distribution creates a potential for 

developing a cost-effective CO2 infrastructure pipeline. In addition, Kuwait can reuse the existing 

natural gas infrastructure, after technical modifications, for CO2 transferring as discussed in 

Section 5.5.  

Furthermore, the Kuwait government is adopting the Kuwait national development plan, 

branded as New Kuwait that aims to transfer the country to become a financial hub in the region 

by 2035 (KEPA, 2019b) (Figure 49). It is designed around five themes, and seven pillars cover 

164 strategic programs, projects, and initiatives. All these projects will add additional stationary 

sources in future years. In selecting the CO2 source, several criteria should be taken into 

consideration including source type, CO2 percent, flow gas pressure and temperature (Usman, et 

al., 2014).  
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Figure 49. Kuwait National Development Plan pillars adapted from (KEPA, 2019b) 

 

Kuwait Oil Company (KOC) plans to produce four million barrels per day by 2030, of 

which 50% is expected to be acquired from EOR techniques (Alajmi, et al., 2015). Three major 

projects have been put in place to develop EOR techniques (Oskui, et al., 2009) (Figure 50). The 

State Authorities have selected miscible gas injection as a promising technique for enhanced oil 

production in Kuwait. Typical injectants are flue gases, a mixture of enriched gases, N2, methane 

(CH4), and CO2 (Shokrollahi, et al., 2013).  

Under certain conditions, gas becomes miscible with oil in reservoirs where theoretically, 

the capillary force will help to recover the remaining oil in the reservoir. In planning gas injection 

projects, a key factor known as Minimum Miscibility Pressure (MMP) should be first estimated. 

Miscible displacement can only occur when the pressure is higher than MMP. Globally, MMP 

can be estimated by experimental or computational methods. Slime tubes and rising bubble 
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apparatuses are the most widely used experimental methods, in addition to Pressure Volume 

Temperature (PVT) cell and variable interfacial tension. These methods will have more reliable 

results compared to computational methods, but they are more expensive and time-consuming.  

Three conventional computational methods that are widely used to estimate MMP can be 

classified into correlation, numerical (simulation) and analytical (EOS) methods (Table 24), 

according to KOC. Four major Kuwaiti reservoirs have been included in KOC’s miscibility tests 

and gas injection projects. They are Maudad Reservoirs, Lower Burgan, Zubair Reservoirs and 

Minagish Oolite (Table 25) (Alajmi, et al., 2015).  

 

Figure 50. Kuwait government road map implementation by oil companies in developing and 

Improved Enhanced Oil Recovery (IOR/EOR) techniques adapted from (Oskui, et al., 2009) 
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Table 24. Three calculation methods used to estimate MMP 

 

Source: (Alajmi, et al., 2015) 

Table 25. Four Kuwaiti reservoirs that are included in the analysis 

 

Source: (Alajmi, et al., 2015) 
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Crude oil, which remains in reservoirs after primary and secondary production, is known as 

original oil in place (OOIP). The CO2 used in this case for the enhancement process is the gross 

utilization factor. It includes both new and recycled CO2 obtained from previous injections. If 

CO2 is solely injected, the gross utilization factor, up to CO2 breakthrough, is called net 

utilization factor. The volume of CO2 injected as a fraction of the hydrocarbon pore volume 

(HCPV) is usually used to express both the incremental oil recovery and CO2 utilization factor. 

The CO2-EOR data has been investigated globally to analyse the trend of increasing the 

incremental oil recovery due to the rise in HCPV after CO2 injection. Azzolina, et al. (2015) 

developed the following equation to estimate the utilization factor, Uf.  

           𝑅𝑓 = 𝐴(1 − 1/1 + exp [𝐵 × ln (
𝑥

𝑐
)]                                                 (27) 

           𝑈𝑓 = 𝜋𝑟2 = exp (𝐷 +
E

x
)                                                              (28) 

where Rf  is the oil recovery factor; x is the total cumulative volume of injected CO2 and 

water (% HCPV); A is the upper asymptote at infinite injection; B is a fitted model parameter for 

the slope factor of the curve between the lower and upper asymptotes; C is a fitted model 

parameter for the inflexion point where the curve changes from convex to concave; D is a fitted 

model parameter for the lower asymptote at infinite injection, and E is a fitted model parameter 

related to the slope of the curve from the maximum value (at zero % HCPV) to the lower 

asymptote. The formula is widely used for the study of incremental oil recovery and is applicable 

to Kuwait. It also presents a pathway for concerned parties, at a state level, to involve simulation 

in the area for a better decision-making process in this research area.  

5.10 Potential CO2 Storage in Kuwait 

Saline Aquifers as Potential Sinks of CO2: saline aquifers are reservoirs mainly composed 

of porous and permeable rocks saturated with saline fluid. They are usually located below a 

potable water table. In comparison to depleted oil and gas reservoirs, saline aquifers have a 

broader geographical distribution with a higher capacity of storing super-critical CO2 (Bachu, 

2003; Metz, et al., 2005; NETL, 2007; Bradshaw, et al., 2007). Both sandstone and limestone 

could form saline aquifer structures. Certain characteristics are required for storing CO2 in these 

structures for a prolonged period of time (Bentham and Kirby, 2005). They are summarized in 

Figure 51.  
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Figure 51. Characters required for long term storage of CO2 in saline aquifer 

 

Estimating Potential CO2 Storage Capacity  

Evaluating the CO2 storage capacity is the first step in selecting aquifer storage. This 

capacity represents the total quantity of trapped CO2 in the free, soluble, or mineral state. The 

theoretical CO2 storage capacity is determined by assuming that the pore volume will be replaced 

by the same pore volume of CO2. Equation 29 is used to convert pore volume m3 into CO2 mass 

(Mt):  

                     mCO2 =Vpore PCO2                                                                                   (29)      

                               

where, 𝑚CO2
, 𝑉pore and PCO2    are the mass, volume, and density of CO2. The density of 

CO2, which is assumed to be 750 kg/m3, depends on both the temperature and pressure of the 

storage saline aquifer. By using this approach, KOC has estimated that the theoretical storage 

capacity of the entire saline aquifer in Kuwait is 7.5 Gt without taking into account any technical 

or economical cut-offs. The Burgan, Burgan Shallow, Ladira, and Umm Gudair are among the 

largest fields in terms of theoretical capacity to store CO2 (Appendix E) (Figure 52). In this case, 

insufficient data and uncertainty about cap rock geological structure and reservoir thickness could 

affect the application of CO2 storage in these reservoirs. Also, injecting CO2 into deep saline 

aquifers presents another key technical obstacle.  
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Figure 52. The potential CO2 capacity of saline aquifer storage sites in Kuwait 

 

In addition to these issues, there are challenges in matching the sources with the potential 

CO2 storage. Distance is one of these criteria where the maximum distance, Dmax, cannot be 

compromised (Bachu, 2016). The value of Dmax varies from one place to another depending on 

the topographic and hydrographic features of the region. In the case of Kuwait, this distance will 

be much shorter in comparison to other countries, which is a notable advantage to reduce the cost 
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of the pipeline infrastructure. Another significant criterion, i.e., the storage capacity of the 

potential sink, must be higher than a pre-defined minimum capacity, Cmin, to make the 

deployment of CCUS project economically attractive (Bachu, 2016).  

5.11 Manage CO2 Injection Process  

Pre-injection: during lithologies evaluation of the saline aquifer storage site, several pre-

feasibility analyses were conducted first (e.g. screened geological data) to clarify whether there is 

a suitable basis for initiating the injection process. This is in addition to evaluating the porosity 

and permeability of the site through the drilling process to develop a pressure-repose curve, 

which helps in estimating the injectivity limit (Hosa, et al., 2010).  

Injection Process: after the preliminary analysis of the potential area, CO2 will be injected 

into deep saline formation. Injectivity of the system will determine the rate of injected CO2 per 

year, where it represents the variation between the injecting rate and the excess pressure above 

reservoir equilibrium (Equation 30) (McCoy, 2008): 

I=q/ ( Pwb -Pe )                                                                                                              (30) 

Where q is the injecting rate; Pe is the reservoir equilibrium pressure, and Pwb is pressure at 

well bottom. Figure 53 shows the typical isolated inverted 5-spot injection pattern where the 

injectivity could be estimated analytically. This could be done under certain circumstances where 

the permeability is homogeneous, the system should be at a steady-state and both the reservoir 

fluid and the injected fluid should be in the same physical state.   

From an engineering perspective, designing multiple injecting wells (Figure 54) is more 

complicated than a single injecting well due to the interaction between the pressure fields. 

Petroleum engineers prefer the vertices of square lattice design for this purpose. The pattern 

spacing, in this case, will be affected by the associated area within each injection well (McCoy, 

2008).  
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Source: (McCoy, 2008) 

Figure 53. Typical isolated 5 spot injection pattern 

 

Source: (McCoy, 2008) 

Figure 54. Multiple injecting wells 
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5.12 Monitoring  

To avoid any leakage associated with injecting CO2 at different operational phases (pre-

injection, during injection, post-injection), various monitoring techniques have been developed 

for this purpose. These techniques are used to measure the distribution, phases, and mass of the 

injected CO2 in the saline formation, and they are classified into several groups based on the 

specific lithological structure of the formation (Leung, et al., 2014) (Figure 55).  

 

Figure 55. Carbon dioxide monitoring approaches 

 

Seismic monitoring: seismic monitoring is used to document and compile data about the 

geological structure of the formation and is generally divided into active and passive systems 

(Ma, et al., 2013). In active systems, an energy source is used to create acoustic waves while in 

the passive system, geophone is employed to monitor the tremors and earthquakes yielded from 

the CO2 movement through the formation (Chadwick, et al., 2008).                  

Geoelectrical methods: the variation in resistivity between the injected CO2 and the 

displaced fluid was used in geoelectrical methods to investigate the level of CO2 penetration 



138 

 

inside the reservoir formation. It worth mentioning that this technique is only measures free CO2 

present in the formation (Kiessling, et al., 2010).  

Temperature logs: temperature variation around the CO2 plume can also be used to indicate 

the CO2 flow path. The technique is known as temperature logs and is based on developing 

mathematical models such as in advective heat transfer (Liebscher, et al., 2013).  

Gravimetry methods: replacing brine inside the reservoir with less dense CO2, causes a 

change in underground density that can be detected by small perturbations in the local 

gravitational field (Smith, et al., 2012). 

Remote sensing: in remote sensing, satellite monitoring is used to detect surface 

deformation. This deformation occurs from overpressure caused by injecting less hydraulic fluid 

(CO2).   

Geochemical sampling: in addition to the previous alterations in the geological formation, 

injecting a large volume of CO2 could affect the chemical properties of the formation, such as the 

change in minerals (e.g. carbonates) and pH drop (Mito and Xue, 2013).  

Atmospheric monitoring: in this technique, the atmospheric concentration in the target area 

will be monitored to identify any anomalies. The reliability of this method can be affected by 

natural processes such as soil respiration that increase the CO2 concentration (Cao, et al., 2020).  

5.13 Kra Al-Marh Trend: First Class CO2 Storage Site in Kuwait 

From this perspective, KOC investigated the CO2 storage feasibility in the country through 

developing geological models to identify the features of all existing formations. The Jurassic 

formation was excluded from the analysis to avoid interference with crude oil production and due 

to its lower permeability. After a series of extensive evaluations and weighting of reservoirs 

criteria, KOC ends up with two cretaceous structures: Kra Al-Maru trend and Rahiyah structure 

(Neele, et al., 2017).  

Kra Al-Marh extends from north to south of Kuwait in band 40 km long and 8 km wide 

(Neele, et al., 2017). The trend is composed of several elevations known as Kra Al-Maru 

subsurface anticline Umm Rijim, Khashm Al Afri, and Kahlua. The preliminary analysis shows 

that CO2 plume (Figure 56) is unlikely to migrate to the neighboring Minagish oil field due to the 

following reasons: 
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- Kra Al-Marh trend consists of three main formations: Wara, Burgan, and Zubair 

formations. The quality and arrangement of these formations give the trend the required 

feasibility for long term sequestration.  

- Presence of good quality cap rock known as Ahmadi shale. 

- The absence of large faults in the reservoir structure. The low number of the existing 

faults will help to absorb the pressure resulting from the injection process. 

- Limited seismicity risks. Even at ambitious scenarios, injecting CO2 will not lead to 

activation or reactivation of the existing faults.  

 

Source: (Neele, et al., 2017) 

Figure 56. 3D reservoir model of Kra Al-Marh Trends 

 

The final risks involved in this process had been summarized in Figure 57, which considers 

green as low- consequence. The only high risk associated with this structure is completing the wells 

used for the injection and monitoring processes.  
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Source: (Neele, et al., 2017) 

Figure 57. Initial (top) and final (bottom) risk of injecting CO2 in Kra Al-Marh Trend 

 

5.14 The Cost of Deploying Carbon Capture, Utilization, and Storage (CCUS) 

Cost represents a major barrier to deploying CCUS technologies. The costs of avoiding and 

capturing CO2 emissions are not the same, regardless of having the same unit, US dollars per 

tonne of CO2. The cost of avoiding CO2 emissions represents the quantity of CO2 ‘avoided’ from 

being emitted to the atmosphere, which usually includes the full cost of CCUS. Mathematically, 

it is defined as: 

Cost of avoiding CO2 emissions=[(LCoECCS-LCoERef)/ (MOERef- MOECCS)]                         (31) 
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where LCoE is the levelized cost of electricity in USD per net MWh in a plant with and 

without CCUS; and MOE is the mass emissions rate to the atmosphere in both cases. By 

comparison, the cost of capturing CO2 covers both capture and compression of CO2 (Figure 58) 

to achieve the pre-defined purity values and pressure levels in meeting both pipeline and storage 

standards. It can be estimated mathematically as follows: 

      Cost of capturing CO2= ([LCoECC-LCoE Ref])/MOECaptured                                      (32)               

                                                                                  

where LCoECC is the levelized cost of electricity in USD per net MWh in plant with 

capture, excluding the cost of CO2 transport and storage; MOECaptured is the total mass of CO2 

capture per net MWh for plant capture. Compared to the cost of avoiding CO2, capturing CO2 

presents the major cost of CCUS deployment (and therefore developing low-cost CO2 capture 

technologies is the core of R&D) (Table 26).  

Table 26. The role of fuel cost in effecting the capture cost 

 

Source: (Awasthi, 2010) 
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Figure 58. The total CO2 avoided for hypothetical power generation technology adapted from 

(Mathieu and Bolland, 2013) 

 

As presented in the following sub-sections, the economic burdens of deploying CCUS 

technologies in the industry vary significantly among individual sectors according to the 

operating conditions. Also, adopting different technical and economic factors in estimating the 

CO2 capture costs for CCUS systems and application plants has led to a wide variation. 

Nevertheless, for all applications, the total cost of CO2 capture should cover capital investment, 

operation, and maintenance.   

Kuwait Power and Water Stations: previously, the cost of CO2 capture was estimated based 

on analysis methods such as Net Present Value (NPV) (Bohm, 2006; Lindner, et al., 2009;  

Abadie, et al., 2003) or the Levelized Cost of Electricity (LoCE) (Porter, et al., 2017; Rubin, et 

al., 2015), which show discrepancies in the estimates. To overcome these discrepancies, ZEP 

(2011) estimated the cost of CO2 capture, conditioning, and compression with varied fuel costs 

(Table 27) for the first and second generations of CO2 capture techniques including oxy-fuel 

combustion, chemical looping, and absorption. The base case power plant represents the first 

generation of today’s technological choice of CO2 capture techniques after the demonstration 
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phase with full economic risk. This cost is derived from the estimated cost of technologies in 

2020. The optimized cost is the cost after the CCS plant has been in operation with the 

improvement in unit technologies, which is usually after 2025.  

Table 27. Captured CO2 costs- Gas Combined Cycle Gas Turbine 

 

Source: (ZEP, 2011) 

 

Refineries: the cost of deploying post-combustion or oxy-fuel combustion in refineries has 

been evaluated across the technical literature. Van Straelen, et al. (2010) estimated the 

deployment cost of post-combustion to a gasifier and a combined stack as USD 40.7 and 121.8 

per t of CO2, respectively. The estimated cost for the combined stack is significantly lower in 

other studies i.e., USD 68.2, 68.7, and 83.9 per t of avoided CO2 ( Farla, et al., 1995; Melien, 

2005; Ho, et al., 2011). Melien (2005) reported that retrofitting the existing boilers and heaters 

for the oxy-fuel combustion scenario would cost around USD 65.7 per t of avoided CO2. Due to 

the lack of sufficient data, a realistic cost of deploying CCUS techniques for individual sectors, 

including refineries, cannot be achieved at this stage. However, the cumulative cost of oxy-fuel 

combustion is around one-third of post-combustion, and the recent development in this technique 

means it will be highly competitive in the near future. 

Cement, Iron, and Steel Industry: Table 28 shows the cost of deploying various carbon 

capture techniques in the cement industry. The post-combustion pathway will cost around USD 

66.0─164.6 per t of CO2 with a total avoided emissions for various units in a cement plant due to 

high thermal energy demand (Leeson, et al., 2017). The cost of oxy-fuel combustion ranges USD 

17─76.9 per t of avoided CO2. Retrofitting all units in a cement plant with full oxy-fuel 

combustion is technically achievable; however, the cost is only economically attractive for new 

cement plants. In partial oxy-fuel combustion, retrofitting preheaters and precalciners are 

required, and the cost is USD 67.6 per t of avoided CO2.  

Blast Furnace (BF) is the current core of research in this sector due to its intense CO2 
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emissions. Arasto, et al. (2013) evaluated the deployment of post-combustion in a BF from a 

techno-economic perspective and concluded that the cost would range from USD 65.1–119.2 per 

t of CO2. By comparison, Leeson, et al. (2017) estimated the average cost of USD 76.6 per t, with 

65% of CO2 emissions being avoided. By using the second generation of post-combustion 

techniques such as Selexol, the estimated cost is lower i.e., USD 17.7–19.4 per t of CO2. 
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Table 28. Summary of major studies conducted on cement industry CCS costing 

 

Transportation and Geological Storage of CO2 Emissions: pipeline transportation is the 

most economical method for transporting CO2 over a long distance. The cost of onshore 

construction pipes is 40 to 70% lower than that of offshore pipelines if the dimension of the 

pipelines remains the same. The cost will cover the construction, operation, and maintenance 

costs in addition to other costs (e.g. design and insurance fees). The cost of the CO2 pipeline also 

varies significantly according to the type of terrain where the pipelines are installed. Table 29 
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illustrates the transported cost based on a common basis for onshore pipelines with different 

capacities.  

Table 29. Transported costs on a common basis for onshore pipelines at three different capacities 

 

The cost of CO2 storage has been discussed in a considerable number of studies with 

various degrees of uncertainty. This uncertainty came from the impact of regulations on project 

costs in addition to public acceptance of this project. In the Metz, et al. (2005), this value ranges 

between USD 0.5 and 8 per t of CO2 with an additional cost of monitoring of USD 0.1─0.3 per t 

of CO2. The heterogeneity of each storage reservoir (e.g. reservoir type, reservoir geology) is the 

main cause of the variation. The appropriate CO2 storage is characterized by onshore, shallow 

and high permeability rocks in addition to the potential of reusing the existing wells. Zero 

Emission Platform (ZEP, 2011) covered both onshore and offshore storage, in addition to 

differentiating between the costs in storing in saline aquifers and depleted oil and gas reservoirs. 

The cost of deploying a CO2-EOR project varies with both site and localized specifications. 

These variations are due to the differences in geological characteristics of the target oilfield, its 

current state of development or depletion, and the quantity of CO2 that will be used during the 

enhancement process. This cost, suggested by the Metz, et al. (2005), is USD 10─16 per t of 

CO2. The drop in the oil price after 2014 has reduced the EOR credits, leading to a rise in this 

cost i.e. USD 15─40 per t of CO2 (Rubin, et al., 2015).  

Direct emissions from stationary sources in Kuwait are responsible for around 84% of its 

carbon footprint with a significant contribution in the near future. A top-down Marginal 

Abatement Cost (MAC) curve is usually adopted by policymakers to illustrates technical 

feasibility and cost-effectiveness of any climate change mitigation policy. Figure 59 depicts the 
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MACs for both energy and non-energy sectors in Kuwait based on previous analysis and relevant 

mathematical formulas (Farla, et al., 1995; Melien, 2005; Ho, et al.,  2011; ZEP, 2011; Arasto, et 

al., 2013; Leeson, et al.,  2017) (Appendix Z). All the cost figures in this analysis were converted 

to USD using 2018 as the base year to illustrate the impact of inflation. Figure 59 shows that 

CCUS has the potential to capture up to 83 Mt of CO2 at a cost between USD 24 and 127 per t of 

CO2. 

 

Figure 59. Abatement cost of deploying CCUS technologies in Kuwait across various industrial 

sectors 

 

It is worth noting that the cost of CCUS deployment is dependent on the concentration of 

CO2 emissions. Because of higher CO2 concentration in the industrial sector, the CCUS 

deployment cost is less than half of that in the energy sector, except for natural gas power plants. 

Among all industrial sectors, high purity CO2 streams from fertilizers, petrochemicals, and 

hydrogen production units present the lowest deployment cost i.e., USD 70 per t of CO2 or below 

(Hendriks and Crijus-Graus, 2014; Irlam, 2017). For petrochemical and chemical industries, both 

post-combustion and oxyfuel combustion capture costs USD 85─94 per t of CO2.  
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The cost of deploying carbon capture in natural gas power plants is lower than that of heavy 

oil power plants. All the upcoming power plant construction projects in Kuwait are limited to 

natural gas in addition to the higher number of existing natural gas power plants compared to 

heavy oil power plants. Both offer a potential opportunity for introducing CCUS in the power 

sector where the lifetime of the heavy fuel oil plants will not be long enough for the commercial 

stage for CCUS. With a deployment cost below USD 45 per t of CO2, natural gas power plants 

will be highly competitive to the industrial sector with the advantage of “centralized-location” 

emissions. Figures 60-61 illustrate the cumulative cost for post-combustion and oxyfuel 

combustion (ZEP, 2011; Farla, et al., 1995; Melien, 2005; Ho, et al., 2011; Leeson, et al., 2017; 

Arasto, et al., 2013) (Appendix AA). To achieve zero emissions of CO2, post-combustion will 

cost around USD 8 billion in comparison to less than USD 2.5 billion for oxy-fuel combustion. 

The low deployment cost, the recent development in Ionic Transport Membrane (ITM), and the 

short distance among the chemical factories all make oxy-fuel combustion more competitive than 

post-combustion in Kuwait.  
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Figure 60. Cumulative cost for deploying post-combustion strategy in energy and non-energy 

sectors 

 

Figure 61. Cumulative cost for deploying oxy-fuel combustion strategy in energy and non-energy 

sectors 
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5.15 The risk associated with deploying carbon capture techniques 

To understand the risk associated with any system, the system tree should be identified, first 

with its elements. In the CCUS chain, each carbon capture unit is divided into small sub-units 

that consist of varies elements such as heat exchangers, fans, engines, etc. After forming a good 

knowledge of the properties of the system elements, with particular attention to operation and 

technical ones, the associated hazardous scenarios were drawn. In any engineering system, these 

hazards could be identified as:   

- Chemical hazards.  

- Thermal hazards. 

- Mechanical hazards. 

- Electrical hazards.  

The risk associated with CO2 capture: the most mature technique of CO2 capture is 

chemical absorption with amine-based solvents. The risk associated with leakage of amine could 

raise the fire hazard. Furthermore, it could lead to the formation of carcinogenic compounds 

known as nitrosamine, nitramines, and amides. The hazards of fire could also arise from 

uncontrolled leakage in oxygen combustion or syngas.  

In addition to the risk associated with the capture process, the storage of MEA also needs to 

occur under certain safety conditions. Solvent degradation will rise in higher temperature 

conditions, which results in a loss of expensive solvents. 

The risk associated with CO2 transport: the supercritical CO2 needs to be maintained under 

certain temperature and pressure during the transportation process, which raises the hazards 

leakage risk from transport pipes, ship tanks, and intermediate storage tanks. 

The risk associated with CO2 storage in a saline aquifer:  

- Water extraction: saline aquifer formation in Kuwait is formed from both saline and non-

saline water. In this case, CO2 will be stored close to the potable water zone where any 

leakage will cause the migration of CO2 to this zone.  

- Geothermal Energy: one of the main renewable energies, that has an enormous potential 

to be fully exploited in Kuwait, is geothermal energy. This energy usually yields from a 

saline aquifer reservoir where the long-term storage of CO2 will inhibit the utilization 

process of this energy. 
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- Insufficient Data  

- Scarcity of Saline Aquifer Data: in contrast to the crude oil reservoir, there is a lack of 

sufficient data regarding saline aquifer reservoirs such as pressure measurements, seismic 

data, geophysical logs, etc. The demand for this data to develop the migration of CO2 

models will lead to an increase in the total cost of the injection process. 

- Characteristics of Cap Rock: a series of testing and modeling are required to carry on 

illustrating the properties of caprock in eliminating any leakage of CO2 in the future. 

- Pathway of CO2 flow inside the aquifer: the path of the saline aquifer is normally flowing       

     from high to low pressure and that leads to the dissolution of CO2. During the movement  

     of the CO2 to a shallower phase, it could change from super-critical to gas then escape to    

      the surface. 

- Security Issues: considering the security issue is highly urgent in saline aquifer reservoirs 

compared to depleted oil and gas fields due to less confidence in its structure where it is 

highly variable based on its mineralogy and petrography formations.  

- Any cracks in the formation due to the decomposition of the saline rocks by CO2/ water 

mixture.  

- Precipitation of secondary minerals in the pore space instead of primary minerals, due to 

the dissolution process. Fluid pressure will rise in this case, which causes problems in the 

injection process.  

- Cracks forms in cap rack that lead to an escape of CO2 and failure of this cap in its 

function. 

- Shrinkage in caprock due to the injection of dry CO2. 
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Chapter 6: Policy Implementation and Recommendations 
 

In parallel with international efforts to resolve the climate change crisis, a set of strategic 

contexts will need to be adopted by the Kuwait Government to fully contribute CCUS technology 

to the state’s low carbon strategy. This roadmap has been estimated based on the experience of 

Western countries in this field whilst also taking into consideration the techno-economic 

specification of the state. (Purdy, 2006; Marston and Moore, 2008; IEA, 2010a; Klass and 

Wilson, 2010; Beck, et al., 2011; Russial, 2011; Crown, 2012; IEA, 2013b; Asian Development 

Bank, 2015). The roadmap is divided into three main phases: the next six years, known as the 

near-term period, between 2025-2030 (the expansion period) and after 2035, (the 

commercialization period) (Figure 62).  

  

Figure 62. Roadmap for deployment of CCUS in Kuwait 

 

6.1 Near Term Period   

At this stage, CO2 reduction will not per se, but instead create conditions for introducing 

CCUS strategy in the state of Kuwait through: 

- Implementing CCUS regulatory framework in Low Emission Development strategy 

(LEDs) adopted by the Kuwait government (KEPA, 2016). It occurs after comprehensive 

reviews of the existing environmental regulations and extensive research undertaken in 

collaboration with the engagement of industry, academic, and civil society experts.  

- Strengthen public and stakeholder awareness of the importance of a CCUS 

decarbonization strategy (Johnsson, et al., 2008; Fischedick, et al., 2009; Roberts and 
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Mander, 2011; Chaudhry, et al., 2013). As a new decarbonization technique in the Middle 

East countries, some climate and energy stakeholders may not fully understand the 

importance of CCUS in eliminating the significant rise in global temperature. As a result, 

all the relevant experts should work together to facilitate the information exchange at both 

the national and regional levels.  

- Develop CO2-EOR policy, after completion of the successful pilot plant in Managish 

reservoir (Alajmi, et al., 2015). The target of KOC is to use 20 Mt of captured CO2 for 

CO2-EOR purposes.  

- Introduce financial support, from the Kuwait government, to ‘first of kind’ projects in 

energy and non-energy sectors. This support would be towards the high capital cost 

involved in this stage of pre-commercial technologies. 

- Prioritize the development of a pilot plant between low-cost capture plants such as 

hydrogen production units in Kuwait refineries and CO2-EOR projects.  

- Introduce a CCUS ready policy for power plants under construction and study the space 

availability and the techno-economic barriers of retrofitting existing ones.  

- Selecting the emission cluster sites represents one of the main challenges for eliminating 

short and long-term risks of CCUS. In this case, Al-Shuaiba and Al-Zour seem the most 

economically and technically suitable areas.  

- Investigate the main technical and economic barriers to developing a CO2 pipeline 

infrastructure.   

- Gather all the data required to investigate the potential hazards associated with using the 

current hydrocarbon pipeline.  

- Introduce regulations for CCUS in the industrial sector (Global CCS Institute, 2016; 

Kouri, et al., 2017; IEA, 2019). A collaboration between the government and industrial 

sectors will help to achieve the target cost reduction.  

- Support R&D efforts into novel capture techniques that are technically feasible for GCC 

countries (Wilberforce, et al., 2019; Zhang, et al., 2019; Bae, et al., 2020; Yan, et al.,  

2020; Wang, et al., 2020). The research should mainly be focused on improving the 

solvents used in post and pre-combustion to achieve lower regeneration energy. Moreover, 

improve the reuse of excess heats present in the base plant for solvent regeneration by 

eliminating the corrosion problem associated with post-combustion.  
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6.2 Expansion Period (2025-2030) 

- Smaller-scale projects (e.g. pilot, bench, and laboratory) will have a significant impact on 

developing our knowledge of the potential of CCUS (IEA, 2016). These projects are aimed 

at scaling up the second-generation capture technologies and the widespread adoption of 

these techniques across more industries.  

- In the downstream petroleum sector, KNPC should construct a pilot plant in one of the 

current refineries to scale this strategy for the vast, intense emissions refinery that has been 

in operation since 2018.  

- Kuwait Oil Company (KOC) should start early testing of injecting between 5,000 to 

10,000 t of CO2 in the Burgan oil field for storage purposes. This preliminary work will 

help the scientists to understand the behavior of CO2 in reservoir layers and detect any 

migration of CO2 outside the reservoir. At the end of the expansion stage, the later tests 

should increase from 30,000 t to 50,000 t.  

- The EOR process in Managish reservoir will start during this stage and involve injecting 

one million metric tons of CO2 with more than 95% level of impurities.  

- Ministry of Electricity and Water would also need to construct the pilot projects in the 

electric sector through retrofitting the intense emissions power plants with the first-

generation carbon capture technologies. The retrofitting process is more economically 

attractive than the construction of solar and wind technologies.  

- At this stage, individual industrial sectors need to develop pilot-scale tests for cement 

kilns, steel blast furnaces, and catalytic crackers. Further research will be required in 

excess heat recycling for more cost-effective capture. Members of the scientific 

community have emphasized that CCUS techniques are the only technology that can 

eliminate CO2 emissions from these high emission facilities whilst maintaining production 

levels.   

- Ministry of General Work should start the construction process of the CO2 pipeline 

infrastructure. It is not possible to reach the next stage (commercial stage) of CCUS 

without this type of infrastructure in place.  

6.3 Commercial Period (Beyond 2030)  

- The commercial system that developed in the cluster areas should enter the operational 

phase with more than 85% capture efficiency for all CO2 concentrations. The cost of 

CCUS technologies will be driven down due to a rise of maturity in second-generation 
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carbon capture technologies. At this level, these technologies will be more acceptable for 

decision makers due to a verifiable and effective level of safety.  

- At this phase, the injection of CO2 in the saline aquifer located in Burgan oilfield will rise 

to more than 50 Mt.  

The roadmap carried out in this analysis was developed to achieve the core of 

decarbonization scenarios from CCUS technology, which is one of the recommended 

mitigation strategies for the state of Kuwait. It shapes the path for long term objectives 

through practical short-term actions. It builds around four elements: legal, geographical, 

economic, and technical. Each element should be addressed adequately, during a specific time 

frame, to create the necessary conditions for full-scale deployment.  

As new technology in the state, the first phase of the plan is mainly focused on introducing the 

appropriate regulations for the different sectors associated with this technology. To make CCUS 

a reality, a portfolio of environmental regulations needs to be developed by the Kuwait 

government in the next five years, in both the energy and industrial sectors. Well-designed 

regulations are the primary stimulus for making CCUS a viable option and scale down the 

associated risks. Because of this, all relevant stakeholders should be engaged in both the 

development and assessment processes of the regulatory matrix and ensure that all the permits 

required can be achieved in the design timescale.  

After forming the regulatory matrix, a dozen pilot projects are urgently required so that the 

matrix can be carefully evaluated. At least two demo projects should be successfully established 

in Kuwait power plants. The locations of these pilot plants, from north to south, will create a 

critical mass of CO2 infrastructure which other emitters can utilize in the future.  

The industrial sector is responsible for 40% of Kuwait’s carbon footprint and this 

percentage is likely to grow over the coming years (Section 4.11). Most of these sectors are 

competitive in both local and global markets and that will be influenced by any rise in 

production cost. Because of this, experience gained from deploying pilot projects in the 

individual sectors is crucial to reduce the economic uncertainties associated with CCUS. 

Beyond economic consideration, pilot projects are urgently needed in order to understand the 

main technical challenges facing each sector. Some sectors require core modifications in the 

manufacturing process to retrofit with the capture technologies whilst for others the capture 
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system can simply be added to the core process.  

Uncertainty about the behavior of CO2 inside the storage reservoir may lead to delays in 

achieving the commercial level of CCUS projects. As a result, the injection process should 

start only after an extensive evaluation of the target saline aquifers. A minimum of three years 

of operating capture and storage projects is required to form a base knowledge to move to the 

next wave of the projects (Chapman, 2012).  
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Chapter 7: Conclusion and Recommendations 
 

7.1 Conclusion  

Kuwait shares the concerns of the international community regarding the elimination of 

global CO2 emitted to the atmosphere and seeks to move to a low carbon economy through 

adopting environmental protection laws. Carbon Capture, Utilization, and Storage (CCUS) is 

likely to become a game-changer technology in Kuwait and other GCC countries to meet their 

goals, in light of their heavy reliance on fossil fuel.  

The analysis presented in this thesis has addressed 1) the potential to develop a realistic 

database of CO2 emission sources in the state of Kuwait, and 2) the potential to deploy CCUS 

technology on these sources.  

With respect to the first research question, power plants were responsible for 42% of CO2 

emissions due to the high energy demand for indoor cooling, the dramatic rise in population 

growth rate, and heavy energy subsidization by the Kuwait government. The chemical sector 

ranks second in this analysis with 26% because of the government’s investment in the chemical 

industries that aims to reduce the reliance on oil exports. Finally, road transport accounted for 

roughly 16% of CO2 emissions due to the vast increase in the number of vehicles during the last 

50 years.  

To answer the second research question, the total process emissions were determined in 

detail, which covered manufacturing emissions other than fuel combustion. It explains the 

variation between the real carbon footprint of Kuwait and both the World Bank 91.03 Mt CO2/ y 

(WBR, 2006) and IEA 69.82 Mt CO2/ y (IEA, 2010b) figures with differences of 7.7% and 40%, 

respectively. It highlights the importance of the work that has been undertaken particularly 

because a successful GHG mitigation policy is measured relative to historical GHGs emission 

benchmarks – which could well carry significant error and uncertainty.   

Most of the high emission facilities are clustered in the Shuaiba, with 15.15 Mt/y and the Al-

Zour, with 12.21 Mt/y, industrial areas located in the southeast of Kuwait. These high emission 

areas can be considered as Kuwait’s CO2 hotspots representing 40% of total carbon emissions in 

Kuwait.  
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In addressing the third question, two main scenarios were developed to estimate the state's 

carbon emissions in the case where economic diversification was achieved. By 2030, if the 

Kuwait government succeeds in raising the non-oil GDP contribution to 75% of the overall GDP, 

the overall amount of CO2 emitted is forecasted to be 126 Mt, if not, it will be 118 Mt. Prior to 

this study, it was unclear what the environmental impact of these projects would be in terms of 

the carbon footprint of the state; this has been fully defined in this analysis. 

In response to the fourth question, qualitative and quantitative surveys were conducted to 

explore stakeholder attitudes towards CCUS technologies. These surveys were important as they 

filled the research gap in assessing the techno-economic barriers of CCUS technologies in 

Kuwait. The majority of respondents believe that CCUS can achieve a major contribution in 

eliminating CO2 emissions. However, some technical and economic concerns emerged during the 

interviews and completion of the questionnaire that would need to be addressed before 

widespread deployment took place. 

There is limited flexibility for existing facilities to be retrofitted with carbon capture 

techniques and this represents the primary technical obstacle. In addition, there are space 

limitations associated with the development of a pipeline network particularly in intense 

industrial areas such as Al-Shuaiba.  

From an economic perspective, the economic burdens of deploying CCUS technologies on 

individual industries will vary significantly depending on the operating conditions. However, the 

cumulative cost of oxy-combustion is approximately one-third of post-combustion and recent 

developments in this technique will make it highly competitive in the near future.   

In answer to the fifth question, Kuwait has a great opportunity to utilize the capture of CO2 

for EOR purposes, especially for the northern oil fields with lower natural pressure. The CO2- 

EOR provides a readily available pathway to sequester a large volume of CO2 and the revenues 

of the oil production could potentially offset a major part of the capture cost. These revenues will 

support an early market entry of CCUS technology in the energy and industrial sectors.  

In response to the final research question, the saline aquifer seems another promising option 

in Kuwait to store enormous amounts of CO2. The theoretical capacity of the Kuwait saline 

aquifer is well understood and sufficient to sequester the current and future CO2 emitted from the 

state. The lack of efficient data regarding the cap rock geological structure and uncertainty about 
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reservoir thickness could affect the ability of these reservoirs to efficiently trap CO2 for hundreds 

of years. To overcome these barriers, further geochemical analyses are needed to identify the 

precise characterization of the host reservoirs and predict the CO2 behaviours inside these 

reservoirs at different time scales. 

This scientific evaluation could help to pave the way to create a regime that supports CCUS 

policies in Kuwait and other MENA region countries. Clearly, further research will be required to 

validate the efficiency of this mitigation strategy in the region.   

7.2 Recommendations for further work 

7.2.1  Develop a regulatory framework for CCUS technologies  

At this stage, the potential for deploying CCUS technology in the state of Kuwait will not 

become reality without supportive government policies. The most recent environmental 

protection law adopted by the Kuwait government (42/2014) covers many aspects of mitigation 

strategies, without considering CCUS as a mitigation strategy. However, the rapid development 

in Kuwait’s economy creates an urgent need for the introduction of CCUS as an effective strategy 

and development of various scenarios for either modification of the current law or adoption of 

new legislation. The optimal scenario should meet two main criteria: effectiveness and feasibility. 

Effectiveness measures how successfully this scenario would contribute to the elimination of CO2 

emissions in the state. Feasibility describes how the scenario will be incorporated into the current 

environmental and economic regulations. Moreover, it should address the main regulatory gaps 

illustrated in Section 1.4. 

7.2.2 Broaden the stakeholders covered by the study 

One of the critical elements in shaping these scenarios is understanding the local stakeholder 

views towards CCUS and balancing their expectations and concerns. Through the preliminary 

interviews and questionnaires conducted in the analysis, there is a common agreement among 

stakeholders that CCUS could contribute to the management of the state’s carbon emissions. In 

these interviews, each group has been assessed separately from each other to identify the techno-

economic barriers of each sector. To move to the next level, more sectors should be involved in 

these analyses and engaged together to draw a CCUS strategy for the whole country.  
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 7.2.3 Extend the scope to include techno-economic analyses of CCUS technologies 

Although the current study covered the feasibility of CCUS in Kuwait from stakeholders 

and literature review perspectives, it is necessary to conduct techno-economic analyses based on 

more realistic data of the facilities considering site-specific factors. The analysis should not only 

reflect the current situation but also cover any future modifications in the core process which will 

accordingly affect the CO2 emissions.  

7.2.4 Carry out pilot plants for CO2-EOR in the north of Kuwait 

The 4D seismic geographical analysis undertaken by KOC provides a distinct advantage 

to understanding the geographical formation of the state, in the event of CO2-EOR or long-term 

sequestration of CO2. Moving from geographical analysis to laboratory experiments provides 

valuable data for simulation models to better understand CO2 behavior inside the reservoir. 

Kuwait Oil Company (KOC) has currently only developed one pilot plant for CO2-EOR at 

Managish reservoir, and the project should be extended to the other reservoirs, particularly those 

located in the north of Kuwait where their natural pressure is being gradually depleted.  

7.2.5 A field optimization study for the saline aquifer reservoirs  

Saline aquifer reservoirs that should be investigated include those with the highest 

theoretical capacity to store CO2 and a relatively close distance to the production oil fields. The 

analyses should be extended to conduct more reservoir simulations and geochemical modelling 

alongside the laboratory tests to better understand the CO2 behavior inside the reservoir. 
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Appendix 

Appendix A. Kuwait air pollutants  

Appendix A.1 Air pollutants standards for the State of Kuwait  

 

A- 99th percentile of maximum concentration over one year. 

B- Not exceed more than 1 time per year in the same location. 

C- Not to exceed. 

D- Not exceed more than 3 times per year in the same location. 

Source: (KEPA, 2019) 
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Source: (KEPA, 2019) 

Appendix A.2 Mean concentration of H2S (ppb) in the State of Kuwait during 2007 to 2016 
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Source: (KEPA, 2019) 

Appendix A.3 Mean concentration of SO2 (ppb) in the State of Kuwait during 2007 to 2016 

  

0

20

40

60

80

100

120

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

M
ea

n
 C

o
n

c.
 o

f 
S

O
2
 (

p
p

b
)

Year



210 

 

 

Source: (KEPA, 2019) 

Appendix A.4 Mean concentration of CH4 (ppm) in the State of Kuwait during 2007 to 2016 
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Source: (KEPA, 2019) 

Appendix A.5 Mean concentration of NO2 (ppb) in the State of Kuwait during 2007 to 2016 
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Source: (KEPA, 2019) 

Appendix A.6 Mean concentration of CO (ppm) in the State of Kuwait during 2007 to 2016 
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Source: (KEPA, 2019) 

Appendix A.7 Mean concentration of C6H6 (ppb) in the State of Kuwait during 2007 to 2016 
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Source: (KEPA, 2019) 

Appendix A.8 Mean concentration of O3 (ppb) in the State of Kuwait during 2007 to 2016
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Appendix B. Group Discussion  

Appendix B.1 Discussion Question  

Basic information  

1- How would you describe the production process in your facility? 

2- What is the advantage of technology applied in your facility in compared to the other 

technologies?  

3- What are the optimum operating conditions for your facility? 

4- Which fuel type used in your facility? 

5- Which type of distributed energy system used in your facility (e.g. CHP plants, boilers 

and hydrogen plants)? 

6- What is the space available in the facility layout? And to what extent can this space be 

used? 

The carbon footprint  

1- What are the main emission sources of CO2 in your facility?  

2- What is the concentration and partial pressure of CO2 flow gas from these sources? 

3- What is the type and percent of impurities present in the flowing gas?   

4- Do you produce a yearly report addressing the carbon footprint of your facility? 

Carbon dioxide abatement practices 

1- What is the current carbon abatement strategy utilised in your facility? 

2- What is your long-term objective for carbon abatement? 

3- If Environmental Public Authority (EPA) introduces a carbon tax, would you think of 

constructing a carbon capture unit in your facility?   

Post-combustion- if applicable  

1- What are the units that produce excess energy? 

2- What are the technical modifications required to redirect these energies for post-

combustion capture units? 

Oxy-fuel combustion- if applicable  

1- What are the technical and spatial constraints of deploying the Air Separation Unit (ASU) 

in your facility?   
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2- Which units in your facility need to be modified to work on full oxy-fuel combustion 

mode? 

3- From a technical perspective, can you recycle back the CO2 to the generator to reduce the 

combustion temperature? 

Pre-combustion - if applicable  

1- Can hydrogen be used as the main fuel in your utilities? If no, what are the technical 

barriers? 

The risks associated with deploying carbon capture technologies 

1- In your opinion, what are the potential risks (health, safety, or environmental) associated 

with deploying carbon capture technologies in your facility? 

2- What are your safety procedures to deal with these risks? 

Utilization pathways 

1- Can you utilize the captured CO2 in your production pathway? 

2- Can your current pipeline be modified to transport CO2 for the central treatment location 

in the future? 
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Appendix C. Kuwait refineries data obtained from the discussion group meeting  

 

Source: (Alaimi, 2018) 

Appendix C.1 The three basic refinery configurations 
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Source: (Alaimi, 2018) 

Appendix C.2 Shuaiba Refinery Layout 
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Source: (KNPC, 2020) 

Appendix C.3 Shuaiba Refinery layout  
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Appendix C.4 Shuaiba refinery unit capacities  

 

Source: (KNPC, 2019) 
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Source: (Alaimi, 2018) 

Appendix C.5 Process scheme for MAB Refinery 
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Source: (KNPC, 2020) 

Appendic C.6 Mina Abdullah (MAB) Refinery layout 
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Appendix C.7 Mina Abdullah (MAB) Refinery unit capacities 

 

Source: (KNPC, 2019) 
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Source: (Alaimi, 2018) 

Appendix C.8 A Simplified process flow diagram for MAA 
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Source: (KNPC, 2020) 

Appendix C.9 Mina Al Ahmadi (MAA) Refinery layout 
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Appendix C.10 Mina Al Ahmadi (MAA) Refinery unit capacities 

 

Source: (KNPC, 2019) 
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Source: (Al-Salem, 2017) 

Appendix C.11 The recommended heat supply for CO2 capture unit 
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Appendix D. Using CO2 for Enhanced Oil Recovery (CO2-EOR) obtained from the discussion group meeting 

Appendix D.1 Enhanced Oil Recovery (EOR) screening results  

 

Source: (Sharma, 2017)
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Appendix E. Potential sinks obtained from the discussion group meeting 

 

Source: (Sharma, 2017).  

Appendix E.1 Map of Kuwait showing the theoretical CO2 volume storage calculated for Ratawi formation.  
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  Source: (Sharma, 2017).  

Appendix E.2 Map of Kuwait showing the theoretical CO2 volume storage calculated for Zubair formation.  
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Source: (Sharma, 2017).  

Appendix E.3 Map of Kuwait showing the theoretical CO2 volume storage calculated for the Shuaiba 

formation.  
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Source: (Sharma, 2017).  

Appendix E.4 Map of Kuwait showing the theoretical CO2 volume storage calculated for the Burgan 

formation 
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            Source: (Sharma, 2017).  

Appendix E.5 Map of Kuwait showing the theoretical CO2 volume storage calculated for the Mauddud 

formation 
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Source: (Sharma, 2017).  

Appendix E.6 Map of Kuwait showing the theoretical CO2 volume storage calculated for the Wara formation 
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Appendix F. Cement data obtained from the discussion group meeting 

Appendix F.1  

 

 Primary activity.  

   Secondary activity. 

Source: (KMEFIC, 2011) 
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Appendix G. Steel data obtained from the discussion group meeting 

 

Source: (Gulf Capital Group Limited, 2008) 

Appendix G.1 Kuwait steel company market share comparison  
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Appendix G.2 Steel activity matrix in the state of Kuwait  

 

Source: (Gulf Capital Group Limited, 2008) 
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Appendix H. Aluminium data obtained from the discussion group meeting 

Appendix H.1 Aluminium production matrix  

 

   Source: (Gulf Capital Group Limited, 2008) 
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Appendix I. Operation Capacity of Kuwait power plants obtained from the discussion group 

meeting 

 

Appendix I.1 Shuwaikh Station Operational Availability (Gas Turbine)  

 

Appendix I.2 Shuaiba South Station Operational Availability (Steam Turbine) 
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Appendix I.3 Doha East Station Operational Availability  

 

Appendix I.4 Doha West Station Operational Availability  
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Appendix I.5. Al-Zour south station operational availability  

 

Appendix I.6 Sabiya Station Operational Availability (Steam Turbine)  
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Appendix J. Simple economic model of capturing CO2 from five power plants and steam reformers units in the three refineries, 

obtained from the discussion group meeting 

 

Source: (Sharma, 2017) 
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Appendix K. Chemicals 

Appendix K.1 Total asphalt (paving) production from Kuwait factories  

 

Source: Adapted by the author from (PAI, 2014) 
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Appendix K.2 Total asphalt (insulation material) production from Kuwait factories 

 

Source: Adapted by the author from (PAI, 2014) 

Notes: 

Emission Factor for Asphalt is 0.00186 metric ton/kg. 

Appendix K.3 Carbon dioxide associated with asphalt production 
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Appendix K.4 Total paints production from Kuwait factories 

 

Source: Adapted by the author from (PAI, 2014) 
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Notes: 

Emission factor of paint is 0.0054 metric ton/kg. 

Appendix K.5 Total carbon dioxide associated with paints production 
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Appendix K.6 Total detergents production from Kuwait factories 

 

Source: Adapted by the author from (PAI, 2014) 
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Notes: 

Emission Factor of detergents is 0.00175 metric ton/kg. 

 Appendix K.7 Total carbon dioxide associated with detergents production 

 

  Appendix K.8 Total lubricant oil production from Kuwait factories 

 

Source: Adapted by the author from (PAI, 2014) 

Notes: 

Emission Factor for lubricant oil is 0.00107. 

Appendix K.9 Total carbon dioxide from lubricant oil production 

 

 

 

  



249 

 

Appendix K.10 Total perfume production from Kuwait factories 

 

Source: Adapted by the author from (PAI, 2014) 

Appendix K.11 Total inorganic acid production from Kuwait factories 

 

Source: Adapted by the author from (PAI, 2014) 
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Notes: 

Emission Factor for sulphuric acid is 0.00014 metric ton/kg. 

Appendix K.12 Total carbon dioxide emissions from sulphuric acid 

 

Appendix K.13 Total fertilizer production from Kuwait factories 

 

Source: Adapted by the author from (PAI, 2014) 

Notes: 

Emission factor of nitrogen fertilizer is 0.00462 metric ton/kg. 

Appendix K.14 Carbon dioxide emissions from nitrogen fertilizers 

 
Appendix K.15 Total pharmaceutical industries production from Kuwait factories 

 

Source: Adapted by the author from (PAI, 2014) 
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Appendix K.16 Total glue production from Kuwait factories 

 

Source: Adapted by the author from (PAI, 2014) 
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Appendix K.17 Total sponge production from Kuwait factories 

 

Source: Adapted by the author from (PAI, 2014) 
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Appendix K.18 Total catalyst production from Kuwait factories 

 

Source: Adapted by the author from (PAI, 2014) 

Appendix K.19 Total plastic (primary form) production from Kuwait factories 

 

Source: Adapted by the author from (PAI, 2014) 
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Notes: 

Emission factor of plastic is 0.0027 metric ton/kg. 

Appendix K.20 Total plastic production in primer form (without GRP pipes) 

 

Notes: 

Emission Factor of G.R.P pipes is 0.0081 metric ton/kg. 

Appendix K.21 Total carbon dioxide from G.R.P pipes 

 

Appendix K.22 Total plastic (boats) production from Kuwait factories 

 

Source: Adapted by the author from (PAI, 2014) 

Notes: 

Emission factor of plastic is 0.0027 metric ton/kg. 
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Appendix K.23 Total carbon dioxide emissions from production of plastic used in building boats 

 

Appendix K.24 Total plastic (shoes) production from Kuwait factories 

 

Source: Adapted by the author from (PAI, 2014) 

Notes: 

Emission factor of plastic is 0.0027 metric ton/kg. 

Appendix K.25 Total carbon dioxide emissions from shoes and sandals 

 

 

 

 

 

 

 

 

 

  



256 

 

Appendix K.26. Total plastic (Curtly) production from Kuwait factories 

 

Source: Adapted by the author from (PAI, 2014) 
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Appendix K.27 Total plastic (Curtly) production from Kuwait factories 

 

Source: Adapted by the author from (PAI, 2014) 

Notes: 

Emission factor of plastic is 0.0027 metric ton/kg. 

Appendix K.28 Total carbon dioxide emissions from total plastic produce in curtly 
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Appendix K.29 Total industrial gases production from Kuwait factories 

 

 Source: Adapted by the author from (PAI, 2014) 

Appendix K.30 Total oxygen production from Kuwait factories 

 

Notes: 

Emission Factor of oxygen is 0.00041 metric ton/kg. 

Appendix K.31 Total carbon dioxide associated with oxygen production 
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Appendix K. 32 Total nitrogen production from Kuwait factories 

 

 Source: Adapted by the author from (PAI, 2014) 

Notes: 

Emission Factor of nitrogen is 0.00043 metric ton/kg. 

Appendix K. 33 Total carbon dioxide associated with nitrogen production 

 

Appendix K.34 Total carbon dioxide production from Kuwait factories 

 

Source: Adapted by the author from (PAI, 2014) 

Notes: 

Emission Factor of carbon dioxide is 0.00082 metric ton/kg. 

Appendix K.35 Total carbon dioxide emissions from carbon dioxide production 
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Appendix K.36 Total hydrogen production from Kuwait factories 

 

   Source: Adapted by the author from (PAI, 2014) 

Notes: 

Emission Factor for hydrogen is 0.00163 metric ton/kg. 

Appendix K.37 Total carbon dioxide emissions from hydrogen production 
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Appendix K.38 Total argon production from Kuwait factories 

 

Source: Adapted by the author from (PAI, 2014) 

Appendix K.39 Total nitrous oxide production from Kuwait factories 

 

Source: Adapted by the author from (PAI, 2014) 

Appendix K.40 Total acetylene production from Kuwait factories 

 

 Source: Adapted by the author from (PAI, 2014) 

Appendix K.41 Total argon, nitrous oxide, and acetylene production from Kuwait factories 

 

 Source: Adapted by the author from (PAI, 2014) 

Notes: 

Due to lack of emission factors of argon, nitrous oxide and acetylene, these gases will be added to 

other chemical category. 
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Notes: 

Other chemical includes (catalysts, oil demulsifier, scale inhibitor, corrosion inhibitor, other 

products, pharmaceutical, glue and artificial sponge, perfume, argon, nitrous oxide, acetylene and 

distilled water). 

Appendix K.42 Total other chemicals production from Kuwait factories 

 

Source: Adapted by the author from (PAI, 2014) 

Notes: 

Emission factor for other chemical is 0.003 metric ton/kg. 

Appendix K.43 Total carbon dioxide associated with other chemical production 
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Appendix L. Power Stations  

Appendix L.1 Total fuel (million ton) in Kuwait power stations 

 

Appendix L. 2 Total fuel (ton) in Kuwait power stations 

 

Notes:   

Emission factor for gas oil is 0.875. 

Emission factor for natural gas is 0.75. 

Emission factor for Heavy fuel oil and crude oil is 0.85. 

1 ton of carbon equal 3.666667 of carbon dioxide. 
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Appendix L. 3 Total carbon dioxide (ton) from fuel consumption in Kuwait power stations 

 

Appendix L.4 Total carbon dioxide (million ton) from fuel consumption in Kuwait power stations 

 



265 

 

Appendix L.5 Total carbon dioxide (million metric ton) from fuel consumption in Kuwait power stations 
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Appendix M. Road Transportation  

Notes: 

All gasoline and diesel that locally consumed is derived from Kuwait refineries except Euro4 Gasoline (95oct) that imported for ultra-

cars. 

Appendix M.1 Total fuel (million liter) locally consumed in Kuwait 

 

 Source: (KNPC, 2016) 

Notes: 

Million Liter = 264172 Gallon. 
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Appendix M.2 Total fuel (gallon) locally consumed in Kuwait 

 

Notes: 

Since factories are also consume diesel from gas stations, the total amount of diesel seals was decreased by 20% to estimate carbon 

dioxide emitted from heavy vehicles. 

Appendix M.3 Total fuel (gallon) locally consumed in Kuwait after modification  

 

Notes: 

Emission factor for gasoline is 0.00979 ton CO2/ gallon. 

Emission factor for diesel is 0.0112 ton CO2/ gallon. 
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Appendix M.4 Total carbon dioxide (metric ton) from fuel locally consumed in Kuwait 

 

Appendix M.5 Total carbon dioxide (million metric ton) from local fuel consumption in Kuwait 

 

Appendix M.6 Total carbon dioxide (million metric ton) from local fuel consumption in Kuwait  
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Appendix N. Sulaibiy industrial area  

Appendix N.1 Total asphalt production in Sulaibiy industrial area  

 

Source: Adapted by the author from (PAI, 2014) 

Appendix N.2 Anticipated carbon dioxide emission from asphalt production in Sulaibiy 

industrial area 

 

Appendix N.3 Total plastic production in Sulaibiy industrial area 

 
Source: Adapted by the author from (PAI, 2014) 
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Appendix N.4. Total anticipated carbon dioxide emissions from plastic production in Sulaibiy 

industrial area 
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Appendix O. Amghara industrial area  

Appendix O.1 Total asphalt production in Amghara industrial area 

 

Source: Adapted by the author from (PAI, 2014) 

Appendix O.2 Anticipated carbon dioxide emissions from asphalt production from Amghara 

industrial area 

 

Appendix O.3 Total detergent production in Amghara industrial area 

 

Source: Adapted by the author from (PAI, 2014) 

 

 

 



272 

 

Appendix O.4 Anticipated carbon dioxide emissions from detergents production in Amghara 

industrial area 

 

    Appendix O.5 Total Plastic (Buildings boats) production in Amghara industrial area 

 

Source: Adapted by the author from (PAI, 2014) 

Appendix O.6 Total plastic (Floor) production in Amghara industrial area 

 

Source: Adapted by the author from (PAI, 2014) 

Appendix O.7 Total plastic (Cultry) production in Amghara industrial area  

 

Source: Adapted by the author from (PAI, 2014) 
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Appendix O.8 Anticipated carbon dioxide emissions from plastic production in Amghara 

industrial area 
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Appendix P. Sabhan industrial area  

Appendix P.1 Total paint production in Sabhan industrial area  

 

Source: Adapted by the author from (PAI, 2014) 

Appendix P.2 Anticipated carbon dioxide emissions from paints production in Sabhan industrial 

area 
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Appendix P.3 Total perfume production in Sabhan industrial area 

 

Source: Adapted by the author from (PAI, 2014) 

Appendix P.4 Total pharmaceutical production in Sabhan industrial area  

 

Source: Adapted by the author from (PAI, 2014) 

Appendix P.5 Total glue production in Sabhan industrial area 

 

Source: Adapted by the author from (PAI, 2014) 
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Appendix P.6 Total sponge production in Sabhan industrial area  

 

Source: Adapted by the author from (PAI, 2014) 

Appendix P.7 Anticipated carbon dioxide emissions from paints production in Sabhan industrial 

area  
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Appendix P.8 Total plastic (primar form) production in Sabhan industrial area  

 

Source: Adapted by the author from (PAI, 2014) 

Appendix P.9 Total plastic (floor) production in Sabhan industrial area 

 
 

Source: Adapted by the author from (PAI, 2014) 

Appendix P.10 Total plastic (curtly) production in Sabhan industrial area 

 
 

Source: Adapted by the author from (PAI, 2014) 

Appendix P.11 Anticipated carbon dioxide emissions from plastic production in Sabhan industrial 

area 
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Appendix P.12 Anticipated carbon dioxide emissions from G.R.P production in Sabhan industrial 

area 
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Appendix Q. Shwaikh industrial area  

Appendix Q.1 Total paint production in Shwaikh industrial area  

 

Source: Adapted by the author from (PAI, 2014) 

Appendix Q.2 Anticipated carbon dioxide emissions from paints production in Shwaikh 

industrial area 

 

Appendix Q.3 Total plastic (Floor) production in Shwaikh industrial area 

 

Source: Adapted by the author from (PAI, 2014) 

Appendix Q.4 Anticipated carbon dioxide emissions from plastic production in Shwaikh 

industrial area 
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Appendix R. Shuaiba industrial area  

Appendix R.1 Total paints production in Shuaiba industrial area 

 

 
Source: Adapted by the author from (PAI, 2014) 

Appendix R.2 Anticipated carbon dioxide emissions from paints production in Shuaiba industrial 

area 

 

 
 

 

Appendix R.3 Total detergents production in Shuaiba industrial area 

 

Source: Adapted by the author from (PAI, 2014) 
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Appendix R.4 Total lubricating oil production in Shuaiba industrial area 

 
 

Source: Adapted by the author from (PAI, 2014) 

Appendix R.5 Anticipated carbon dioxide emissions from lubricant oil production in Shuaiba 

industrial area 

 

 

 

   Appendix R.6 Total perfume production in Shuaiba industrial area 

 

Source: Adapted by the author from (PAI, 2014) 
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Appendix R.7 Total sponge production in Shuaiba industrial area 

 
 

Source: Adapted by the author from (PAI, 2014) 

Appendix R.8 Anticipated carbon dioxide emissions from lubricant oil production in Shuaiba 

industrial area 

 
 

 

Appendix R.9 Total inorganic acid production in Shuaiba industrial area 

 
 

Source: Adapted by the author from (PAI, 2014) 

Appendix R.10 Anticipated carbon dioxide emissions from Sulphur acid production in Shuaiba 

industrial area 
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Appendix R.11 Total fertilizers production in Shuaiba industrial area 

 
Source: Adapted by the author from (PAI, 2014) 

Appendix R.12 Anticipated carbon dioxide emissions from lubricant oil production in Shuaiba 

industrial area 

 

Notes: 

Shuaiba refinery (SHU) emits 2.921 Mt. 

Shuaiba refinery terminals emit 0.019 Mt. 

United Steel Company emits 0.197040526 Mt. 

Kuwait cement company emits 0.322 Mt. 

Shuaiba Port emits 0.08968263 Mt. 

 

Appendix R.13 Total fuel consumption in North Shuaiba power plant 

 
 

 

Appendix R.14 Total fuel consumption in Shuaiba South power plant 
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Appendix R.15 Anticipated carbon dioxide emissions in 2013 from consumption of natural gas 

and gas oil in North and South Shuaiba power plants  

 
 

Appendix R.16 Anticipated carbon dioxide emissions in 2013 from consumption of natural gas 

and gas oil in North and South Shuaiba power plants 

 
 

Appendix S. Doha industrial area  

Appendix S.1 Total fuel consumption in Doha East power station 

 
 

Appendix S.2 Total fuel consumption in Doha West power station  

 
 

Appendix S.3 Anticipated carbon dioxide emissions (ton) in 2013 from fuel consumption in Doha 

East and West power stations 
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Appendix S.4 Anticipated carbon dioxide emissions (metric ton) in 2013 from fuel consumption 

in Doha East and West power stations 

 
 

Appendix S.5 Anticipated carbon dioxide emissions (Mt) in 2013 from fuel consumption in Doha 

East and    West power stations 

 
Notes: 

Doha port emit 0.044841314 Mt. 

Appendix T. Al-Zour industrial area  

Appendix T.1 Total fuel consumption in South Al-Zour power station 

 
 

 Appendix T.2 Anticipated carbon dioxide emissions (ton) from fuel consumption in South Al-

Zour power station 
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Appendix T.3 Anticipated carbon dioxide emissions (metric ton) from fuel consumption in South 

Al-Zour power station 

 
 

Notes: 

Al-Zour terminal emits 0.019 Mt. 

Appendix U. Sabiya industrial area  

Appendix U.1 Total fuel consumption in Sabiya power station  

 
 

 Appendix U.2 Anticipated carbon dioxide emissions (ton) in 2013 from fuel consumption in 

Sabiya power station 
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Appendix U.3 Anticipated carbon dioxide emissions (metric ton) in 2013 from fuel consumption 

in Sabiya power station 

 

 

Appendix V. The carbon footprint of other industrial areas  
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Appendix W. Information-Choice Questionnaires (ICQ) results  

 

Appendix W.1 Views on basic information. Question: What is the best description of the 

production process in your facility? 
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Appendix W.2 Views on basic information. Question: What are the advantages of your 

technology over other technologies in the market? 

 

Appendix W.3 Views on basic information. Question: What is the type of fuel used in your 

facility? 
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Appendix W.4 Views on basic information. Question: Which type of distributed energy system 

is used in your facility? 

 

Appendix W.5 Views on basic information. Question: Can you allocate space for carbon-

capturing facilities? 
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Appendix W.6 Views on the carbon footprint. Question: What are the main emission sources of 

CO2 in your facility? 

 

Appendix W.7 Views on the carbon footprint. Question: What is the concentration of CO2 flow 

gas from these sources? 
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Appendix W.8 Views on the carbon footprint. Question: What the typical partial pressure in the 

flowing gas in your facility? 

 

Appendix W.9 Views on carbon dioxide abatement practices Question: What is the current 

carbon abatement strategy utilised in your facility? 
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Appendix W.10 Views on carbon dioxide abatement practices Question: What is your long-term 

objective for carbon abatement? 

 

Appendix W.11 Views on carbon dioxide abatement practices. Question: If Kuwait 

Environmental Public Authority (KEPA) introduces a carbon tax, would you think of 

constructing a carbon capture unit? 
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Appendix W.12 Views on post-combustion- if applicable. Question: Which units in your facility 

produce excess energy that can be reused in the capture unit? 

 

Appendix W.13 Views on oxy-fuel combustion- if applicable. Question: What are the technical 

and spatial constraints of deploying the Air Separation Unit (ASU) in your facility? 
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Appendix W.14 Views on oxy-fuel combustion- if applicable. Question: Which units in your 

facility need to be modified to work on full-oxy fuel combustion mode? 

 

Appendix W.15 Views on oxy-fuel combustion- if applicable. Question: From a technical 

perspective, can you recycle back the CO2 to the generator to reduce the combustion 

temperature? 
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Appendix W.16 Views on pre-combustion - if applicable. Question: Can hydrogen be used as the 

primary fuel in your utilities? If no, what are the technical barriers? 

 

 

Appendix W.17 Views on the risks associated with deploying carbon capture technologies. 

Question: In your opinion, what are the potential risks associated with deploying carbon capture 

technologies in your facility? 
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Appendix W.18 Views on the utilization pathways. Question: Can you utilize the captured CO2 

from your production pathway? 

 

Appendix W.19 Views on the utilization pathways. Question: Can your current pipeline 

infrastructure be modified to transport CO2 in the future? 
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Appendix X. Information-Choice Questionnaires (ICQ) energy sector stakeholder results  

 

Appendix X.1 Views on basic information. Question: What are the advantages of your 

technology over other technologies in the market? 

 

Appendix X.2 Views on basic information. Question: What is the type of fuel used in your 

facility? 
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Appendix X.3 Views on basic information. Question: Which type of distributed energy system 

used in your facility? 

 

Appendix X.4 Views on basic information. Question: Can you allocate space for carbon-

capturing facilities? 
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Appendix X.5 Views on the carbon footprint. Question: What are the main emission sources of 

CO2 in your facility? 

 

Appendix X.6 Views on the carbon footprint. Question: What is the concentration of CO2 flow 

gas from these sources? 
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Appendix X.7 Views on the carbon footprint. Question: What the typical partial pressure in the 

flowing gas in your facility? 

 

Appendix X.8 Views on carbon dioxide abatement practices Question: What is the current 

carbon abatement strategy utilised in your facility? 
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Appendix X.9 Views on carbon dioxide abatement practices Question: What is your long-term 

objective for carbon abatement? 

 

 

Appendix X.10 Views on carbon dioxide abatement practices. Question: If Kuwait 

Environmental Public Authority (KEPA) introduces a carbon tax, would you think of 

constructing a carbon capture unit? 
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Appendix X.11 Views on post-combustion- if applicable. Question: Which units in your facility 

produce excess energy that can be reused in the capture unit? 

 

Appendix X.12 Views on oxy-fuel combustion- if applicable. Question: What are the technical 

and spatial constraints of deploying the Air Separation Unit (ASU) in your facility? 
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Appendix X.13 Views on oxy-fuel combustion- if applicable. Question: Which units in your 

facility need to be modified to work on full-oxy fuel combustion mode? 

 

Appendix X.14 Views on oxy-fuel combustion- if applicable. Question: From a technical 

perspective, can you recycle back the CO2 to the generator to reduce the combustion 

temperature? 
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Appendix X.15 Views on pre-combustion - if applicable. Question: Can hydrogen be used as the 

primary fuel in your utilities? If no, what are the technical barriers? 

 

Appendix X.16 Views on the risks associated with deploying carbon capture technologies. 

Question: In your opinion, what are the potential risks associated with deploying carbon capture 

technologies in your facility? 
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Appendix X.17 Views on the utilization pathways. Question: Can you utilize the captured CO2 

from your production pathway? 

 

Appendix X.18 Views on the utilization pathways. Question: Can your current pipeline 

infrastructure be modified to transport CO2 in the future? 
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Appendix Y. Information-Choice Questionnaires (ICQ) refineries stakeholder results 

 

Appendix Y.1 Views on basic information. Question: What are the advantages of your 

technology over other technologies in the market? 

 

Appendix Y.2 Views on basic information. Question: What is the type of fuel used in your 

facility? 
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Appendix Y.3 Views on basic information. Question: Which type of distributed energy system 

used in your facility? 

 

Appendix Y.4 Views on basic information. Question: Can you allocate space for carbon-

capturing facilities? 
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Appendix Y.5 Views on the carbon footprint. Question: What are the main emission sources of 

CO2 in your facility? 

 

Appendix Y.6 Views on the carbon footprint. Question: What is the concentration of CO2 flow 

gas from these sources? 
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Appendix Y.7 Views on the carbon footprint. Question: What the typical partial pressure in the 

flowing gas in your facility? 

 

Appendix Y.8 Views on carbon dioxide abatement practices Question: What is the current 

carbon abatement strategy utilised in your facility? 
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Appendix Y.9 Views on carbon dioxide abatement practices Question: What is your long-term 

objective for carbon abatement? 

 

Appendix Y. 10 Views on carbon dioxide abatement practices. Question: If Kuwait 

Environmental Public Authority (KEPA) introduces a carbon tax, would you think of 

constructing a carbon capture unit? 
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Appendix Y.11 Views on post-combustion- if applicable. Question: Which units in your facility 

produce excess energy that can be reused in the capture unit? 

 

Appendix Y.12 Views on oxy-fuel combustion- if applicable. Question: What are the technical 

and spatial constraints of deploying the Air Separation Unit (ASU) in your facility? 
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Appendix Y.13 Views on oxy-fuel combustion- if applicable. Question: Which units in your 

facility need to be modified to work on full-oxy fuel combustion mode? 

 

Appendix Y.14 Views on oxy-fuel combustion- if applicable. Question: From a technical 

perspective, can you recycle back the CO2 to the generator to reduce the combustion 

temperature? 
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Appendix Y.15 Views on pre-combustion - if applicable. Question: Can hydrogen be used as the 

primary fuel in your utilities? If no, what are the technical barriers? 

 

Appendix Y.16 Views on the risks associated with deploying carbon capture technologies. 

Question: In your opinion, what are the potential risks associated with deploying carbon capture 

technologies in your facility? 
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Appendix Y.17 Views on the utilization pathways. Question: Can you utilize the captured CO2 

from your production pathway? 

 

Appendix Y.18 Views on the utilization pathways. Question: Can your current pipeline 

infrastructure be modified to transport CO2 in the future? 

 

 

  



316 

 

Appendix Z. Java model  

{ 

          n: 'nil', 

              h: 0.00001, 

    w: 0.00001 

      }, 

 

        { 

               n: 'Fertilisers',                   h: 25.25,            w: 6.943           }, 

        { 

               n: 'hydrogen production',           h: 34.44,            w: 7.37            },  

        { 

  n: 'Cement',                       h: 53.9,             w: 0.322           }, 

        { 

  n: 'Iron and Steel',               h: 64.3 ,            w: 0.312           },   

        { 

  n: 'Paper production',             h: 66.25,            w: 1.04            },  

        { 

               n: 'Chemicals',                     h: 75.433,            w: 12.417         },   

        { 

  n: 'Downstream',                   h: 75.433,            w: 8.962          },  

        { 

  n: 'Aluminium',                     h: 75.433,             w: 0.167         }, 

        { 

  n: 'Upstream',                      h: 75.433,             w: 0.255         },       

        {        

                n: 'Cement',                       h: 77.61,              w: 0.322         },   

        { 

  n: 'Petrochemicals',               h: 83.43,            w: 2.64            }, 

        { 
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               n: 'Chemicals',                     h: 84.5,             w: 12.417          },  

         { 

  n: 'Downstream',                   h: 84.5,              w: 8.962          },  

         { 

  n: 'Aluminium',                    h: 84.5,             w: 0.167          }, 

        { 

  n: 'Upstream',                     h: 84.5,             w: 0.255          }, 

        { 

               n: 'Chemicals',                     h: 88.34,             w: 2.033          },    

        { 

  n: 'Iron and Steel',                h: 105.8 ,            w: 0.312            }, 

       { 

  n: 'Cement',                        h: 132.38,             w: 0.322            }, 

       { 

  n: 'Powerstations',                 h: 163.38,             w: 41.63          },  

    

  ]       
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Appendix AA. Cost estimation for post- and oxy-combustion technologies 

Appendix AA.1 Cost estimation for post-combustion technologies 
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Appendix AA.2 Cost estimation for oxy-combustion technologies 

 

 



320 

 

 


